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Editorial on the Research Topic 


Chemo-Resistance in Gastrointestinal Cancers


Gastrointestinal (GI) cancers are a group of diseases originating from different organs of the gastro-intestinal tract, with very high ranking of cancer incidence and mortality (1). Chemotherapy is widely used in GI cancer treatment, and is the preferred choice of treatment for patients who cannot undergo surgical resection or in patients with advanced metastases (2). Patients with GI cancer can benefit from chemotherapy including these commonly used chemotherapeutic agents, adriamycin, platinum drugs, 5-fluorouracil, vincristine, and paclitaxel. However, it is often observed that there is poor or no response to chemotherapy, and even in patients who respond well during primary treatment, the long-term results are disappointing. The development of chemo-resistance is a major obstacle in management of GI cancers. Various causes of drug resistance have been identified, which include inactivation of apoptosis signaling pathways, loss of cell cycle checkpoint control, accelerated cell proliferation and autophagy flux, enhanced DNA damage repair capacity, cancer stem cells, as well as epithelial-mesenchymal transition (3–5). Unfortunately, the precise mechanism of adaptive changes during development of chemo-resistance in GI cancers is still unclear. An insight into the mechanisms of chemo-resistance in GI cancers may help to devise better and personalized treatment strategies.

This Research Topic was aimed at bringing together clinical and basic scientists and to address the problem of chemo-resistance from multiple perspectives. True to its aim, this collection has a variety of articles including original research, review of literature and case reports. They cover areas such as signaling pathways, non-coding RNAs, cancer stem cells, and biomarkers to predict tumor outcome.

The Mitogen Activated Protein Kinase (MAPK) pathway is one of the most important signaling pathways involved in normal cellular processes, and plays a key role in the development and progression of cancer (6). Once activated, MAPK exerts an important role in converting extracellular stimuli into a wide range of cellular responses. Increasing evidences support its role in response to chemotherapeutic agents (7, 8). Upon stimulation, ERK1/2 signaling could decrease the sensitivity to sorafenib in hepatocellular carcinoma cells (9). Understanding the main effector genes along with downstream pathways can identify potential therapeutic targets. In this special guest edition, Li B. et al. discovered that phosphorylation of endogenous ERK1/2 could be stimulated by GCDA (Glycochenodeoxycholate) in hepatocellular carcinoma cells. Disruption of the effect of GCDA by blocking phosphorylation and nuclear accumulation of ERK1/2 could be potentially a mode of managing GCDA-related liver cancer and chemo-resistance. In addition, Gao et al. demonstrated that CIDEA expression promoted the chemosensitivity of esophageal cancer cells to cisplatin by activation of JNK. This study further suggests a tumor suppressor role for CIDEA as well and opens a possibility of using this as a target for combinatorial therapy. A study by Li Y. et al. reported a case of advanced colorectal cancer who was successfully treated using anti-EGFR drugs (cetuximab) in combination with anti-VEGF agents (fruquintinib) after development of resistance to chemotherapy. The mechanism underlying the success of this combinatorial therapy however needs further investigation.

In GI cancers, multiple deregulated noncoding RNAs (ncRNAs), including miRNAs and lncRNAs, play pivotal roles in the development of chemo-resistance (10, 11). In this regard, Qian et al. found that miR-454-3p was significantly up-regulated in oxaliplatin-resistant colorectal cancer cells and miR-454-3p promoted oxaliplatin resistance by targeting PTEN and activating the AKT signaling pathway. PI3K/AKT/mTOR pathway is also one of the most important signaling pathways involved in chemo-resistance in many human cancers (12). The contribution by Chen et al. demonstrated that HOXA13 overexpression increased 5-fluorouracil resistance in gastric cancer cells, and the expression of HOXA13 was directly suppressed by miR-139-5p. Bai et al. demonstrated the role of lncRNA AC007639.1 in chemo-resistance of hepatocellular carcinoma using a combination of bioinformatics and experimental approaches. These findings highlight targeting ncRNAs may act as a potential therapeutic strategy for reducing resistance to chemotherapy. Given the importance of ncRNAs in cancer, systematic exploration of the crosstalk with other molecular players should aid in a better understanding of their roles during the process of development of drug resistance of GI cancer patients.

A study by Liu et al. demonstrated the role of cancer stem cells as well as epithelial-mesenchymal transition (EMT) responsible for the development of chemo-resistance in esophageal cancer. Cancer stem cells have been reported in different GI cancers and are thought to be responsible for tumor initiation, metastasis, and drug resistance (13). The role of EMT in cancer drug resistance has long been suggested. It is worth noting that tumor microenvironment (TME) is also a factor mediating EMT-driven drug resistance, and the interactions of cancer cells with TME are crucial in EMT and drug resistance (14). Therefore it would be necessary to delineate detailed relationships of cancer cells and TME during chemo-resistance, such as the spatial locations of cancer and immune cells in the tumor tissues and specific ligand-receptor interactions between them.

Identification of biomarkers could improve diagnosis, prognosis, prediction of recurrence and treatment response. Many studies have contributed to the discovery of prognostic biomarkers, but the clinical need lies much more in the predictive biomarkers which would aid in deciding therapeutic approaches to improve patient outcomes. In this context, Sun et al. comprehensively reviewed progresses on the sensitivity prediction of neoadjuvant chemoradiotherapy for GI cancers in the aspects of microRNAs, metabolic enzymes, exosomes, other biomarkers, inflammatory indicators, and imageological assessments. Notably, a recent review has a special focus on the immune markers from TME and discusses their predictive roles on response to cytotoxic chemotherapy in colorectal cancer (15). The emerging move to the discovery and establishment of biomarkers from TME has the potential to develop more robust biomarkers for therapy benefit and resistance of chemotherapy. Alternatively, prediction of drug sensitivity through bioinformatics and computational biology could represent one efficient way to manage large and complex data sets, and provide prior information in the theoretical guidance. Innovative and advanced biomarker prediction approaches, together with large cohorts validation, should be more extensively designed and conducted in the near future.

Altogether, the articles collected in this Research Topic provide a series of insightful sets of data to better understand molecular events involved in the development of chemo-resistance in GI cancers. These findings offer implications in potential therapeutic targets identification, and provide insight on further drug-resistance research. It is our hope that this effort would pave the way for more inter-disciplinary work with the goal of better management of GI cancers.
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Esophageal squamous cell carcinoma (ESCC) is one of the most common malignancies with poor prognosis and lack of effective targeted therapies. In this study, we investigated the tumor suppressive role of the cell death inducing DFF like effector A (CIDEA) in ESCC. Firstly, public datasets and ESCC tissue microarray analysis showed that CIDEA was frequently down-regulated at both the mRNA and protein level. This was significantly associated with low differentiation and TNM stage in ESCC, and indicated poor prognosis for ESCC patients. Bisulfite genomic sequencing (BGS) and methylation-specific PCR (MSP) analysis revealed that the down-regulation of CIDEA was associated with hypermethylation of its promoter, which was also correlated with the poor prognosis in ESCC patients. In vitro and in vivo functional studies demonstrated that CIDEA decreased cell growth, foci formation, DNA replication, and tumorigenesis in nude mice. Further study revealed that, during starvation or cisplatin induced DNA damage, CIDEA facilitated the G1-phase arrest or caspase-dependent mitochondrial apoptosis through the JNK-p21/Bad pathway. Therefore, CIDEA is a novel tumor suppressor gene that plays an important role in the development and progression of ESCC, and may provide a potential therapeutic target for patients with ESCC.




Keywords: esophageal squamous cell carcinoma, cell death inducing DFF like effector A, methylation, cisplatin, apoptosis



Introduction

Esophageal squamous cell carcinoma (ESCC) is a major subtype of esophageal cancer that ranks sixth in the causes of cancer-related death all worldwide (1). The incidence and mortality of ESCC has an extremely uneven geographical distribution, as more than half of ESCC cases occur in China, particularly in Linzhou, Henan (1, 2). Although great progress has been made in early diagnosis and treatment, the 5‐year survival rate of ESCC patients is still poor (3, 4). Above all, it is essential to investigate the molecular mechanisms involved in ESCC development and progression to facilitate novel diagnostic biomarkers and candidate treatment targets specific to ESCC.

The Cancer Genome Atlas (TCGA, https://www.cancer.gov/tcga) (5, 6), a large-scale genomic dataset, provide an opportunity to better understand the biological systems of cancer. Thus, the mRNA expression and clinical survival data of ESCC in the TCGA data portal was comprehensively analyzed. Among the top 100 genes with differential expression in ESCC, only 17 genes, including cell death inducing DFF like effector A (CIDEA), were associated with prognostic significance.

CIDEA is a member of the cell death inducing DFF like effector (CIDE) family, which was initially identified in 1998 by sequence homology to the N-terminal region of the apoptotic DNA fragmentation factors 45 (DFF45) (7). DFF is a heterodimeric protein composed of DFF45 (45kDa) and DFF40 (40kDa) subunits that plays a main role in the process of DNA fragmentation during apoptosis. The apoptotic role of CIDEA was demonstrated by a study reporting that ectopic-expression of CIDEA induced DNA fragmentation and apoptosis in multiple human cell lines (7). However, the underlying mechanism of CIDE-induced apoptosis is not conclusive. It was considered to be independent of the caspase pathway, since the apoptosis induced by CIDEA could not be blocked by a pan-caspase inhibitor (7). A later study showed that apoptosis induced by CIDEA was dependent on caspase 3 activation and the release of cytochrome c from mitochondria (8, 9). In addition, CIDEA is also reported to be involved in insulin sensitivity and lipid metabolism (10–13). Mice deficient in CIDEA exhibit a lean phenotype, increased metabolic rate and reduction of lipid droplet size in the white adipose tissue. The functions of CIDEA proteins may provide a link between energy metabolism and apoptosis. In glioblastoma, CIDEA is reportedly down-regulated and is a regulator of glioma cells, where ectopic expression of CIDEA triggered apoptosis, actin cytoskeletal disruption, and cell cycle arrest (14). After a decade of study, however, the physiological role and function of CIDE proteins have not been clearly elucidated.

In the present study, we investigated the possible role of CIDEA in the development and progression of ESCC. To determine the role of CIDEA, we evaluated the expression status of CIDEA and methylation of its promoter in primary ESCC tissues and ESCC cell lines. Functional assays with CIDEA overexpressing cell lines were performed to characterize the biological effects of CIDEA in ESCC tumorigenicity. The tumor-suppressive mechanism of CIDEA and its potential as a new prognostic biomarker and therapeutic target in ESCC were also addressed.



Materials and Methods


Cell Lines and Clinical Specimens

A total of seven esophageal cancer cell lines were used in this study. Six of them were acquired from the German Resource Center for Biological Material (DSMZ) (Braunschweig, Germany), including KYSE30, KYSE140, KYSE150, KYSE180, KYSE410, and KYSE510. The EC109 cell line was a kind gift from Professor Tsao (The University of Hong Kong). The HEK 293-FT cells were purchased from Thermo Fisher Scientific (Waltham, MA). All cell lines used in this study underwent short tandem repeat (STR) profiling, and tested negative for mycoplasma by PCR. Cells were cultured in DMEM medium with 10% fetal bovine serum (FBS) (Gibco BRL, NY), and incubated at 37°C in a humidified atmosphere with 5% CO2.

All the primary ESCC tumor and non-tumor tissues, including 78 pairs for RNA extraction and 248 pairs for a tissue microarray (TMA), were collected from Linzhou Cancer Hospital (Henan, China). The patients enrolled in this study received no treatment before surgery. This study was approved by the Institutional Ethics Review Board of the First Associated Hospital (Zhengzhou University) and written informed consent form was obtained from all patients.



ESCC Tissue Array and Immunohistochemistry (IHC)

IHC staining was performed according to the standard streptavidin-biotin-peroxidase complex method (15). Staining intensity was scored as: negative (0), weak (1), moderate (2), and strong (3). The proportion of CIDEA-positive cells was scored as 0% (0), 1–10% (1), 10–50% (2), 50–75% (3), and ≥75% (4). The IHC score was calculated by multiplying staining intensity and the proportion of positive cells. CIDEA level data was subjected to ROC curve analysis and a cutoff value of 5 was determined for CIDEA. Down-regulation of CIDEA was defined as a score ≤5.



Quantitative Real-Time PCR Analysis (qRT-PCR) and Reverse Transcription


PCR Analysis (RT-PCR)

Total RNA was extracted with TRIzol® reagent (Invitrogen). Reverse transcription was performed using the PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Japan). The relative mRNA levels were determined by qRT-PCR with SYBR Green SuperMix (Roche, Basel, Switzerland) on a Roche LightCycler480. The comparative Ct method was used to calculate the relative expression of RNAs with β-Actin as an internal control. PCR amplifications were conducted with the GoTaqGreen Master mix kit (Promega Corporation, Madison, WI, USA) on a S1000 Thermal Cycler (Bio-Rad Laboratories, USA). PCR products were examined by 1.5% agarose gel electrophoresis. The primer sequences used for PCR were: CIDEA, forward, 5’-GCCGAAGAGGTCGGGAATAG-3’, and reverse, 5’-TATCCACACGTGAACCT GCC‐3’; β-Actin, forward, 5’ CATGTACGTTGCTATCCAGGC-3’, and reverse, 5’-CTCCTTAATGTCACGCACGAT-3’.




DNA Methylation Analysis

Genomic DNA was extracted with a genomic DNA extraction kit (Tiangen, China). Purified DNA samples underwent bisulfite treatment using the EpiTect Bisulfite Kit (Qiagen, Germany). Bisulfite sequencing PCR (BSP) and Methylation-specific PCR (MSP) were performed with specific primers targeting the sequence between −400 and −250 bp of the CIDEA promoter region, where BSP showed difference in KYSE410, KYSE30 and KYSE150. Primers for methylation detection were designed with MethPrimer. The primers used for BSP were as follows: forward, TGTTTATGA-TATGGTTTTGAGAGTAG; and reverse, TATATAAATTTTAAACCCAAACCAC. The methylation-specific primers used were as follows: m1: AGCGGGTAGGAAG-TTTAGGC, m2: ATTTTAAACCCAAACCACGAAT. The unmethylation-specific primers used were as follows u1: TAGTGGGTAGGAAGTTTAGGTGT, u2: TAAAT-TTTAAACCCAAACCACAAAT.



Establishment of CIDEA Overexpressing ESCC Cell Lines

The control plasmids and pEZ-Lv105-CIDEA were purchased from GeneCopoeia (Guangzhou, China). Their functions were confirmed by sequencing. Lentivirus-containing CIDEA was packaged in 293FT cells and stably transfected into the KYSE30 and KYSE150 cell lines with the ViraPowerTM Lentiviral Packaging Mix (Invitrogen, Carlsbad, CA), following the manufacturer’s instructions.



Cell Proliferation Assay and Foci Formation Assay

Cell proliferation assay was performed with a CCK-8 assay kit (Dojindo, Japan), according to the manufacturer’s instructions. Briefly, cells (1 × 103 cells/well) were seeded into 96-well plates and the cell growth rate was monitored for 7 consecutive days. For foci formation assay, cells (1 × 103 cells/well) were seeded into six-well plates and cultured for 2 weeks. Then, cells were fixed with 75% ethanol and stained with 1% crystal violet. Finally, colonies containing with more than 50 cells were counted. Three independent assays were carried out.



Western Blotting Analysis and Antibodies

Western blotting analysis was performed following the standard protocols (BioRad). Total proteins from tissues and cells were extracted with RIPA lysis buffer (Cell Signaling Technology) supplemented with protease inhibitor and phosphatase inhibitor. Antibodies used in this study were CIDEA (NBP1-76950, Novus), GAPDH (AM1020B, Abgent), p21 (#2947, Cell Signaling Technology), CylinD1 (#2926, Cell Signaling Technology), CDK4 (#12790, Cell Signaling Technology), p-JNK (Thr183/Tyr185) (#4668, Cell Signaling Technology), Bad (#9239, Cell Signaling Technology), Caspase9 (#9508, Cell Signaling Technology), and PARP (#9542, Cell Signaling Technology).



EdU (5-Ethynyl-2′-deoxyuridine) Incorporation Assay

EdU incorporation assay was performed with the Cell-Light EdU Apollo567 In Vitro Kit (Ribobio, China) according the manufacturer’s instructions. Imaging was performed on an Olympus FV-1000 confocal microscope. Red nuclei EdU cells were examined by randomly counting 10 fields in the middle of the microscope slide and were expressed as a percentage of the total population. Three independent assays were carried out.


In Vivo Xenograft Assay

The control and CIDEA over-expressing cells of KYSE150 cells (5 × 106) were subcutaneously injected into the left and right dorsal flanks of 4-week-old female BALB/C nude mice, which were purchased from the Guangdong Animal Center (Guangzhou, China). Tumor volumes were measured every 4 days using calipers and calculated as volume (mm3) = L (length)×W (width)2×0.5. One month later, the tumors were removed, weighed, and fixed in the formaldehyde solution for hematoxylin-eosin (HE) staining and IHC study. Animal experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee.




Cell Cycle and Cell Apoptosis Analysis

The cell cycle and cell apoptosis analyses were performed with the Cell Cycle Assay KIT (Wanleibio, China) and Annexin V FITC Apoptosis Detection Kit (Dojindo, Japan), respectively, following the manufacturer’s instructions. Cells were analyzed by a flow cytometry (CytoFlex, Beckman Coulter). Apoptosis was measured as the proportion of cells with Annexin V+/PI− and Annexin V+/PI+ fluorescence. Three independent assays were carried out.



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential (MMP) was assessed with the fluorescent probe JC‐1 (Biyuntian, China) according to the manufacturer’s instructions. The fluorescence was analyzed by a flow cytometry (CytoFlex, Beckman-Coulter). Green (∼525 nm) fluorescence represents JC-1 monomers and red (∼590 nm) fluorescence represented JC-1 aggregates. The change of red to green fluorescence signaled a decrease in MMP.



Statistical Analysis

SPSS software (version 23.0, Chicago, IL) and GraphPad Prism software (version 7.0, La Jolla, CA) were used for statistical analyses. A paired Student’s t test was performed to analyze the difference in mRNA expression between ESCC and normal tissues. Kaplan-Meier plots and log-rank tests were used for overall survival (OS) analysis and disease-free survival (DFS) analysis. Pearson’s chi-square test was used to analyze the correlation between CIDEA expression and clinicopathological parameters in ESCC. Univariate and multivariate Cox proportional hazards regression models were performed to evaluate independent prognostic factors of ESCC. Unpaired t test was performed to compare the significant differences between the two groups in foci formation, EdU incorporation and cell apoptosis. Data are shown as mean ± SD. P <0.05 was considered statistically significant.




Results


Down-Regulation of CIDEA was Associated With a Poor Outcome in ESCC Patients

To explore the potential role of CIDEA in ESCC, the alteration of CIDEA was screened in multiple ESCC cohorts including GSE67269 (16) in GEO, Su’s (17) cohort in Oncomine, and TCGA (Figure 1A). Next, qRT-PCR was performed in a set of 78 pairs of ESCC and non-tumor tissues to confirm the public biostatistics. The down-regulation of CIDEA was detected in all the 78 ESCC tissues, but only observed in 46/78 (58.9%) of non-tumor tissues (Figure 1B). Consistently, the mRNA expression of CIDEA was significantly down-regulated in ESCC tissues.




Figure 1 | CIDEA expression was downregulated in ESCC, and low expression correlated with poor survival. (A) CIDEA expression was compared between ESCC tumor and normal esophageal samples derived from the GEO, Oncomine and TCGA databases. (B) The mRNA level of CIDEA was detected by qRT-PCR in 78 pairs of ESCC tissues and adjacent non-tumor tissues with β-actin as the internal reference control. CIDEA expression fractions in 78 ESCC tissues and adjacent non-tumor tissues. (C) The protein levels of CIDEA in 10 pairs of ESCC tumors (T) and corresponding normal esophageal (N) tissues were analyzed by Western blotting with GAPDH as the loading control. (D) Representative pictures of IHC staining of CIDEA in an ESCC tissue microarray (n = 248). Scale bars, 100 μm. (E) CIDEA staining scores in ESCC tumors and the corresponding non-tumor tissues (n = 248). (E, F) Kaplan-Meier analysis indicated that the down-regulation of CIDEA was negatively correlated with overall survival (OS) time and disease free survival (DFS) time in ESCC tissue microarray (n = 248) and TCGA dataset (n = 182). Data are presented as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.



The protein expression of CIDEA was determined by Western blotting analysis in 10 pairs of ESCC and non-tumor tissues (Figure 1C) and via IHC in a tissue microarray (TMA) containing 248 pairs of ESCC and non-tumor tissues (Figure 1D). Results showed that the protein level of CIDEA was down-regulated in ESCC. In addition, Kaplan-Meier analysis based on the TMA showed that ESCC patients with low CIDEA levels had significantly shorter overall survival (OS) (P < 0.0001) than patients with high CIDEA levels (Figure 1E). Kaplan-Meier survival analysis based on the TCGA database also demonstrated the shorter OS time (P = 0.0043) (Figure 1F) and disease-free survival (DFS) time (P = 0.016) (Figure 1F) in ESCC patients with low CIDEA expression.

Furthermore, the association of CIDEA down regulation with clinicopathological characteristics was analyzed and summarized. CIDEA down regulation was significantly correlated with poor tumor differentiation, advanced clinical staging, and lymph node metastasis (Table 1). Cox regression analysis using age, sex, differentiation, lymph node metastasis, and TNM stage as covariates further demonstrated that CIDEA level is an independent risk factor for OS (HR = 1.480, 95% CI = 1.184–1.851, Figure 2). Taken together, the results indicated that the down-regulation of CIDEA expression had a positive effect on the progression of ESCC.


Table 1 | Associations between CIDEA levels in tumor tissues and clinicopathological characteristics in ESCC patients.






Figure 2 | Univariate and multivariate Cox regression analyses of various factors associated with overall survival in patients with ESCC. HR, hazards ratio; CI, confidence interval. Statistical significance (P < 0.05) is shown in bold.





Down-Regulation of CIDEA was Associated With Aberrant Promoter Methylation

To explore whether down-regulation of CIDEA is associated with aberrant DNA methylation in ESCC, the data from TCGA was analyzed. Results showed that the promoter methylation of CIDEA in ESCC (with a median beta-value of 0.257) was much higher than in normal esophageal tissues (with a median beta-value of 0.091) (Figure 3A). The beta-value was used as a measure of methylation level, which ranges from 0 (no methylation) to 1 (complete methylation). In addition, there was a significantly negative correlation between the DNA methylation and mRNA expression of CIDEA (Pearson correlation, r =−0.284; P = 0.001) (Figure 3B).




Figure 3 | The CIDEA promoter was hyper-methylated and correlated with decreased expression of CIDEA. (A) The methylation level of the CIDEA promoter in TCGA ESCC samples. (B) Pearson’s correlation between DNA methylation and mRNA levels of CIDEA in TCGA ESCC samples. (C) The mRNA and protein level of CIDEA in seven ESCC cell lines were detected by RT-PCR and Western blotting with GAPDH or β-actin as loading controls. (D) RT-PCR and Western blotting analysis showing restored expression of CIDEA in both KYSE30 and KYSE510 cells treated with 5-AZA-DC (10 μM) for 72 h. +, 5-AZA-DC treated; -, 5-AZA-DC untreated. (E) The methylation status of individual CpG sites in the CIDEA promoter (between –579 and –348 bp from the transcription start site) were detected by bisulfite sequencing (BGS) in three ESCC cell lines (KYSE410, KYSE30, and KYSE150). Each row represents an individual cloned allele. The black circles show methylated CpG sites and the white circles show unmethylated CpG sites. (F, G) Representative methylation-specific PCR (MSP) analysis of CIDEA in ESCC cell lines and ESCC tissue samples. M, methylated allele; U, unmethylated allele. N, nontumor tissue; T, tumor tissue. (H) Kaplan-Meier plot showing the impact of CIDEA methylation sites of CIDEA on OS in ESCC patient as analyzed by the MethSurv webtool. Data are presented as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.



RT-PCR and Western blotting analysis indicated that silenced or down-regulated mRNA and protein expression level of CIDEA was observed in six of seven ESCC cell lines, except for KYSE410 cells (Figure 3C). To confirm whether the methylation of CIDEA is related to its down-regulation, KYSE30 and KYSE150 cells with CIDEA low-expression were treated with 5-Aza-dC, which is a potent inhibitor of DNA methyltransferase. As shown in Figure 3D, after 5-Aza-dC treatment, the cellular expression of CIDEA was restored at both the mRNA and protein levels.

A potential CpG island within the upstream region of CIDEA was predicted by the public online tool MethPrimer (http://www.urogene.org/methprimer), which implied an epigenetic mechanism in the regulation of CIDEA expression. The methylation level of 10 CpG sites within the promoter region (−579 to −348) of CIDEA was analyzed in KYSE410, KYSE30, and KYSE150 cells via sodium bisulfite sequencing (BGS) and methylation-specific PCR (MSP). BGS analysis showed that KYSE410 cells with up-regulated CIDEA had much lower methylation levels within the region compared with KYSE30 and KYSE150 cells, in which CIDEA is down-regulated (Figure 3E). Next, MSP was performed to validate the methylation levels within the region in the seven ESCC cell lines and a cohort of 50 pairs of ESCC and normal tissues. Compared with untreated cells, methylation was significantly reduced in KYSE30 and KYSE150 cells treated with 5-Aza-dC (Figure 3F). Moreover, the results showed a higher level of methylation in tumor tissues than nontumor tissues (Figure 3G).

In addition, the relationship between DNA methylation of CIDEA and the prognostic value of each CpG site in ESCC was identified via MethSurv (https://biit.cs.ut.ee/methsurv/) (18). Results indicated that the methylation of cg12642717 in CIDEA was associated with the highest HR. Overall, six hyper-methylated CpG sites in CIDEA were significantly associated with poor survival, including cg07824824, cg19883905, cg03245632, cg12395205, cg12072560, and cg0570033 (Figure 3H). Collectively, these results suggest that the down-regulation of CIDEA was closely associated with promoter hypermethylation, and the methylation of CIDEA is associated with ESCC patient survival.



CIDEA Suppressed ESCC Tumor Growth

To explore the biological role of CIDEA in ESCC, CIDEA was over-expressed in the two ESCC cell lines KYSE30 and KYSE150 with relatively low expression of CIDEA. Ectopic expression of CIDEA was determined by RT-PCR and Western blotting (Figure 4A). First, in vitro functional assays were used to measure the tumorigenicity of CIDEA. The cell growth assay and colony formation assay showed that the cell growth in the CIDEA-overexpressing KYSE30 and KYSE150 cells was significantly lower than in the control cells (Figures 4B, C). In addition, the EdU incorporation assay also verified that the proliferative potential decreased in CIDEA-overexpressing cells (Figure 4D). Further, the subcutaneous tumor xenograft assay in immunodeficient nude mice showed that the size and weight of xenograft tumors developed from CIDEA-overexpressing cells was significantly lower than in the controls (Figure 4E). Furthermore, IHC staining showed that the expression of CIDEA in xenograft tumors induced by CIDEA overexpressing cells was higher, while the expression of the proliferation marker Ki-67 was lower compared to the controls (Figure 4F).




Figure 4 | Ectopic expression of CIDEA suppressed ESCC tumor growth. (A) CIDEA mRNA and protein levels were detected by RT-PCR and Western blotting in CIDEA-transfected KYSE30 and KYSE150 cells. GAPDH or β-actin was used as the loading control. (B) Cell growth rate in CIDEA-transfected and empty vector-transfected KYSE30 and KYSE150 cells was measured by CCK8 proliferation assay for 7 consecutive days. (C) Representative images of decreased foci formation in monolayer culture induced by CIDEA overexpression in KYSE30 or KYSE150 cells. (D) Representative images (left) and quantitative statistics (right) of EdU incorporation assay showed the decreased replication of DNA in cells induced by CIDEA overexpression. Red, duplicated cells; blue, cell nucleus. Scale bars, 50 μm. (E) Images of xenograft tumors derived from KYSE150-transfected cells their vectors in nude mice. Tumor weights were compared between CIDEA over-expressing and control cells. (F) Representative IHC images of CIDEA and Ki-67 expression in xenograft tumors derived from CIDEA over-expressing and control cells. Scale bar = 50 μm. Statistical data are represented as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.





Ectopic Expression of CIDEA Promoted G1-Phase Arrest During Serum Starvation

To explore the mechanism of CIDEA inhibition of tumor cell growth, flow cytometry was used to examine cell cycle distribution. There was no significant difference in cell distribution between CIDEA overexpressing cells and control cells under normal conditions. However, after exposure to serum-free medium for 48 h, the population of cells in the G1 phase increased in CIDEA overexpressing KYSE30 and KYSE150 compared with the control cells (Figures 5A, B). To further characterize the mechanism by which CIDEA induced G1/S cell cycle arrest, the expression of G1/S checkpoint-related cell cycle regulators was determined by Western blotting. Under the normal conditions and serum starvation, the cellular level of p21 increased, whereas the expression of CDK4 and cyclinD1 were down-regulated in CIDEA overexpressing cells compared with control cells. In addition, during serum starvation, the level of phosphorylated JNK was greatly increased in CIDEA overexpressing cells compared with control cells (Figures 5C, D). Collectively, these data demonstrate that CIDEA inhibits cell growth by promoting cell G1-phase arrest.




Figure 5 | CIDEA blocked G1/S transition in ESCC cells. (A, B) Effect of CIDEA overexpression on the cell cycle progression of KYSE30 and KYSE150 cells. (C) Expression levels of cell cycle associated molecules were determined by Western blotting in KYSE30 and KYSE150 cells. GAPDH was used as a loading control. (D) Quantification of p-JNK, p21, CDK4, and CyclinD1 in KYSE30 and KYSE150 cells treated with serum starvation.





Ectopic Expression of CIDEA Promoted Cisplatin-Induced Apoptosis Through the Caspase-Dependent Mitochondrial Pathway

The potential role of CIDEA in apoptosis was explored in CIDEA overexpressing and control cells with or without cisplatin treatment, as cisplatin is a drug that is widely applied in the treatment of ESCC. First, flow cytometric analysis for Annexin V/PI staining was performed. Before cisplatin treatment, the apoptosis rate was found slightly increased in CIDEA overexpressing cells compared to controls. When cells were treated with cisplatin, the apoptosis rate significantly increased in CIDEA overexpressing cells compared with control cells (Figure 6A). To evaluate whether the mitochondrial pathway contributed to the cisplatin-induced apoptosis in CIDEA overexpressing cells, changes in MMP were determined via JC-1 probe and flow cytometry. A significant decrease in MMP levels and a considerably higher ratio of JC‐1 monomers occurred in CIDEA overexpressed cells treated with cisplatin, as shown in Figure 6B. Next, cells were subjected to different concentrations of cisplatin for 24 h and the cell viability was determined by CCK-8 assay. As shown in Figure 6C, CIDEA reduced the viability of cisplatin treated cells. Finally, the expression levels of apoptosis-associated proteins were examined by Western blotting. Compared with control cells, activated caspase-9 and PARP cleavage were significantly elevated in CIDEA overexpressing cells after cisplatin treatment. Same as the cellular stress caused by starvation, during cisplatin caused DNA damage, the activation of JNK was improved in CIDEA overexpressing cells (Figures 6D, E). Together, our results demonstrate that CIDEA, in addition to its function in inhibiting tumor cell growth, can also promote the sensitivity to cisplatin (Figure 7), which is an important tumor treatment modality.




Figure 6 | Overexpression of CIDEA promoted apoptosis in ESCC cells. (A) Cisplatin treated cells were stained for Annexin V/PI and analyzed FACS. The percentage of Annexin V+ cells is shown. (B) Mitochondrial potential was measured by flow cytometry using the JC-1 molecular probe in ESCC cells with or without cisplatin treatment. Enhanced green fluorescence ratio of cells indicated a decrease in mitochondrial potential. (C) Cell viability of CIDEA overexpressing cells and control cells treated with different concentrations of cisplatin. (D) Caspase-9, PARP, and p-JNK were detected in CIDEA overexpressing cells and control cells with or without cisplatin treatment. (E) Quantification of p-JNK, Bad, cleaved-Caspase9, and cleaved-PARP in KYSE30 and KYSE150 cells treated with cisplatin. Statistical data are represented as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., P > 0.05.






Figure 7 | Schematic diagram illustrating the proposed tumor-suppressive mechanism of CIDEA under stress stimuli. In ESCC, the CIDEA is down-regulated due to promoter hypermethylation. When cells are stimulated with cisplatin or starvation, the activation of JNK is inhibited in ESCC with low CIDEA expression. As a result, the cisplatin-induced apoptosis and starvation-induced cell cycle arrest are suppressed. Therefore, we reason that CIDEA promotes the chemosensitivity of esophageal cancer cells to cisplatin and inhibits cell growth via the regulation of p-JNK.






Discussion

As one of the most common types of cancer, ESCC is difficult to treat due to its high rate of malignancy, high mortality and relapse rate, and poor therapeutic response. Although great progress has been made in the early diagnosis and treatment of ESCC, the clinical outlook is still not optimistic, and the 5-year survival rate is less than 30% (19). Thus, a better understanding of esophageal cancer at both the genome and proteome level is of great significance. This would enable clinicians to accurately understand the heterogeneity of patients with esophageal cancer and conduct personalized treatment, not only avoiding unnecessary waste but improving the patient prognosis.

Although CIDEA has been identified and characterized in humans for several decades, but there remains a lack of research focused on the function and clinical significance of CIDEA in ESCC. Here, we explored the anti-oncogenic effect and the potential mechanism of CIDEA in ESCC development and progression. Upon the analysis of multiple public databases and our local cohorts, we found that CIDEA is down-regulated in ESCC both at the mRNA and protein levels. Aside from ESCC, public database results also showed that CIDEA was down-regulated in other malignant tumor types such as bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC). Additionally, we also found that the down-regulation of CIDEA in ESCC was positively associated with tumor differentiation, TNM stage, lymph node metastasis. Furthermore, survival analysis suggested that CIDEA down-regulation indicated poor prognosis in patients with ESCC, indicating that CIDEA has the potential to serve as a novel prognostic biomarker for ESCC patients.

In cancer, aberrant methylation of CpG islands in DNA promoter regions serves as an important mechanism for the inactivation of tumor suppressor genes (20, 21). An analysis of the 1.5 kb human CIDEA promoter region showed that CpG methylation plays a key role in establishing and maintaining tissue- and cell- specific transcription of the CIDEA gene by regulating Sp1/Sp3 binding (22). This study demonstrated that the promoter hypermethylation is a possible mechanism for inactivation of CIDEA. In addition, hypermethylation of CIDEA was correlated with the poor outcome of ESCC patient. Thus, the identification of changes in CIDEA methylation during the ESCC tumorigenesis is of tremendous importance. This could contribute to early detection and new drug development for ESCC patients (23).

The tumor-suppressive function of CIDEA was demonstrated by both in vitro and in vivo assays. We showed that ectopic expression of CIDEA effectively suppressed cell proliferation, foci formation, DNA replication, and tumorigenesis in immunodeficient nude mice. Mechanism investigation found that the inhibitory effects of CIDEA on cell proliferation might be due to hindering the transition from G1-phase to S-phase. we found that, during serum starvation, the level of CKD4 and Cyclin D1 significantly decreased and p21 was up-regulated in CIDEA overexpressing cells, which facilitated the G1-phase arrest. Consistent with the previous studies that the JNK pathway can be activated by various stress stimuli like environmental stresses, DNA damage, and inflammatory cytokines (24–26), the level of p-JNK (Thr183/Tyr185) was markedly elevated in CIDEA overexpressing cells during serum starvation. Besides, the relationship between CIDEA and starvation-related signaling pathways required further experiments to clarify. In summary, we showed that during serum starvation, CIDEA facilitated the phosphorylation and activation of JNK, which in turn led to the activation of nuclear transcription factors. Thus, the transcript level of p21 gene was elevated and cells were arrested in the G1-phase.

Due to the low screening rate and the absence of obvious symptoms in the early stage of ESCC, 80–90% of ESCC cases are diagnosed as advanced ESCC, resulting in a missed opportunity for radical surgery. Platinum-based chemoradiotherapy is the standard treatment for patients with advanced and postoperative recurrent esophageal cancer. However, the chemoresistance is a key factor in the low effectiveness of treatment. Considering the pro-apoptotic role of CIDEA, it is essential to explore whether CIDEA can predict the therapeutic effect of cisplatin in ESCC patient. Our study showed that, the cisplatin-induced apoptosis, which is mainly regulated by the mitochondrial apoptosis pathway, was promoted by CIDEA. This was shown as detectable activation of caspase-9 and an obvious decrease in MMP. In response to cisplatin induced DNA damage, the activation of JNK facilitated by CIDEA promoted the transcription of pro-apoptotic protein (25, 27), including Bad. In addition, the genetic dependency of CIDEA was analyzed in the Cancer Dependency Map (DepMap) (http://depmap.org/portal) (28), which indicated a moderate dependency of CIDEA for esophageal cancer cell survival. Therefore, there should be some other factors to facilitate the tumor suppressor function of CIDEA, which required further experiments to elucidate. Collectively, we provide evidences of an important role for CIDEA in elevating sensitivity of ESCC cells to cisplatin-induced apoptosis, which suggests a potential role for CIDEA in predicting cisplatin response.

In summary, we report that CIDEA was frequently downregulated in ESCC and functions as a tumor-suppressor by regulating ESCC proliferation and apoptosis through the JNK-p21/Bad pathway. Importantly, a better understanding of the role of CIDEA may provide a novel biomarker for predicting the therapeutic effect of cisplatin and survival for patients with ESCC.
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The overall efficacy of neoadjuvant chemoradiotherapy (NACT) for locally advanced gastric cancer (LAGC) has been recognized. However, the response rate of NACT is limited due to tumor heterogeneity. For patients who are resistant to NACT, not only the operation timing will be postponed, patients will also suffer from the side effects of it. Thus, it is important to develop a comprehensive strategy and screen out patients who may be sensitive to NACT. This article summarizes the related research progress on the sensitivity prediction of NACT for GC in the following aspects: microRNAs, metabolic enzymes, exosomes, other biomarkers; inflammatory indicators, and imageological assessments. The results showed that there were many studies on biomarkers, but no unified conclusion has been drawn. The inflammatory indicators are related to the survival and prognosis of patients under NACT. For imageological assessments such as CT, MRI, and PET, with careful integration and optimization, they will have unique advantages in early screening for patients who are sensitive to NACT.
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Introduction

Gastric cancer (GC) is one of the most common digestive system tumors. According to GLOBOCAN estimates in 2018, the prevalence of GC ranks the fifth among all cancers, with approximately 1.034 million new cases worldwide. Meanwhile, GC-related deaths rank the third, with more than 783,000 patients annually (1). In China, there were 679,000 new cases and 498,000 deaths in 2015, which accounted for 42.6 and 45% of the global total, respectively (2).

Since early-stage GCs are absent of specific symptoms, 80–90% of GC patients are in the advanced stages at their first visits (3, 4), and the proportion of patients with stage II–III GCs in China is as high as 58.0% (5). Surgery is the main treatment for GC, but the long-term survival rate of LAGC patients after surgery is still less than 20–30% (4). Therefore, the NACT which aims at improving the prognosis of LAGC patients came into being. The superiorities of NACT, such as reducing the tumor size, achieving the complete pathological remission (PR), increasing the R0 resection rate, improving the overall survival (OS) and disease-free survival (DFS), have been verified by numerous large-scale RCTs (6–8). In 2007, NACT was officially adopted by NCCN guidelines, and it has become the standard treatment for LAGC patients since then (5).

However, due to the tumor heterogeneity, the clinical response rate of NACT is barely satisfactory (9). For patients who are resistant to NACT, the operation timing is postponed while the primary tumor may progress during the treatment. More than that, the NACT-induced adverse events which could have been avoided, may deteriorate the general condition of those patients (10, 11). Therefore, mining the reliable indicators that can predict the sensitivity of chemotherapy is in great need, so as to screen out GC patients who are suitable for NACT. In addition, the optimal course of NACT is still uncertain, so monitoring indicators can help to evaluate the efficacy of NACT and select the appropriate surgical timing in real time. All of the above are hot topics which can boost the effect of NACT and help achieve the individualized treatments for GC patients.

In this article, we reviewed six categories of indicators which showed promising effects in predicting and monitoring the sensitivity and efficacy of NACT in GC treatment. Although most of them have not been studied thoroughly and few conclusions have been drawn, it will inspire us to design a well-organized and individual-oriented NACT strategy for GC patients.



miRNA

MicroRNA (miRNA) is a type of non-coding single-stranded small RNA molecule with a length of about 18–25 nucleotides, and more than 900 miRNAs have been identified (12). By binding to the 3 ′UTRs of mRNAs, miRNAs regulate the expression of more than one-third of genes and participate in varies biological processes (13). Recently, studies have shown that the abundance of some miRNAs may help to explain the mechanisms of chemotherapy; thus, the variation of them can be used for chemoresistance monitoring (Table 1).


Table 1 | The potential mechanism of miRNAs for causing chemotherapy resistance in GC.




Apoptosis

Drug induced endogenous and exogenous apoptosis in cancer cells is one of the main mechanisms of chemotherapy (14). However, this process can be impaired by miRNAs via regulating the expression of certain genes, which participate in apoptosis-related signaling pathways.

BCL-2 is one of the most important anti-apoptotic genes and is also frequently regulated by miRNAs. In 2008, Xia et al. (15) found that miR-15b and miR-16 were down-regulated in GC-resistant cell lines SGC7901/VCR. Meanwhile, over-expression of miR-15b and miR-16 can increase the apoptosis of normal GC cells (SGC7901) by inhibiting the expression of the BCL-2, thereby reducing the resistance to adriamycin (ADR), vincristine (VCR), etoposide (VP-16), and cisplatin (DDP). Later, more mechanisms have been proposed to explain the miRNA-mediated chemotherapy resistance of GC cells on BCL-2, such as miR-200bc/429, miR-1217, miR-143, and so on (16–18). These results partially elaborated the chemoresistance to DDP, 5-FU, etc, as well as the multidrug resistance (MDR).

In addition to BCL-2 protein, miRNA can also regulate the apoptosis of GC cells induced by chemotherapy drugs through other pathways. For example, miR-193-3p (19), miR-147 (20), miR-106a (21), miR-21-5p (22), and miR-19a /b (23) are all highly expressed in drug-resistant GC cell lines, and reducing their expression will inhibit the PI3K/Akt cellular signal transduction pathway of by promoting the expression of PTEN, thus promoting the apoptosis of GC cells. Additionally, up-regulating miR-206 (24) expression can weaken the proliferation of drug-resistant GC cells, facilitate cell apoptosis, and decrease DDP resistance via targeted inhibition of MAPK3 (mitogen activating protein kinase 3) expression. The down-regulation of miR-135b-5p (25) induced apoptosis, and it inhibited proliferation and DDP resistance of GC cells by inactivating the MAPK signaling pathway and increasing the expression of MST1 (mammalian ste20-like kinase 1). The canonical NF-κB pathway was involved in DDP resistance too. For example, miR-145 (26) regulated the sensitivity of GC cells to DDP by regulating the expression of APRIL (a proliferation-inducing ligand) through NF-κB pathway. MiR-20a (27) directly repressed the expression of CYLD (cylindromatosis), leading to activation of the NF-κB pathway and the downstream targets, livin and survivin (members of the inhibitor of apoptosis protein family, function as anti-apoptotic factors), which potentially induced GC chemoresistance. Moreover, miR-31 (28) and miR-223 (29) lead to apoptosis by blocking the cell cycle in the DNA replication process, thus enhancing the chemotherapy sensitivity of 5-FU and DDP for GC.



Elevated Drug Efflux

Chemotherapy resistance in GC is also associated with drug efflux caused by the overexpression of some membrane transporters, the most important of which is the ATP-binding cassette (ABC) transporter family (30, 31), which is represented by P-glycoprotein (P-gp), which can pump anti-tumor drugs from inside to outside so that tumor cells can escape from the cytotoxic effect of and show resistance to chemotherapy drugs (30).

Some studies have conducted in-depth studies on the relationship between miRNA and GC chemotherapy resistance from the perspective of P-gp pathway. A study published by Zhao (32) in 2011 showed that down-regulation of miR-27a could significantly reduce the expression of P-gp and decrease the transport of ADR, leading to the accumulation of ADR in GC cells, thus enhancing the sensitivity of chemotherapy. Further studies by Zhao (33) in 2015 showed that hypoxia-inducible factor (HIF)-1 radiation influenced the expression of P-gp, LRP, and BCL-2 by regulating miR-27a, resulting in chemotherapy resistance of GC cells. In addition, miR-19a/b (23), miR-508-5p (34), miR-30a (35), miR-21 (36) and miR-361-3p (37) have also been proved to increase the excretion of chemotherapy drugs by regulating the expression of P-gp on the membranes of GC cells, resulting in decreased sensitivity to chemotherapy.



Other Pathways for GC Chemo-Resistance

The mechanism of GC chemotherapy resistance is very complicated. In addition to the abovementioned apoptosis, cell cycle changes, and efflux of chemotherapy drugs, there are other mechanisms involved, such as autophagy and changes in drug targets.

In normal cells, autophagy can play an anticancer role by maintaining gene stability, while in cancer cells, autophagy can provide energy to cancer cells and promote the survival of tumor cells under stressful conditions, such as radiotherapy or chemotherapy (38). MiRNAs can also regulate the autophagy of tumor cells, causing drug resistance to NACT. For example, miR-30a (39), miR-181a (40), and miR-148a-3p (41) were confirmed to have low expression in drug-resistant GC cells, and in vivo and in vitro experiments showed that they all caused DDP resistance by regulating the autophagy of GC cells. Additionally, miR-23b-3p (42) leads to enhanced autophagy of GC cells through targeted regulation of ATGI2 (autophagy-related gene 12), thereby causing drug resistance to DDP, 5-FU, and VCR.

The changes in the chemotherapy drug targets caused by miRNA in GC have also been investigated. In 2013, Wu (43) reported that mir-34c-5p can regulate the expression of microtubule-associated protein tau (MAPT), which can stabilize the microtubule structure by promoting the accumulation of tubule proteins into microtubules. They found that the decreased expression of miR-34c-5p in paclitaxel-resistant GC tissues was accompanied by the increase of MAPT levels. Upon regulation of miR-34c-5p, the expression of MAPT was significantly reduced, leading to the increased sensitivity of drug-resistant GC cells to paclitaxel (PTX).

MicroRNA plays important roles in cell development, proliferation, differentiation, apoptosis, gene regulation, and disease occurrence, especially in the development of tumors and drug resistance. Changing the expression level of miRNA in tumors is expected to become a new treatment strategy. With the deepening of research, more and more miRNAs will become molecular markers to judge the sensitivity and prognosis of tumor treatment, guide individualized treatment, and improve the tumor therapeutic effect.




Metabolic Enzymes Related to Fluorouracil Resistance

Regarding NACT for GC, NCCN guidelines have been updated continuously in recent years. Fluorouracil and cisplatin (FP) were classified as a category 1 recommendation in 2013, and fluorouracil and oxaliplatin were classified as a category 2A recommendation in 2017. In 2018, docetaxel, oxaliplatin, leucovorin, and fluorouracil (FLOT) were listed as a category 1 recommendation for NACT of GC (5). Therefore, fluorouracil is always used in NACT for GC, but due to its drug resistance, the single-drug effective rate of 5-FU is only 20%, and the overall effective rate of the first-line chemotherapy based on 5-FU is less than 40%; thus some patients cannot benefit from NACT (44). Therefore, it has become an urgent problem to explore the indicators related to the sensitivity of 5-FU drugs to chemotherapy. Among them, thymidylate synthase (TS), thymidine phosphorylase (TP) and dihydropyrimidine dehydrogenase (DPD) are the research hotspots.

5-FU is a thynoside synthase inhibitor. When 5-FU penetrates tumor cells, it is converted into fluorouracil deoxynucleotide (Fd UMP), which is covalently combined with reduced tetrahydrofolic acid (CH2FH4) and TS, forming a ternary complex to inhibit the activity of TS and interfere with DNA synthesis of tumor cells (45). TP is the last rate-limiting enzyme for the conversion of 5-FU prodrugs to fluorouracil. After oral administration of the drug into the body, 5-FU is converted into 5-fluoro-2-deoxyuracil nucleotide (Fd Urd) in the liver. On the one hand, the drug is converted into Fd UMP to inhibit TS. On the other hand, the drug is catalyzed into 5-FU by TP (46). DPD is the starting and rate-limiting enzyme of 5-FU catabolism. More than 85% of 5-FU is reduced into inactive metabolites by DPD in liver and other tissues, which are excreted by the kidney; thus, the activity of DPD is closely related to the efficiency of 5-FU (47). Therefore, the relationship between the expression levels of the enzymes TS, TP, and DPD and the chemotherapy sensitivity and prognosis of patients with GC to 5-FU is still a hot topic in the field of NACT.

Initially, in 2000, Salonga (48) found that colon cancer patients with low expression levels of DPD, TS, and TP before chemotherapy were sensitive to 5-FU. Subsequently, in 2002, Tershima (49) reported that the activity of DPD in GC tissues could predict the chemotherapy sensitivity and drug resistance of tumors to 5-FU. In 2004, Wang (50) detected overexpressed TS in the analysis of 5-FU-resistant cancer cell lines by DNA microarray, and Etienne (51) also confirmed that TS was closely related to the chemotherapy sensitivity of 5-FU. In the same year, Ma (52) evaluated four kinds of GC cells and three kinds of colon cancer cells and found that cell lines with low DPD expression level were more sensitive to 5-FU, and DPD mRNA could not even be detected in the most sensitive cell line HCT-8. At the same time, it was found that TS may contribute greatly to the sensitivity of FdUrd, and the higher the TS mRNA levels, the higher the IC50 (50% growth inhibitory concentration) of FdUrd. Then Napieralski (53) found that patients with high DPD expression were insensitive to 5-FU and had poor prognosis, while patients with low DPD expression were just the opposite. Sasako M (54) showed that high TS and DPD gene expression in tumors was associated with enhanced benefit from postoperative adjuvant S-1 treatment in gastric cancer. Later in 2016, a meta-analysis covered 555 patients with GC treated with S-1 showed that there was a significant difference in ORR (objective response rate) between patients with high/+ and low/− expression of DPD (55).

It can be seen from the above studies that the enzymes related to fluorouracil metabolism have always been the focus of NACT, but they are mainly limited to in vitro experiments; thus, the systematic in vivo experiments on NACT of GC still require further exploration.



Exosomes

Exosomes are also one of the star molecules in new biomarkers. They are small lipid bilayer extracellular vesicles loading a variety of cargo, including DNA, mRNA, miRNA, circular RNA, protein, etc (56), typically 30–100 nm in size, and can be detected in various biological fluids, such as serum, urine and saliva (57). More and more reports have shown that exosomes play an important role in tumor growth, metastasis, angiogenesis and immune regulation by acting as information communicators (58–60). Moreover, exosomes have recently been found to be involved in the regulation of cancer chemoresistance (61–63), GC is surely included.

In 2020 Sun MY (64) demonstrated that RPS3 (Ribosomal Protein S3) expression levels were significantly elevated in cisplatin-resistant gastric cancer cell line SGC7901 and the exosomal delivery of RPS3 might induce chemoresistance phenotypes from cisplatin-resistant gastric cancer cells to sensitive cancer cells by regulating the PI3K-Akt-cofilin-1 signaling pathway. And Zhang QM (65) indicated that exosomes with si-c-Met can inhibit the invasion and migration of GC cells and promote apoptosis in vitro and inhibit tumor growth in vivo, reversing the resistance to cisplatin in GC.

In addition to proteins, RNAs in exosomes were also found to be associated with chemosensitivity in GC. Zhang HY (66) showed that cisplatin and paclitaxel promoted exosomal miR-522 secretion from CAFs (cancer-associated fibroblasts), leading to ALOX15 (arachidonate lipoxygenase 15) suppression and decreased lipid-ROS (toxic lipid peroxides) accumulation in GC cells, and ultimately result in decreased chemo-sensitivity. Furthermore, it was reported that exosome miR-155-5p directly inhibits GATA3 (GATA binding protein 3) and TP53INP1 (tumor protein p53-induced nuclear protein 1) to induce paclitaxel resistant GC cells to sensitive ones (67). And Wang SM (68) found that exosomal circPRRX1 (circular paired-related homeobox 1) strengthened doxorubicin resistance of GC cells by modulating miR-3064-5p/PTPN14 (non-receptor tyrosine phosphatase 14) signaling pathway.

Exosomes contain not only proteins but also a significant amount of nucleic acids, including DNA, mRNAs, miRNAs, circular RNAs (circRNAs) and long non-coding RNAs (lncRNAs) (69), as well as cholesterols, diglycerides, phospholipids, glycerophospholipids, sphingomyelins, and ceramides (70). In order to identify more sensitive and specific exosomes to guide individual chemotherapy choices, future studies should further clarify the roles and potential mechanisms of exosomes in cancer with more chemotherapeutic drugs.



Other Chemotherapy-Related Biomarkers

Biomarkers are the most cutting-edge research direction for the prediction of the chemotherapy sensitivity of GC. In addition to miRNAs and fluorouracil metabolic enzymes, glutathione S-transferase (GST) is also involved. In 2006, Goekkurt (71) analyzed the polymorphism of GST genes in 52 patients with LAGC who received 5-Fu or DDP in NACT and found that the efficacy in patients with the GSTP-105Val/Val gene subtype (67%) was better than those with at least one 105Ile allele (21%).

In 2017, Li (72) detected the expression of P-glycoprotein (P-gp), glutathione S-transferase-π (GST-π), topoisomerase II (topo II), multidrug resistance gene-associated protein (MRP), lung resistance-related protein (LRP), Ki-67, and p53 in cancer tissues of 93 elderly patients with AGEJ (adenocarcinoma of gastroesophageal junction) before NACT and then analyzed the relationship between the expression of these proteins and the curative effect of NACT. The results showed that only the expressions levels of ki-67 (p = 0.003) and p53 (p = 0.009) were significantly correlated with the sensitivity to NACT, and the increased expression of ki-67 and the decreased expression of p53 predicted the SOX insensitivity of elderly patients with AGEJ.

In 2019, Hashimoto (73) compared the mismatch repair genes MLH-1 and PD-L1 of 110 GC patients who received different NACTs with 175 patients who did not receive any NACT and found that the NACT response of MLH1-negative patients was significantly lower than that of MLH1-positive patients (16.7 vs. 61.2%, P = 0.005), while there was no significant difference between patients with high and low PD-L1 expression (55.9 vs. 56.6%, P = 0.95). Therefore, it is recommended that MLH1-negative patients with GC should be treated with surgery alone, while patients with other types of GC should be treated with a combination of surgery and preoperative or postoperative chemotherapy. The study also showed that poor prognosis of MLH1-positive patients with GC can be improved by NACT. At the same time, PD-L1 expression did not have any predictive characteristics for prognosis or NACT response.

With the characterization of more biomarkers and the improvement of various detection levels, a growing number of markers such as tumor markers (for example, CEA, CA19-9, CA153, CA72-4, AFP) (74), circulating free DNA (cfDNA) (75), and circulating tumor cells (CTC) (76), were used to predict the sensitivity of NACT for GC to provide clinical evidence of individualized diagnoses and treatment plans. However, due to the small sample size, different chemotherapy options, and the presence of so many biomarkers, but very few with specificities, the use of biomarkers to specifically predict the sensitivity of NACT for GC still requires our further efforts and exploration.



Inflammatory Markers

Some studies have found that the occurrence and development of tumors are closely related to systemic inflammatory responses (77), and some of the inflammatory markers may be associated with the effectiveness of NACT (78). A 2014 study by Borsig (79) noted that peripheral blood tests can reflect the level of inflammation at the time of tumorigenesis and that inflammatory markers such as C-reactive protein (CRP), white blood cells (WBC), and neutrophil–lymphocyte ratio (NLR) and platelet–lymphocyte ratio (PLR) can all be used as prognostic factors for patients with various malignancies. In LAGC, high NLR is considered to be an effective predictor of survival, and in 2014, Mohamed (80) found that a high level of NLR indicates a worse PFS (progression free survival) and OS (overall survival) in patients with LAGC undergoing NACT. The Glasgow prognostic score (GPS), which is calculated from CRP and serum albumin (ALB), is considered as a comprehensive indicator reflecting the systemic inflammatory response and nutritional status. Studies have shown that in some tumors, GPS is related to the effectiveness of NACT and prognosis. In patients with AGEJ, an increase in GPS score may indicate a decrease in the tolerance and efficacy of NACT and a reduction in survival time.

In the tumor microenvironment, macrophages are known as tumor-associated macrophages (TAMs), which are one of the most abundant immune cells. The degree of TAMs’ infiltration in tumor tissues was positively correlated with the adverse prognosis of various tumors, including GC. TAMs promote tumor progression by secreting a variety of inflammatory factors, including growth factors, chemokines, and cytokines (81). Macrophages are divided into M1 and M2 types. M1 macrophages have pro-inflammatory effects, producing various cytokines and chemokines, such as IL-12 (interleukin 12), CXCL9 (C-X-C motif ligand 9), and TNF-α (tumor necrosis factor-α) (82). M2 macrophages produce anti-inflammatory cytokines, such as TGF-β (transforming growth factor-β) and IL-10 (83). In the GC mouse models, macrophages were recruited by chemokines and cytokines derived by epithelia (84–89), and they produced pro-inflammatory cytokines such as TNF-α and stimulated tumor growth (88, 90). Moreover, the depletion of macrophages in these mouse models inhibited the proliferation and tumorigenesis of epithelia (87, 89, 90). Besides, gene expression and a novel associated cytokine panel were also linked to GC metastasis. For example, in 2020 Qeadan (91) found that MK2 (Map kinase-activated protein kinase 2) expression and a panel of associated cytokines secreted by GC cells, including G-CSF (granulocyte colony-stimulating factor), GM-CSF (granulocyte-macrophage colony-stimulating factor), Mip-1β (macrophage inflammatory protein-1β), IFN-α (interferon-α), MCP-1 (monocyte chemotactic protein 1), IL-1β, IL-6, and TNF-α to be linked to GC metastasis. But more future studies are needed to clarify the precise role of macrophages, cytokines, and other inflammatory markers in the NACT of GC.



CT, MRI, PET and Other Imaging Evaluation Indicators

At present, the evaluation of the efficacy of chemotherapy for GC is still mainly based on the response evaluation criteria in solid tumors (RECIST) and WHO (World Health Organization) standards, which are evaluated by measuring the changes of maximum diameter and area of tumors before and after chemotherapy (92, 93). However, the stomach is a cavity organ, thus changes in its wall thickness, peristalsis, tumor morphology, and measurement angle will make the measurements of lesion size inaccurate (94). Theoretically, the morphological changes are the result of changes in the biological behavior of the lesion. After NACT, the lesions should have already changed functionally before morphological changes occurred, mainly manifesting as the reduction of tumor local blood perfusion (95). Therefore, if imageological assessments can be used to observe tumor-associated vessels in GC patients, it would be of great clinical significance.

In 2014, Hansen found that after chemotherapy for GC, the tumor volume and surface permeability value (an indicator of tumor local vascular permeability) in CT (computed tomography) perfusion parameters both decreased significantly (96). Moreover, energy spectral CT can accurately reflect the true iodine concentration (97), and iodine concentration can accurately reflect the blood supply and vascular conditions of lesions (98), so the energy spectrum CT is also used to evaluate the vascularization after NACT for GC. In 2005, Tang’s study showed that there was a significant difference in iodine concentration in the arteriovenous phase before and after NACT, and the change of iodine concentration was significantly correlated with tumor regression grade (99). Some studies also used iodine uptake (IU) as a functional parameter to assess the sensitivity of chemotherapy in other tumors, but further research is still needed on NACT for GC. There are also other imageological assessments. For instance, in 2016, Lee analyzed 11 LAGC patients after NACT by PET and MRI(magnetic resonance imaging), showing that K (trans) and iAUC (initial area under the curves) values can be used as early predictive markers for chemotherapy response (100). Latter in 2018, the study of Schneider showed that in GC or AGEJ patients, after the first cycle of NACT PET-CT (positron emission tomography–computed tomography)cannot accurately predict the overall pathological response, but it can accurately detect patients who are insensitive to NACT and should be operated upon immediately or treated in combination with other methods (101).



Conclusion

NACT is currently an effective treatment for GC, but not all patients are sensitive to it. Therefore, searching for specific indicators to predict the sensitivity of NACT in GC, individualized diagnosis and treatment are still important parts of clinical research content. At present, whether biomarkers, inflammatory markers, or imageological assessments are used, it is still difficult to select patients who are sensitive to NACT. Most of the current research involves single-center macroscopic studies. Therefore, multicenter studies with larger samples in terms of proteomics, transcriptomics, and genomics, are needed to select the indicators for predicting the efficacy and prognosis of NACT to help screen out patients for tailored treatments.



Author Contributions

JS and XW were responsible for collecting, sorting out data and writing articles, were co-first authors. ZZh, ZZe and SO were responsible for collecting data. WK was responsible for putting forward ideas and reviewing articles, was corresponding author of this paper. All authors approved it for publication. All authors contributed to the article and approved the submitted version.



Funding

CSCO-ROCHE Research Fund No. Y-2019 Roche-015; Beijing Xisike Clinical Oncology Research Foundation Y-HS2019-43; Wu Jieping Medical Foundation No. 320. 6750.19020



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN. Int J Cancer (2012) 136(5):E359–86. doi: 10.1002/ijc.29210

3. Roukos, DH. Current status and future perspectives in gastric cancer management. Cancer Treat Rev (2000) 26(4):243–55. doi: 10.1053/ctrv.2000.0164

4. Ang, J, Hu, L, Huang, PT, Wu, JX, Huang, LN, Cao, CH, et al. Contrast-enhanced ultrasonography assessment of gastric cancer response to neoadjuvant chemotherapy. World J Gastroenterol (2012) 18(47):7026–32. doi: 10.3748/wjg.v18.i47.7026

5. Wang, XZ, Zeng, ZY, Ye, X, Sun, J, Zhang, ZM, and Kang, WM. Interpretation of the development of neoadjuvant therapy for gastric cancer based on the vicissitudes of the NCCN guidelines. World J Gastrointest Oncol (2020) 12(1):37–53. doi: 10.4251/wjgo.v12.i1.37

6. Cunningham, D, Allum, WH, Stenning, SP, Thompson, JN, Van de Velde, CJH, Nicolson, M, et al. Participants: Perioperative chemotherapy versus surgery alone for resectable gastroesophageal cancer. New Engl J Med (2006) 355(1):11–20. doi: 10.1056/NEJMoa055531

7. Schuhmacher, C, Gretsche, S, Lordick, F, Reichardt, P, Hohenberger, W, Eisenberger, CF, et al. Neoadjuvant chemotherapy compared with surgery alone for locally advanced cancer of the stomach and cardia: European Organisation for Research and Treatment of Cancer randomized trial 40954. J Clin Oncol Off J Am Soc Clin Oncol (2009) 28(35):5210–8. doi: 10.1200/jco.2009.26.6114

8. Ychou, M, Boige, V, Pignon, J-P, Conroy, T, Bouché, O, Lebreton, G, et al. Perioperative chemotherapy compared with surgery alone for resectable gastroesophageal adenocarcinoma: an FNCLCC and FFCD multicenter phase III trial. J Clin Oncol Off J Am Soc Clin Oncol (2010) 29(13):1715–21. doi: 10.1200/jco.2010.33.0597

9. De Vita, F, Orditura, M, Matano, E, Bianco, R, Carlomagno, C, Infusino, S, et al. A phase II study of biweekly oxaliplatin plus infusional 5-fluorouracil and folinic acid (FOLFOX-4) as first-line treatment of advanced gastric cancer patients. Br J Cancer (2005) 92(9):1644–9. doi: 10.1038/sj.bjc.6602573

10. Broxterman, HJ, Gotink, KJ, and Verheu, HMW. Understanding the causes of multidrug resistance in cancer: a comparison of doxorubicin and sunitinib. Drug Resist Upd Rev Commentaries Antimicrob Anticancer Chemother (2009) 12:114–26. doi: 10.1016/j.drup.2009.07.001

11. Hudler, P. Challenges of deciphering gastric cancer heterogeneity. World J Gastroenterol (2015) 21(37):10510–27. doi: 10.3748/wjg.v21.i37.10510

12. Jewell, JL, Flores, F, and Guan, K-L. Micro(RNA) managing by mTORC1. Mol Cell (2015) 57(4):575–6. doi: 10.1016/j.molcel.2015.02.006

13. Garofalo, M, and Croce, CM. microRNAs: Master regulators as potential therapeutics in cancer. Annu Rev Pharmacol Toxicol (2011) 51:25–43. doi: 10.1146/annurev-pharmtox-010510-100517

14. Mitani, Y, Oue, N, Matsumura, S, Yoshida, K, Noguchi, T, Ito, M, et al. Reg IV is a serum biomarker for gastric cancer patients and predicts response to 5-fluorouracil-based chemotherapy. Oncogene (2007) 26(30):4383–93. doi: 10.1038/sj.onc.1210215

15. Xia, L, Zhang, D, Du, R, Pan, Y, Zhao, L, Sun, S, et al. miR-15b and miR-16 modulate multidrug resistance by targeting BCL2 in human gastric cancer cells. Int J Cancer (2008) 123(2):372–9. doi: 10.1002/ijc.23501

16. Zhu, W, Xu, H, Zhu, D, Zhi, H, Wang, T, Wang, J, et al. miR-200bc/429 cluster modulates multidrug resistance of human cancer cell lines by targeting BCL2 and XIAP. Cancer Chemother Pharmacol (2012) 69(3):723–31. doi: 10.1007/s00280-011-1752-3

17. Yang, M, Shan, X, Zhou, X, Qiu, T, Zhu, W, Ding, Y, et al. miR-1271 regulates cisplatin resistance of human gastric cancer cell lines by targeting IGF1R, IRS1, mTOR, and BCL2. Anti-Cancer Agents Medicinal Chem (2014) 14(6):884–91. doi: 10.2174/1871520614666140528161318

18. Zhao, X, Hu, GF, Shi, YF, and Xu, W. Research Progress in microRNA-Based Therapy for Gastric Cancer. Onco Targets Ther (2019) 12:11393–411. doi: 10.2147/OTT.S221354

19. Jian, B, Li, Z, Xiao, D, He, G, Bai, L, and Yang, Q. Downregulation of microRNA-193-3p inhibits tumor proliferation migration and chemoresistance in human gastric cancer by regulating PTEN gene. Tumour Biol (2016) 37(7). doi: 10.1007/s13277-015-4727-x

20. Shen, J, Niu, W, Zhang, H, Jun, M, and Zhang, H. Downregulation of MicroRNA-147 Inhibits Cell Proliferation and Increases the Chemosensitivity of Gastric Cancer Cells to 5-Fluorouracil by Directly Targeting PTEN. Oncol Res (2018) 26(6):901–11. doi: 10.3727/096504017x15061902533715

21. Fang, Y, Shen, H, Li, H, Cao, Y, Qin, R, Long, L, et al. miR-106a confers cisplatin resistance by regulating PTEN/Akt pathway in gastric cancer cells. Acta Biochim Biophys Sin (2013) 45(11):963–72. doi: 10.1093/abbs/gmt106

22. Zheng, P, Chen, L, Yuan, X, Luo, Q, Liu, Y, Xie, G, et al. Exosomal transfer of tumor-associated macrophage-derived miR-21 confers cisplatin resistance in gastric cancer cells. J Exp Clin Cancer Res CR (2017) 36(1):53. doi: 10.1186/s13046-017-0528-y

23. Wang, F, Li, T, Zhang, B, Li, H, Wu, Q, Yang, L, et al. MicroRNA-19a/b regulates multidrug resistance in human gastric cancer cells by targeting PTEN. Biochem Biophys Res Commun (2013) 434(3):688–94. doi: 10.1016/j.bbrc.2013.04.010

24. Chen, Z, Gao, Y-J, Hou, R-Z, Ding, D-Y, Song, D-F, Wang, D-Y, et al. MicroRNA-206 facilitates gastric cancer cell apoptosis and suppresses cisplatin resistance by targeting MAPK2 signaling pathway. Eur Rev Med Pharmacol Sci (2019) 23(1):171–80. doi: 10.26355/eurrev_201901_16761

25. Zhou, J, and Chen, Q. Poor expression of microRNA-135b results in the inhibition of cisplatin resistance and proliferation and induces the apoptosis of gastric cancer cells through MST1-mediated MAPK signaling pathway. FASEB J Off Publ Fed Am Soc Exp Biol (2019) 33(3):3420–36. doi: 10.1096/fj.201800618RRR

26. Zhi, X, Tao, J, Xiang, G, Cao, H, Liu, Z, Yang, K, et al. APRIL induces cisplatin resistance in gastric cancer cells via activation of the NF-κB pathway. Cell Physiol Biochem (2015) 35(2):571–85. doi: 10.1159/000369720

27. Zhu, M, Zhou, X, Du, Y, Huang, Z, Zhu, J, Xu, J, et al. miR-20a induces cisplatin resistance of a human gastric cancer cell line via targeting CYLD. Mol Med Rep (2016) 14(2):1742–50. doi: 10.3892/mmr.2016.5413

28. Sun, K, Shen, X, Yang, D, Gan, M, Liu, G, Zhang, Y, et al. MicroRNA-31 triggers G/M cell cycle arrest, enhances the chemosensitivity and inhibits migration and invasion of human gastric cancer cells by downregulating the expression of zeste homolog 2 (ZH2). Arch Biochem Biophys (2019) 663:269–75. doi: 10.1016/j.abb.2019.01.023

29. Zhou, X, Jin, W, Jia, H, Yan, J, and Zhang, G. MiR-223 promotes the cisplatin resistance of human gastric cancer cells via regulating cell cycle by targeting FBXW7. J Exp Clin Cancer Res (2015) 34:28. doi: 10.1186/s13046-015-0145-6

30. Holohan, C, Van Schaeybroeck, S, Longley, DB, and Johnston Cancer drug resistance, PG. an evolving paradigm. Nat Rev Cancer (2013) 113(10):714–26. doi: 10.1038/nrc3599

31. Giovannetti, E, Erozenci, A, Smit, J, Danesi, R, and Peters, GJ. Molecular mechanisms underlying the role of microRNAs (miRNAs) in anticancer drug resistance and implications for clinical practice. Crit Rev Oncol/Hematol (2012) 81(2):103–22. doi: 10.1016/j.critrevonc.2011.03.010

32. Zhao, X, Yang, L, and Hu, J. Down-regulation of miR-27a might inhibit proliferation and drug resistance of gastric cancer cells. J Exp Clin Cancer Res (2011) 30:55. doi: 10.1186/1756-9966-30-55

33. Zhao, Q, Li, Y, Tan, B, Fan, L, Yang, P, and Tian, Y. HIF-1α Induces Multidrug Resistance in Gastric Cancer Cells by Inducing MiR-27a. PloS One (2015) 10(8):e0132746. doi: 10.1371/journal.pone.0132746

34. Shang, Y, Zhang, Z, Liu, Z, Feng, B, Ren, G, Li, K, et al. miR-508-5p regulates multidrug resistance of gastric cancer by targeting ABCB1 and ZNRD1. Oncogene (2013) 33(25):3267–76. doi: 10.1038/onc.2013.297

35. Li, C, Zou, J, Zheng, G, and Chu, J. MiR-30a Decreases Multidrug Resistance (MDR) of Gastric Cancer Cells. Med Sci Monitor (2016) 22:4509–15. doi: 10.12659/MSM.898415

36. Giovannetti, E, Funel, N, Peters, GJ, Del Chiaro, M, Erozenci, LA, Vasile, E, et al. MicroRNA-21 in pancreatic cancer: correlation with clinical outcome and pharmacologic aspects underlying its role in the modulation of gemcitabine activity. Cancer Res (2010) 70(11):4528–38. doi: 10.1158/0008-5472.can-09-4467

37. Wu, X, Zheng, Y, Han, B, and Dong, X. Long noncoding RNA BLACAT1 modulates ABCB1 to promote oxaliplatin resistance of gastric cancer via sponging miR-361. Biomed Pharmacother = Biomed Pharmacother (2018) 99:832–8. doi: 10.1016/j.biopha.2018.01.130

38. Liu, X, Zhao, P, Wang, X, Wang, L, Zhu, Y, and Gao, W. Triptolide Induces Glioma Cell Autophagy and Apoptosis via Upregulating the ROS/JNK and Downregulating the Akt/mTOR Signaling Pathways. Front Oncol (2019) 9:387. doi: 10.3389/fonc.2019.00387

39. Du, X, Liu, B, Luan, X, Cui, Q, and Li, L. miR-30 decreases multidrug resistance in human gastric cancer cells by modulating cell autophagy. Exp Ther Med (2017) 15(1):599–605. doi: 10.3892/etm.2017.5354

40. Zhao, J, Nie, Y, Wang, H, and Lin, Y. MiR-181a suppresses autophagy and sensitizes gastric cancer cells to cisplatin. Gene (2016) 576:828–33. doi: 10.1016/j.gene.2015.11.013

41. Li, B, Wang, W, Li, Z, Chen, Z, Zhi, X, Xu, J, et al. MicroRNA-148a-3p enhances cisplatin cytotoxicity in gastric cancer through mitochondrial fission induction and cyto-protective autophagy suppression. Cancer Lett (2017) 410:212–27. doi: 10.1016/j.canlet.2017.09.035

42. An, Y, Zhang, Z, Shang, Y, Jiang, X, Dong, J, Yu, P, et al. miR-23b-3p regulates the chemoresistance of gastric cancer cells by targeting ATG12 and HMGB2. Cell Death Dis (2015) 6:e1766. doi: 10.1038/cddis.2015.123

43. Wu, H, Huang, M, Lu, M, Zhu, W, Shu, Y, Cao, P, et al. Regulation of microtubule-associated protein tau (MAPT) by miR-34c-5p determines the chemosensitivity of gastric cancer to paclitaxel. Cancer Chemother Pharmacol (2013) 71(5):1159–71. doi: 10.1007/s00280-013-2108-y

44. Okano, H, Kawahara, H, Toriya, M, Nakao, K, Shibata, S, and Imai, T. Function of RNA-binding protein Musashi-1 in stem cells. Exp Cell Res (2005) 306(2):349–56. doi: 10.1016/j.yexcr.2005.02.021

45. Li, Q, Pan, D, Zhang, J, and Yang, F. Identification of the thymidylate synthase within the genome of white spot syndrome virus. J Gen Virol (2004) 85:2035–44. doi: 10.1099/vir.0.80048-0

46. Yao, L, Itoh, S, and Furuta, I. Thymidine phosphorylase expression in oral squamous cell carcinoma. Oral Oncol (2002) 38(6):584–90. doi: 10.1016/s1368-8375(01)00113-0

47. Diasio, RB. Oral DPD-inhibitory fluoropyrimidine drugs. Oncol (Williston Park NY) (2000) 14:19–23. doi: 10.1215/15228517-2-4-239

48. Salonga, D, Danenberg, KD, Johnson, M, Metzger, R, Groshen, S, Tsao-Wei, DD, et al. Colorectal tumors responding to 5-fluorouracil have low gene expression levels of dihydropyrimidine dehydrogenase, thymidylate synthase, and thymidine phosphorylase. Clin Cancer Res (2000) 6(4):1322–7. doi: 10.1093/carcin/21.4.849

49. Terashima, M, Irinoda, T, Fujiwara, H, Nakaya, T, Takagane, A, Abe, K, et al. Roles of thymidylate synthase and dihydropyrimidine dehydrogenase in tumor progression and sensitivity to 5-fluorouracil in human gastric cancer. Anticancer Res (2002) 22:761–8. doi: 10.1097/00001813-200203000-00015

50. Wang, W, Cassidy, J, O’Brien, V, Ryan, KM, and Collie-Duguid, E. Mechanistic and predictive profiling of 5-Fluorouracil resistance in human cancer cells. Cancer Res (2004) 64(22):8167–76. doi: 10.1158/0008-5472.can-04-0970

51. Etienne, M-C, Ilc, K, Formento, J-L, Laurent-Puig, P, Formento, P, Cheradame, S, et al. Thymidylate synthase and methylenetetrahydrofolate reductase gene polymorphisms: relationships with 5-fluorouracil sensitivity. Br J Cancer (2004) 90(2):526–34. doi: 10.1038/sj.bjc.6601523

52. Ma, T, Zhu, Z-G, Ji, Y-B, Zhang, Y, Yu, Y-Y, Liu, B-Y, et al. Correlation of thymidylate synthase, thymidine phosphorylase and dihydropyrimidine dehydrogenase with sensitivity of gastrointestinal cancer cells to 5-fluorouracil and 5-fluoro-2’-deoxyuridine. World J Gastroenterol (2004) 10(2):172–6. doi: 10.3748/wjg.v10.i2.172

53. Napieralski, R, Ott, K, Kremer, M, Specht, K, Vogelsang, H, Becker, K, et al. Combined GADD45A and thymidine phosphorylase expression levels predict response and survival of neoadjuvant-treated gastric cancer patients. Clin Cancer Res (2005) 11(8):3025–31. doi: 10.1158/1078-0432.ccr-04-1605

54. Sasako, M, Terashima, M, Ichikawa, W, Ochiai, A, Kitada, K, Kurahashi, I, et al. Impact of the expression of thymidylate synthase and dihydropyrimidine dehydrogenase genes on survival in stage II/III gastric cancer. Gastric Cancer (2015) 18(3):538–48. doi: 10.1007/s10120-014-0413-8

55. Wang, D, Yu, X, and Wang, X. High/positive expression of 5-fluorouracil metabolic enzymes predicts better response to S-1 in patients with gastric cancer: a meta-analysis. Int J Biol Markers (2016) 31(2):e101–9. doi: 10.5301/jbm.5000202

56. Colombo, M, Raposo, G, and Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol (2014) 30:255–89. doi: 10.1146/annurev-cellbio-101512-122326

57. Hou, J, Jiang, W, Zhu, L, Zhong, S, Zhang, H, Li, J, et al. Circular RNAs and exosomes in cancer: a mysterious connection. Clin Trans Oncol (2018) 20(9):1109–16. doi: 10.1007/s12094-018-1839-y

58. Meehan, K, and Vella, L. The contribution of tumour-derived exosomes to the hallmarks of cancer. Crit Rev Clin Lab Sci (2016) 53(2):121–31. doi: 10.3109/10408363.2015.1092496

59. Ruivo, C, Adem, B, Silva, M, and Melo, S. The Biology of Cancer Exosomes: Insights and New Perspectives. Cancer Res (2017) 77(23):6480–8. doi: 10.1158/0008-5472.can-17-0994

60. Brinton, L, Sloane, H, Kester, M, and Kelly, K. Formation and role of exosomes in cancer. Cell Mol Life Sci (2015) 72(4):659–71. doi: 10.1007/s00018-014-1764-3

61. Sharma, A. Chemoresistance in cancer cells: exosomes as potential regulators of therapeutic tumor heterogeneity. Nanomed (London England) (2017) 12(17):2137–48. doi: 10.2217/nnm-2017-0184

62. Butera, G, Pacchiana, R, and Donadelli, M. Autocrine mechanisms of cancer chemoresistance. Semin Cell Dev Biol (2018) 78:3–12. doi: 10.1016/j.semcdb.2017.07.019

63. Sousa, D, Lima, R, and Vasconcelos, M. Intercellular Transfer of Cancer Drug Resistance Traits by Extracellular Vesicles. Trends Mol Med (2015) 21(10):595–608. doi: 10.1016/j.molmed.2015.08.002

64. Sun, M, Xu, B, Wu, Q, Cai, S, Chen, W, Li, D, et al. Cisplatin-Resistant Gastric Cancer Cells Promote the Chemoresistance of Cisplatin-Sensitive Cells via Exosomal RPS3 Mediated PI3K-Akt-cofilin-1 Signaling Axis. Res Square (2020) 9:618899. doi: 10.21203/rs.3.rs-44042/v1

65. Zhang, Q, Zhang, H, Ning, T, Liu, D, Deng, T, Liu, R, et al. Exosome-Delivered c-Met siRNA Could Reverse Chemoresistance to Cisplatin in Gastric Cancer. Int J Nanomed (2020) 15:2323–35. doi: 10.2147/ijn.s231214

66. Zhang, H, Deng, T, Liu, R, Ning, T, and Ba, Y. CAF secreted miR-522 suppresses ferroptosis and promotes acquired chemo-resistance in gastric cancer. Mol Cancer (2020) 19(1). doi: 10.1186/s12943-020-01168-8

67. Wang, M, Qiu, R, Yu, S, Xu, X, Li, G, Gu, R, et al. Paclitaxel-resistant gastric cancer MGC-803 cells promote epithelial-to-mesenchymal transition and chemoresistance in paclitaxel-sensitive cells via exosomal delivery of miR-155-5p. Int J Oncol (2018) 54:326–38. doi: 10.3892/ijo.2018.4601

68. Wang, S, Ping, M, Song, B, Guo, Y, Li, Y, and Jia, J. Exosomal CircPRRX1 Enhances Doxorubicin Resistance in Gastric Cancer by Regulating MiR-3064-5p/PTPN14 Signaling. Yonsei Med J (2020) 61(9). doi: 10.3349/ymj.2020.61.9.750

69. Li, W, Li, C, Zhou, T, Liu, X, Liu, X, Li, X, et al. Role of exosomal proteins in cancer diagnosis. Mol Cancer (2017) 16(1):145. doi: 10.1186/s12943-017-0706-8

70. Subra, C, Laulagnier, K, Perret, B, and Record, M. Exosome lipidomics unravels lipid sorting at the level of multivesicular bodies. Biochimie (2007) 89(2):205–12. doi: 10.1016/j.biochi.2006.10.014

71. Goekkurt, E, Hoehn, S, Wolschke, C, Wittmer, C, Stueber, C, Hossfeld, DK, et al. Polymorphisms of glutathione S-transferases (GST) and thymidylate synthase (TS)–novel predictors for response and survival in gastric cancer patients. Br J Cancer (2005) 94(2):281–6. doi: 10.1038/sj.bjc.6602891

72. Li, S, Li, B, Wang, J, Zhang, D, Liu, Z, Zhang, Z, et al. Identification of Sensitivity Predictors of Neoadjuvant Chemotherapy for the Treatment of Adenocarcinoma of Gastroesophageal Junction. Oncol Res (2017) 25(1):93–7. doi: 10.3727/096504016x14719078133564

73. Hashimoto, T, Kurokawa, Y, Takahashi, T, Miyazaki, Y, Tanaka, K, Makino, T, et al. Predictive value of MLH1 and PD-L1 expression for prognosis and response to preoperative chemotherapy in gastric cancer. Gastric Cancer (2019) 22(4):785–92. doi: 10.1007/s10120-018-00918-4

74. Pan, Y. Clinical Significance of Serum Tumor Markers in Patients With Gastric Cancer. China Continuing Med Educ (2017) 009(011):111–3.

75. Fang, WL, Lan, YT, Huang, KH, Liu, CA, Hung, YP, Lin, CH, et al. Clinical significance of circulating plasma DNA in gastric cancer. Int J Cancer (2016) 138(12):2974–83. doi: 10.1002/ijc.30018

76. Kongwang, H, Yiwen, W, Ming, L, Longlong, L, Qingfa, W, and Hao, L. Application of circulating tumor cell detection in decision making of neoadjuvant chemotherapy for gastric cancer. Tumor (2018) 38(12):1130–36. doi: 10.3781/j.issn.1000-7431.2018.33.478

77. Elinav, E, Nowarski, R, Thaiss, CA, Hu, B, Jin, C, and Flavell, RA. Inflammation-induced cancer: crosstalk between tumours, immune cells and microorganisms. Nat Rev Cancer (2013) 13(11):759–71. doi: 10.1038/nrc3611

78. Roxburgh, CS, and McMillan, DC. Role of systemic inflammatory response in predicting survival in patients with primary operable cancer. Future Oncol (London England) (2010) 6(1):149–63. doi: 10.2217/fon.09.136

79. Borsig, L, Wolf, MJ, Roblek, M, Lorentzen, A, and Heikenwalder, M. Inflammatory chemokines and metastasis–tracing the accessory. Oncogene (2013) 33(25):3217–24. doi: 10.1038/onc.2013.272

80. el Aziz, LMA. Blood neutrophil-lymphocyte ratio predicts survival in locally advanced cancer stomach treated with neoadjuvant chemotherapy FOLFOX 4. Med Oncol (Northwood London England) (2014) 31(12):311. doi: 10.1007/s12032-014-0311-2

81. Oya, Y, Hayakawa, Y, and Koike, K. Tumor microenvironment in gastric cancers. Cancer Sci (2020) 111(8):2696–707. doi: 10.1111/cas.14521

82. Biswas, S, and Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: cancer as a paradigm. Nat Immunol (2010) 11(10):889–96. doi: 10.1038/ni.1937

83. Oishi, S, Takano, R, Tamura, S, Tani, S, Iwaizumi, M, Hamaya, Y, et al. M2 polarization of murine peritoneal macrophages induces regulatory cytokine production and suppresses T-cell proliferation. Immunology (2016) 149(3):320–8. doi: 10.1111/imm.12647

84. Okumura, T, Ericksen, R, Takaishi, S, Wang, S, Dubeykovskiy, Z, Shibata, W, et al. K-ras mutation targeted to gastric tissue progenitor cells results in chronic inflammation, an altered microenvironment, and progression to intraepithelial neoplasia. Cancer Res (2010) 70(21):8435–45. doi: 10.1158/0008-5472.can-10-1506

85. Katoh, M. Epithelial-mesenchymal transition in gastric cancer (Review). Int J Oncol (2005) 27(6):1677–83. doi: 10.1007/s00268-009-0184-2

86. Oshima, H, Oshima, M, Inaba, K, and Taketo, M. Hyperplastic gastric tumors induced by activated macrophages in COX-2/mPGES-1 transgenic mice. EMBO J (2004) 23(7):1669–78. doi: 10.1038/sj.emboj.7600170

87. Kaparakis, M, Walduck, A, Price, J, Pedersen, J, van Rooijen, N, Pearse, M, et al. Macrophages are mediators of gastritis in acute Helicobacter pylori infection in C57BL/6 mice. Infect Immun (2008) 76(5):2235–9. doi: 10.1128/iai.01481-07

88. Oshima, H, Hioki, K, Popivanova, B, Oguma, K, Van Rooijen, N, Ishikawa, T, et al. Prostaglandin E₂ signaling and bacterial infection recruit tumor-promoting macrophages to mouse gastric tumors. Gastroenterology (2011) 140(2):596–607.e7. doi: 10.1053/j.gastro.2010.11.007

89. Petersen, C, Weis, V, Nam, K, Sousa, J, Fingleton, B, and Goldenring, J. Macrophages promote progression of spasmolytic polypeptide-expressing metaplasia after acute loss of parietal cells. Gastroenterology (2014) 146(7):1727–38.e8. doi: 10.1053/j.gastro.2014.02.007

90. Oguma, K, Oshima, H, Aoki, M, Uchio, R, Naka, K, Nakamura, S, et al. Activated macrophages promote Wnt signalling through tumour necrosis factor-alpha in gastric tumour cells. EMBO J (2008) 27(12):1671–81. doi: 10.1038/emboj.2008.105

91. Qeadan, F, Bansal, P, Hanson, J, and Beswick, E. The MK2 pathway is linked to G-CSF, cytokine production and metastasis in gastric cancer: a novel intercorrelation analysis approach. J Trans Med (2020) 18(1):137. doi: 10.1186/s12967-020-02294-z

92. Miller, AB, Hoogstraten, B, and Staquet, M. A. Winkler: Reporting results of cancer treatment. Cancer (1981) 47(1):207–14. doi: 10.1002/1097-0142(19810101)47:1<207::aid-cncr2820470134>3.0.co;2-6

93. Watanabe, H, Okada, M, Yashushi, K, Satoucho, M, Sato, Y, Yamabe, Y, et al. New response evaluation criteria in solid tumours-revised RECIST guideline (version 1.1). Gan to kagaku ryoho Cancer Chemother (2009) 36(13):2495–501. doi: 10.1016/S1359-6349(09)70018-7

94. Ott, K, Fink, U, Becker, K, Stahl, A, Dittler, H-J, Busch, R, et al. Prediction of response to preoperative chemotherapy in gastric carcinoma by metabolic imaging: results of a prospective trial. J Clin Oncol (2003) 21(24):4604–10. doi: 10.1200/jco.2003.06.574

95. Crabb, SJ, Patsios, D, Sauerbrei, E, Ellis, PM, Arnold, A, Goss, G, et al. Tumor cavitation: impact on objective response evaluation in trials of angiogenesis inhibitors in non-small-cell lung cancer. J Clin Oncol (2009) 27(3):404–10. doi: 10.1200/jco.2008.16.2545

96. Hansen, ML, Fallentin, E, Lauridsen, C, Law, I, Federspiel, B, Bæksgaard, L, et al. Computed tomography (CT) perfusion as an early predictive marker for treatment response to neoadjuvant chemotherapy in gastroesophageal junction cancer and gastric cancer–a prospective study. PloS One (2014) 9(5):e97605. doi: 10.1371/journal.pone.0097605

97. Zhang, D, Li, X, and Liu, B. Objective characterization of GE discovery CT750 HD scanner: gemstone spectral imaging mode. Med Phys (2011) 38(3):1178–88. doi: 10.1118/1.3551999

98. De Cecco, CN, Darnell, A, Rengo, M, Muscogiuri, G, Bellini, D, Ayuso, C, et al. oncologic applications. Am J Roentgenol (2012) 199:S98–S105. doi: 10.2214/ajr.12.9207

99. Tang, L, Li, Z-Y, Li, Z-W, Zhang, X-P, Li, Y-L, Li, X-T, et al. Evaluating the response of gastric carcinomas to neoadjuvant chemotherapy using iodine concentration on spectral CT: a comparison with pathological regression. Clin Radiol (2015) 70(11):1198–204. doi: 10.1016/j.crad.2015.06.083

100. Lee, DH, Kim, SH, Im, S-A, Oh, D-Y, Kim, T-Y, and Han, JK. Multiparametric fully-integrated 18-FDG PET/MRI of advanced gastric cancer for prediction of chemotherapy response: a preliminary study. Eur Radiol (2015) 26(8):2771–8. doi: 10.1007/s00330-015-4105-5

101. Schneider, PM, Eshmuminov, D, Rordorf, T, Vetter, D, Veit-Haibach, P, Weber, A, et al. FDG-PET-CT identifies histopathological non-responders after neoadjuvant chemotherapy in locally advanced gastric and cardia cancer: cohort study. BMC Cancer (2018) 18(1):548. doi: 10.1186/s12885-018-4477-4



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Sun, Wang, Zhang, Zeng, Ouyang and Kang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 04 May 2021
doi: 10.3389/fonc.2021.638537






[image: image2]

MiR-454-3p Promotes Oxaliplatin Resistance by Targeting PTEN in Colorectal Cancer

Xiao-Lan Qian†, Fang Zhou†, Song Xu, Jian Jiang, Zhi-Peng Chen, Shao-Kai Wang, Yun Zuo* and Chen Ni*

Department of Oncology, Zhangjiagang First People's Hospital, The Affiliated Zhangjiagang Hospital of Soochow University, Zhangjiagang, China

Edited by:
Dong-Hua Yang, St. John's University, United States

Reviewed by:
Jinrong Zhu, Guangdong Pharmaceutical University, China
 Min Sun, Hubei University of Medicine, China

*Correspondence: Yun Zuo, zuoyun1@163.com
Chen Ni, nichen1129@126.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Gastrointestinal Cancers, a section of the journal Frontiers in Oncology

Received: 07 December 2020
 Accepted: 15 February 2021
 Published: 04 May 2021

Citation: Qian X-L, Zhou F, Xu S, Jiang J, Chen Z-P, Wang S-K, Zuo Y and Ni C (2021) MiR-454-3p Promotes Oxaliplatin Resistance by Targeting PTEN in Colorectal Cancer. Front. Oncol. 11:638537. doi: 10.3389/fonc.2021.638537



Colorectal cancer is one of the most common malignancies worldwide. Oxaliplatin is the first-line chemotherapeutic agent for the treatment of advanced colorectal cancer. However, acquired resistance to oxaliplatin limits its therapeutic efficacy, and the underlying mechanism remains largely unclear. In this study, we compared the expression of a panel of microRNAs (miRNAs) between oxaliplatin-sensitive and -resistant HCT-116 colorectal cancer cells. We found that miR-454-3p was significantly up-regulated in oxaliplatin-resistant cells and was the most differently expressed miRNA. Interestingly, we observed that inhibition of miR-454-3p resensitized resistant cells to oxaliplatin and enhanced oxaliplatin-induced cellular apoptosis. Moreover, we determined that miR-454-3p promoted oxaliplatin resistance through targeting PTEN and activating the AKT signaling pathway. In vivo study revealed that overexpression of miR-454-3p decreased the sensitivity of HCT-116 xenograft tumors to oxaliplatin treatment in a mouse model. Clinically, overexpression of miR-454-3p was associated with decreased responsiveness to oxaliplatin-based chemotherapy, as well as a short progression-free survival. Taken together, our study indicated that the expression of miR-454-3p could be used to predict oxaliplatin sensitivity, and targeting miR-454-3p could overcome oxaliplatin resistance in colorectal cancer.

Keywords: colorectal cancer, oxaliplatin resistance, miR-454-3P, PTEN, AKT signaling pathway


INTRODUCTION

Colorectal cancer is the third most commonly diagnosed cancer and the second leading cause of cancer death, accounting for ~10% of all cancer cases and deaths worldwide (1). Although surgery is considered the only curative treatment for colorectal cancer, chemotherapy remains the most widely used monotherapy or adjuvant therapy for the majority of patients (2, 3). Oxaliplatin, a platinum-based derivative, is the first-line chemotherapeutic agent for the treatment of advanced colorectal cancer (4, 5). However, drug resistance often occurs after a short period of use of oxaliplatin, which leads to therapeutic failure and poor prognoses. Drug resistance limits the efficacy of oxaliplatin and remains a major obstacle to the effective treatment of colorectal cancer (6, 7). Therefore, it is urgent to investigate the underlying molecular mechanism for the development of novel therapeutic strategy to overcome oxaliplatin resistance in colorectal cancer.

MicroRNAs (miRNAs) are a class of small non-coding RNAs consisting of 17–25 nucleotides. MiRNAs regulate gene expression by directly binding to the 3′-untranslated region (UTR) of target messenger RNAs (mRNAs), triggering these mRNAs to degrade or inhibiting their translation (8). In recent years, increasing studies have confirmed the critical roles of aberrantly expressed miRNAs in chemotherapeutic drug resistance, including oxaliplatin (9–12). However, the molecular mechanism underlying the resistance of colorectal cancer to oxaliplatin modulated by miRNAs was not clearly understood.

In the present study, we identified that miR-454-3p was significantly up-regulated in oxaliplatin-resistant colorectal cancer cells, as compared to that in oxaliplatin-sensitive cells. Inhibition of miR-454-3p increased the antiproliferative activity of oxaliplatin and enhanced cellular apoptosis in oxaliplatin-resistant cells both in vitro and in vivo. Furthermore, we showed that miR-454-3p promoted oxaliplatin resistance by directly targeting PTEN, thereby down-regulating its expression and activating the AKT signaling pathway. More importantly, we demonstrated that high levels of miR-454-3p expression were negatively correlated with the clinical response to oxaliplatin-based chemotherapy, as well as progression-free survival (PFS). These findings will enhance our understanding of the molecular mechanism underlying the chemoresistance of colorectal cancer and support that miR-454-3p may possess the potential of predicting oxaliplatin sensitivity in colorectal cancer.



MATERIALS AND METHODS


Cell Culture and Reagents

The human colorectal cancer cell line HCT-116 was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 medium (Thermo Scientific, Rockford, IL, USA) supplemented with 10% fetal bovine serum (Thermo Scientific) and 1% penicillin–streptomycin (Thermo Scientific) at 37°C in a humidified incubator with 5% CO2. Oxaliplatin-resistant colorectal cancer cell line HCT-116/OxR was established in our laboratory through dosage escalation of oxaliplatin beginning from 100 nM. Thereafter, the concentrations of oxaliplatin were elevated in gradient until the cells could stably proliferate in 10 μM of oxaliplatin. HCT-116/OxR cells were cultured in the medium containing 5 μM of oxaliplatin. Oxaliplatin and LY294002 were purchased from Sigma (St. Louis, MO, USA), dissolved in phosphate-buffered saline (PBS) or dimethyl sulfoxide (DMSO), and stored at 4°C or −20°C, respectively.



Cell Transfection

The miR-454-3p mimic (5′-UAGUGCAAUAUUGCUUAUAGGGU-3′), negative control mimic (miR-NC, sequence: 5′-UCACAACCUCCUAGAAAGAGUAGA-3), miR-454-3p inhibitor (anti–miR-454-3p inhibitor, sequence: 5′-ACCCUAUAAGCAAUAUUGCACUA-3′), negative control inhibitor (anti–miR-NC, sequence: 5′-CAGUACUUUUGUGUAGUACAA-3′), and small interfering RNA (siRNA) for PTEN, as well as corresponding negative control (siNC) were obtained from GenePharma (Shanghai, China). For PTEN overexpression, PTEN cDNA sequence was cloned into pcDNA 3.1 vector plasmid. All transfection experiments were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to manufacturer's protocol. For stable miR-454-3p overexpression cells, lentiviral plasmids encoding miR-454-3p and negative control (miR-NC) were transfected into 293T packaging cells to generate lentiviruses. HCT-116 cells were infected by the lentiviruses for 24 h and were then selected with 2 μg/mL puromycin for at least 3 days.



Real-Time Polymerase Chain Reaction

Total RNA was extracted from cells using miRNeasy mini kit (Qiagen, Hilden, Germany) and was reversely transcribed to complementary DNA using TaqMan miRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using TaqMan miRNA Assays (Applied Biosystems). U6 was used as an endogenous control, and the expression of miR-454-3p was quantified using the 2−ΔΔCt method. The real-time PCR primers of miR-454-3p were used as follows: forward: 5′-GCGCGTAGTGCAATATTGCTTA-3, reverse: 5′-AGTGCAGGGTCCGAGGTATT-3, U6 forward: 5′-TGCGGTGGGTGTCATCAAA-3′, and reverse: 5′-AACGCTTCACGAATTTGCGT-3′.



Cell Viability Assay

After transfection of miR-454-3p mimics, inhibitor, or corresponding controls, cells were seeded in 96-well plates at a density of 4 × 103 cells per well and incubated at 37°C overnight. The cells were then treated with indicated concentrations of oxaliplatin or PBS (negative control) for 48 h. Then, 20 μL medium containing MTT (5 mg/mL; Sigma) was added to each well, and the cells were incubated for another 4 h at 37°C. The MTT containing medium was discharged, and 150 μL DMSO was added to each well to dissolve the new formed formazan. Light absorbance at 570 nm was measured on a microplate reader (Synergy H4, BioTek). The results were represented as mean ± SD from three independent experiments.



Cell Apoptosis

After transfection, cells were treated with indicated concentrations of oxaliplatin or LY294002 for 48 h. For cellular apoptosis qualification, the cells were harvested and stained with annexin V–fluorescein isothiocyanate (FITC) and propidium iodide (PI) for 15 min in the dark. Then, the stained cells were analyzed by flow cytometry to qualify cell apoptosis based on the percentage of annexin V–positive cells. For caspase-3 activity determination, caspase-3 colorimetric assay kits (Beyotime, Shanghai, China) were used according to the manufacturer's protocol. Briefly, cells were washed with cold PBS, resuspended in lysis buffer, and incubated on ice for 15 min. A total of 50 μL cell suspension, 40 μL reaction buffer, and 10 μL Ac-DEVD-pNA were mixed and then incubated at 37°C for 2 h. Light absorbance was measured at 405 nm. The Bradford protein quantitative analysis was used as the reference to normalize expression in each experimental group. The results were represented as mean ± SD from three independent experiments. Representative images from three independent experiments were shown.



Western Blot

Cells were collected and lysed with RIPA lysis buffer. The concentrations of total protein were determined by BCA protein assay kit (Beyotime). Equal amounts of protein samples were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis for separation and were then transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 1% skim milk for 1 h at room temperature, followed by incubation with primary antibodies at 4°C overnight. After incubation with corresponding secondary antibodies at room temperature for 1 h, the protein bands were detected with chemiluminescence (Millipore) according to manufacturer's instructions. β-Actin was used as an endogenous loading control. Representative data from at least three independent experiments were shown. Antibodies to PTEN, AKT, Bcl-2, Bax, and β-actin were purchased from Proteintech (Rosemont, IL, USA), Antibodies to p-AKT and cleaved caspase-3 were purchased from Cell Signaling Technology (Beverly, MA, USA). Representative images from three independent experiments were shown.



Colony Formation Assay

After transfection, cells were seeded in a six-well plate at a density of 1 × 103 cells per well and incubated at 37°C overnight. The cells were then treated with indicated concentrations of oxaliplatin or PBS (negative control) for 48 h, respectively. Then, fresh medium was replaced to allow cell growth for at least 2 weeks. After staining with gentian violet, colonies formed by more than 50 cells were counted. The results were represented as mean ± SD from three independent experiments.



Luciferase Reporter Assay

The wild-type and mutant 3′-UTRs of PTEN were cloned into a PGL-3 control vector (Promega, Madison, WI, USA). Cells were seeded in 24-well plates and were cotransfected with firefly luciferase reporter vector containing wild-type or mutant 3′-UTRs of PTEN, along with miR-454-3p mimics or miR-NC in combination with pRL-SV40 Renilla luciferase vector using Lipofectamine 2000 (Invitrogen). After incubation at 37°C for 48 h, cells were harvested and analyzed for luciferase activity using dual-luciferase reporter assay system (Promega) according to the manufacturer's protocol. The signal of Renilla luciferase was used as an internal control to normalize the transfection efficacy. The results were represented as mean ± SD from three independent experiments.



In vivo Tumor Xenograft Experiments

All animal experimental protocols were approved by the Medical Ethics Committee of Zhangjiagang First People's Hospital. Male BALB/c nude mice (6 weeks old, weight 18 ± 2 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd., and were housed in a specific pathogen-free environment. The mice were randomly divided into two groups (n = 6) and subcutaneously injected with HC-116 cells (5 × 106 in 200 μL PBS) stably transfected with miR-454-3p overexpression/negative control vector. The tumor volume was measured using a digital caliper and calculated as L × S2 × 0.52 (L represents the longest tumor diameter, and S represents the shortest tumor diameter). The tumor volume and mouse body weight were recorded every 2 days. After the tumors reached a mean volume of 100 mm3 (8 days after tumor inoculation), the animals began receiving oxaliplatin (5 mg/kg, intraperitoneally) every 4 days. At the end of experiment, the mice were sacrificed by cervical dislocation, and the tumors were harvested and weighed.



Patients and Tumor Tissues

The study fusing human tissues was approved by the Medical Ethics Committee of Zhangjiagang First People's Hospital. A total of 45 human colorectal cancer samples were obtained from the Zhangjiagang First People's Hospital with the informed consent of each patient. All the patients were diagnosed with colorectal cancer based on pathological evidence and received at least six cycles of oxaliplatin-based chemotherapy. They were classified according to the Response Evaluation Criteria in Solid Tumors criteria. Clinicopathological information of the patients is presented in Table 1. All tissue samples for RNA extraction were snap-frozen and stored in liquid nitrogen. Levels of miR-454-3p expression in all tissues were normalized to the lowest level of expression. Subsequently, the median miR-454-3p expression in the colorectal cancer tissues was used as the cutoff value to divide the patients into two groups with high or low expression of miR-454-3p.


Table 1. Associations between miR-454-3p levels and clinicopathological characteristics.
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RESULTS


The Expression of miR-454-3p Was Up-Regulated in Oxaliplatin-Resistant Colorectal Cancer Cells

To investigate the molecular mechanism underlying the oxaliplatin resistance in colorectal cancer cells, oxaliplatin-resistant HCT-116 cells (HCT-116/OxR) were established by culturing the HCT-116 cells with dosage escalation of oxaliplatin over 6 months. The effects of oxaliplatin on cell viability were analyzed using an MTT assay in HCT-116 and HCT-116/OxR cells. As shown in Figure 1A, HCT-116/OxR cells exhibited significant resistance to oxaliplatin, with an IC50 value ~20-fold larger than those of sensitive parental HCT-116 cells. To screen critical miRNAs associated with oxaliplatin resistance in colorectal cancer, we used quantitative RT-PCR assay to detect the expression of a panel of miRNAs composed of the most altered miRNAs in an miRNA microarray analysis (data not shown). As presented in Figure 1B, we found that seven miRNAs were up-regulated by more than 2-fold, whereas eight miRNAs were down-regulated by more than 2-fold in oxaliplatin-resistant cells, compared to oxaliplatin-sensitive cells. Specifically, the up-regulated miRNAs included miR-153, miR-205-5p, miR-98-5p, miR-20a, miR-454-3p, miR-941, and miR-130b-5p, whereas the down-regulated miRNAs included miR-129-5p, miR-21, miR-335-5p, miR-30a-5p, miR-122, miR-143-3p, miR-381, and miR-23a-3p. In particular, miR-454-3p was the most differentially expressed miRNA detected, with ~7-fold higher expression in HCT-116/OxR cells, compared with their parental cells. Therefore, miR-454-3p was selected for further studies.


[image: Figure 1]
FIGURE 1. The expression of miRNAs in oxaliplatin-sensitive and -resistant HCT-116 colorectal cancer cells. (A) Effects of oxaliplatin on cell viability analyzed using MTT assay in HCT-116 and HCT-116/OxR cells. (B) Quantitative RT-PCR analysis on the expression of a panel of miRNAs between HCT-116 and HCT-116/OxR cells. U6 small nuclear RNA was used as an internal control. Results were presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.




MiR-454-3p Induced Oxaliplatin Resistance in HCT-116 Colorectal Cancer Cells

To verify the influence of miR-454-3p on cellular sensitivity to oxaliplatin, we transfected miR-454-3p mimics or negative control miRNA (miR-NC) into HCT-116 cells (Figure 2A), whereas miR-454-3p inhibitor (anti–miR-454-3p) or inhibitor negative control (anti–miR-NC) was transfected into HCT-116/OxR cells (Figure 2B). Cell viability assay showed that overexpression of miR-454-3p significantly induced oxaliplatin resistance in HCT-116 cells, with the IC50 value increased from 1.14 ± 0.13 to 5.97 ± 1.14 μM (Figure 2C). In contrast, inhibition of miR-454-3p significantly sensitized HCT-116/OxR cells to oxaliplatin, with the IC50 value decreased from 21.22 ± 3.32 to 8.48 ± 1.37 μM (Figure 2D). In addition, a colony formation assay revealed that overexpression of miR-454-3p attenuated the oxaliplatin-mediated reduction of colonies in HCT-116 cells (Figures 2E,F), whereas the inhibition of miR-454-3p enhanced the inhibitory effects of oxaliplatin on colony formation in HCT-116/OxR cells (Figures 2E,G). Collectively, these results confirmed the positive correlation between the expression of miR-454-3p and oxaliplatin resistance in colorectal cancer cells.
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FIGURE 2. Altering miR-454-3p expression modulates cell sensitivity to oxaliplatin in vitro. (A,B) Quantitative RT-PCR analysis on relative miR-454-3p expression after miR-454-3p was overexpressed in HCT-116 cells (A) or knockdown in HCT-116/OxR cells (B). (C,D) Inhibitory effects of oxaliplatin on cell viability determined by MTT assay. (C) HCT-116 cells transfected with miR-NC or miR-454-3p, and (D) HCT-116/OxR transfected with anti–miR-454-3p or anti–miR-NC. (E–G) Inhibitory effects of oxaliplatin on colony formation. (E,F) HCT-116 cells transfected with miR-NC or miR-454-3p, and (E,G) HCT-116/OxR transfected with anti–miR-454-3p or anti–miR-NC. Results were presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.




PTEN Was Identified as the Direct Target of miR-454-3p

Based on the findings mentioned above, we further explored the molecular mechanisms underlying the effects of miR-454-3p on oxaliplatin sensitivity. Four online bioinformatics software programs (TargetScan, miRDB, miRCode, and doRiNA) were used to predict the target of miR-454-3p. A total of 12 common targeted mRNAs were found. Among these 12 targets, PTEN attracted our attention because it is a tumor suppressor, and its aberrant expression contributes to drug resistance and poor prognosis in several human cancers. Therefore, PTEN was chosen for further verification. The predicted correlation between the 3′-UTR of PTEN and miR-454-3p is shown in Figure 3A. To further confirm whether PTEN was the direct target of miR-454-3p, we used luciferase reporter assay to analyze the binding ability of miR-454-3p to wild-type or mutant 3′-UTR of PTEN. As shown in Figure 3B, overexpression of miR-454-3p significantly reduced the reporter activity of wild-type PTEN 3′-UTR, but the reporter activity of mutant PTEN 3′-UTR was not affected in HCT-116 cells, compared to that of miR-NC. Furthermore, a Western blot assay showed that overexpression of miR-454-3p mimics significantly down-regulated the expression of PTEN in HCT-116 cells, whereas the inhibition of miR-454-3p significantly up-regulated the expression of PTEN in HCT-116/OxR cells (Figure 3C). These results indicate that PTEN is the direct target of miR-454-3p.
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FIGURE 3. PTEN is a target of miR-454-3p. (A) Predicted miR-454-3p binding site in the 3′-UTR of PTEN. (B) Luciferase reporter assay confirmed that miR-454-3p bound to 3′-UTR of PTEN. (C) Western blotting assay showed the protein level of PTEN after overexpression or knockdown of miR-454-3p. **P < 0.01.




MiR-454-3p Inhibited Oxaliplatin-Induced Apoptosis by Down-Regulating PTEN Expression

As the inhibition of apoptosis is considered as the main cause of cellular resistance to oxaliplatin (13, 14), we next sought to determine the effect of miR-454-3p on oxaliplatin-induced apoptosis in colorectal cancer cells. HCT-116 cells overexpressed miR-454-3p or miR-NC, and HCT-116/OxR cells transfected with anti–miR-454-3p inhibitor or anti–miR-NC were treated with 2.5 or 20 μM of oxaliplatin, followed by double-staining with annexin V–FITC and PI. Quantitative examination of cellular apoptosis by flow cytometry assay showed that overexpression of miR-454-3p inhibited oxaliplatin-induced cellular apoptosis, which was reversed by additional transfection of PTEN cDNA in HCT116 cells (Figures 4A,B). In contrast, inhibition of miR-454-3p increased the oxaliplatin-induced cellular apoptosis, which was reversed by further knockdown of PTEN in HCT-116/OxR cells (Figures 4A,C). Furthermore, we showed that overexpression of miR-454-3p significantly decreased caspase-3 activity, whereas the inhibition of miR-454-3p increased caspase-3 activity in HCT-116 or HCT-116/OxR cells, following treatment with oxaliplatin (Figures 4D,E). Moreover, overexpressing or silencing PTEN by the transfection of PTEN cDNA or siRNA partially reversed the effect of miR-454-3p on oxaliplatin-induced caspase-3 activity in HCT-116 or HCT-116/OxR cells (Figures 4D,E). Collectively, these results suggest that miR-454-3p limited oxaliplatin-induced apoptosis by down-regulating PTEN expression.
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FIGURE 4. MiR-454-3p attenuates oxaliplatin-induced cell apoptosis through down-regulation of PTEN. (A–C) Cell apoptosis qualified by flow cytometry after annexin V–FITC and PI double staining in indicated cells treated with different concentrations of oxaliplatin. (D,E) Analysis of caspase-3 activity in indicated cells treated with different concentrations of oxaliplatin. Results were presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01.




MiR-454-3p Suppressed Apoptosis and Induced Oxaliplatin Resistance via Activation of AKT Pathway

Since PTEN is a well-known suppressor of the PI3K/AKT/mTOR signaling pathway (15, 16), we next determined the effect of miR-454-3p on PI3K/AKT/mTOR pathway. As shown in Figure 5A, overexpression of miR-454-3p increased the phosphorylation of AKT and mTOR in HCT-116 cells, whereas its inhibition decreased the phosphorylation of AKT and mTOR in HCT-116/OxR cells. The expression of total AKT and mTOR was not affected by miR-454-3p. Furthermore, the PI3K inhibitor LY294002 was used to block the PI3K/AKT pathway activated by miR-454-3p. The result revealed that LY294002 reversed miR-454-3p–induced oxaliplatin resistance in HCT-116 cells (Figure 5B). Moreover, LY294002 resensitized HCT-116/OxR cells to oxaliplatin treatment (Figure 5C). In addition, LY294002 treatment also rescued the effect of miR-454-3p on oxaliplatin-induced caspase-3 activity in HCT-116 or HCT-116/OxR cells (Figures 5D,E). Apoptotic-related proteins Bcl-2, Bax, and cleaved caspase-3 were evaluated by Western blotting. As shown in Figure 5F, oxaliplatin treatment dramatically up-regulated the ratio of Bax/Bcl-2 expression and induced the cleavage of caspase-3, which were reversed by the overexpression of miR-454-3p. However, LY294002 treatment reduced the effects of miR-454-3p on the decrease of the Bax/Bcl-2 expression ratio and on the inhibition of cleavage of caspase-3. These results demonstrated that miR-454-3p suppresses oxaliplatin-induced apoptosis and leads to resistance to oxaliplatin via activating PTEN/AKT/mTOR pathway.


[image: Figure 5]
FIGURE 5. MiR-454-3p suppressed apoptosis and induced oxaliplatin resistance via activation of AKT pathway. (A) Western blotting on the expression of p-AKT, p-mTOR, total AKT, and total mTOR. β-Actin was used as an endogenous reference. (B,C) Cell viability determined by MTT assay in indicated cells treated with oxaliplatin and/or AKT signaling inhibitor LY294002. (D,E) Caspase-3 activity in indicated cells treated with different concentrations of oxaliplatin and/or LY294002. (F) Western blotting on the expression of apoptosis-related proteins, including Bax, Bcl-2, and cleaved caspase-3. Results were presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01.




MiR-454-3p Promoted Oxaliplatin Resistance in HCT-116 Colorectal Cancer Cells in vivo

To further investigate the effect of miR-454-3p on oxaliplatin resistance in vivo, colorectal cancer xenograft models were established by subcutaneously injecting mice with HCT-116 cells that were stably overexpressed miR-454-3p or negative control miRNA (miR-NC). After the tumor value reached 100 mm3 (8 days after tumor inoculation), the mice began receiving oxaliplatin by intraperitoneal injection every 4 days. As shown in Figures 6A,B, the miR-NC–transfected tumors grew slower than the miR-454-3p–overexpressed tumors, indicating that miR-454-3p reduced the sensitivity of colorectal cancer cells to oxaliplatin treatment in vivo. Quantitative RT-PCR analysis confirmed the expression of miR-454-3p in HCT-116 cells from representative tumor tissues (Figure 6C). These in vitro and in vivo results revealed that miR-454-3p inhibited oxaliplatin induced-apoptosis and promoted oxaliplatin resistance in colorectal cancer by repressing PTEN expression, thereby enhancing PI3K/AKT signaling pathway (Figure 6D).


[image: Figure 6]
FIGURE 6. Up-regulation of miR-454-3p reduced the sensitivity of colorectal cancer cells to oxaliplatin in vivo. (A) Tumor xenografts with HCT-116 cells stably transfected with miR-454-3p or negative control. The mice received oxaliplatin every 4 days starting from the 8th day after tumor inoculation. (B) Representative images of dissected tumors in each group. (C) Quantitative RT-PCR analysis of the expression of miR-454-3p in representative tumor tissues. (D) A proposed mechanism of miR-454-3p mediated oxaliplatin resistance. **P < 0.01, ***P < 0.001.




MiR-454-3p Expression Negatively Correlates With PFS in Colorectal Cancer Patients Who Received Oxaliplatin-Based Chemotherapy

To study the relationship between miR-454-3p and oxaliplatin resistance in colorectal cancer, we selected 45 patients who had received oxaliplatin-based chemotherapy and stratified these individuals into two groups of high and low miR-454-3p expression, according to the expression of miR-454-3p in their tumor tissues by quantitative RT-PCR (Table 1). Kaplan–Meier analysis showed that colorectal cancer patients with high miR-454-3p expression exhibited shorter PFS than those with low miR-454-3p expression (Figure 7A). Moreover, miR-454-3p expression was significantly more up-regulated in patients with non-response to chemotherapy than in those who showed a response (Figure 7B). The receiver operating characteristic curve was conducted to assess the predictive value of miR-454-3p expression for response to oxaliplatin. As shown in Figure 7C, the area under the curve (AUC) value was 0.723, yielding sensitivity of 71.0% and specificity of 73.2% at the cutoff value of 3.1 (Figure 7C). These data suggest the important role of miR-454-3p in promoting oxaliplatin resistance in colorectal cancer.
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FIGURE 7. Expression of miR-454-3p correlates with PFS in oxaliplatin treated colorectal cancer patients. (A) Colorectal cancer patients who received oxaliplatin-based chemotherapy were separated into groups based on low or high miR-454-3p expression. Kaplan–Meier survival curves were used to compare the PFS between the two groups. (B) Expression of miR-454-3p in patients who responded to oxaliplatin (n = 25) and who did not respond (n = 20) to oxaliplatin was compared using the two-tailed Student t test. U6 small nuclear RNA was used as an internal control. (C) ROC curve for patients responding vs. non-responding to oxaliplatin treatment. The AUC value was 0.723, yielding sensitivity of 71.0% and specificity of 73.2% at the cutoff value of 3.1.





DISCUSSION

Oxaliplatin resistance has been recognized as one of the major obstacles preventing the effective therapy in colorectal cancer; however, the underlying molecular mechanism remains largely unclear. A growing number of studies have indicated that aberrant miRNA expression modulates genes related to chemosensitivity or chemoresistance in various human malignancies, including colorectal cancer (17–21). A previous study showed that natural killer cells inhibit oxaliplatin-resistant colorectal cancer by repressing WBSCR22 via up-regulating miR-146b-5p (22). In another study, exosome-mediated miR-128-3p delivery was demonstrated to inhibit oxaliplatin-induced epithelial–mesenchymal transition (EMT) and enhanced oxaliplatin response through negative regulation of Bmi1 and MRP5 in colorectal cancer cells (23). In the present study, we compared the expression of a panel of miRNAs between oxaliplatin-sensitive and -resistant HCT-116 colorectal cancer cells by quantitative RT-PCR. Fifteen miRNAs were identified to have more than 2-fold difference in expression between oxaliplatin-sensitive and -resistant cells, including several miRNAs that have been previously reported to be associated with oxaliplatin sensitivity in colorectal and other cancer cells. For instance, it has been reported that miR-153 (24) and miR-20a (25) enhanced oxaliplatin resistance by inhibiting FOXO3a and BNIP2 in colorectal cancer, whereas miR-122 (26, 27) sensitizes hepatocellular carcinoma to oxaliplatin by inhibiting the Wnt/β-catenin pathway.

In this study, we observed that miR-454-3p was the most differently expressed miRNA and significantly up-regulated in oxaliplatin-resistant cells. Furthermore, we showed that the inhibition of miR-454-3p resensitized oxaliplatin-resistant cells to oxaliplatin by enhancing its inhibitory effect on cell viability and colony formation, suggesting the essential role of miR-454-3p in regulating oxaliplatin resistance. Several studies have partially described the mechanisms of miR-454-3p in the promotion or suppression of cancer progression. It has been reported that miR-454-3p promotes breast cancer metastasis through targeting nuclear precursor mRNA domain-containing 1A (RPRD1A), a known tumor suppressor, thereby activating Wnt/β-catenin signaling pathway (28). In cervical cancer, miR-454-3p was found to promote cell proliferation and inhibit apoptosis by targeting tripartite motif-containing 3 (TRIM3) (29). Conversely, miR-454-3p was also observed to act as a tumor suppressor in bladder cancer (30) and non–small cell lung cancer (31) by targeting the EMT inducer ZEB2 or constituent Ca2+-binding protein calbindin 1 (CALB1), respectively. However, the association between miR-454-3p and oxaliplatin resistance is unknown. Therefore, we chose miR-454-3p to further assess its function and directly target the relevant genes in oxaliplatin resistance.

Using a bioinformatics method, together with experimental approaches, we identified PTEN as the direct target of miR-454-3p, which was further confirmed by luciferase reporter assay and Western blot analysis. PTEN is a well-characterized tumor suppressor that acts by negatively regulating the PI3K/AKT signaling pathway. Increasing evidence has demonstrated that down-regulation or deficiency of PTEN, resulting in hyperactivation of the PI3K/AKT signaling pathway, is closely associated with resistance to platinum-based chemotherapy, including oxaliplatin (32–34). Our study showed that overexpression of miR-454-3p down-regulated PTEN expression, but promoted phosphorylation of AKT and mTOR, leading to a reduction in oxaliplatin sensitivity. In contrast, inhibition of miR-454-3p up-regulated PTEN expression, but attenuated the phosphorylation of AKT and mTOR, resulting in resensitization to oxaliplatin. Notably, previous studies reported that miR-454-3p inhibited AKT signaling pathway by targeting insulinlike growth factor 2 mRNA-binding protein 1 (IGF2BP1) in esophageal cancer (ESCA) (35) and targeting c-met in nasopharyngeal carcinoma (36), resulting in the suppression of cell growth and enhancement of cisplatin sensitivity. These inconsistent results may indicate that the role of miR-454-3p in modulating tumor progression and chemotherapeutic sensitivity was dependent on the types of human malignancies.

Several studies have indicated that, once phosphorylated by PI3K, activated AKT has direct effects on the regulators of the apoptotic pathway, including Bcl-2 family members, as such activation of PI3K/AKT signaling could up-regulate Bcl-2 expression and enhance its activity, leading to increased cell survival and reduced chemotherapy-induced apoptosis (37–39). Apoptosis is a major form of cell death, which is tightly regulated by the interaction between antiapoptotic and proapoptotic proteins, particularly the Bcl-2 family (40). The ratio between antiapoptotic and proapoptotic Bcl-2 family proteins has been recognized as an effective indicator to judge whether a cell will progress to apoptosis (41). In the current study, we demonstrated that the overexpression of PTEN or the use of the specific AKT signaling inhibitor LY294002 could overcome miR-454-3p–mediated oxaliplatin resistance and further enhance oxaliplatin-induced cellular apoptosis by decreasing the expression ratio of antiapoptotic factor Bcl-2 to proapoptotic factor Bax.

It has also been suggested that miR-454-3p may be used as a prognostic biomarker in different types of cancers. Ren et al. (28) reported that miR-454-3p could be an independent prognostic factor in breast cancer, and patients with higher miR-454-3p expression experienced poorer overall survival and shorter PFS times. Meanwhile, Li et al. (42) found that overexpression of miR-454-3p was significantly correlated with poor prognosis in hepatocellular carcinoma patients. In contrast, Shao et al. (43) observed that overexpression of miR-454-3p in exosomes in plasma and low miR-454-3p expression in tumor tissue were associated with poor prognosis, indicating the functions of miR-454-3p as a tumor suppressor in glioma. Our present study indicated that overexpression of miR-454-3p suggested short PFS in colorectal cancer patients who received oxaliplatin-based chemotherapy, supporting the potential application of miR-454-3p to predict the prognosis of oxaliplatin-based chemotherapy. After being further validated, the measurement of miR-454-3p in colorectal tumor tissues would be used for the prediction of oxaliplatin treatment response and for the selections of chemotherapeutic regimen. In addition, silencing miR-454-3p by chemical compounds could be a novel therapeutic strategy to sensitize colorectal tumor cells to oxaliplatin treatment.

Although several miRNAs were previously reported to be involved in oxaliplatin resistance in colorectal cancer cells through multiple molecular pathway (9–12), including PTEN-AKT signaling pathway (32–34), to our knowledge, there is no investigation implicating miR-454-3p in chemoresistance of colorectal cancer. Our current study identified miR-454-3p as a critical factor of oxaliplatin resistance in colorectal cancer cells by comparing its expression between oxaliplatin-sensitive and -resistant colorectal cancer cells. In particular, we proved that miR-454-3p directly binds to 3′-UTR of PTEN and reduces its expression by analyzing the binding ability of miR-454-3p to wild-type or mutant PTEN 3′-UTR.

In conclusion, our study provides evidence that miR-454-3p promoted oxaliplatin resistance in colorectal cancer cells by targeting PTEN expression, which negatively regulated PI3K/AKT signaling pathway. Inhibition of miR-454-3p or restoration of PTEN expression resensitized colorectal cancer cells to oxaliplatin through attenuating PI3K/AKT signaling pathway. Clinically, overexpression of miR-454-3p was associated with a decreased responsiveness to oxaliplatin-based chemotherapy, as well as a short PFS. These data indicated that miR-454-3p possesses the potential of predicting oxaliplatin sensitivity and could be a novel therapeutic target to overcome oxaliplatin resistance in colorectal cancer.
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Siteng Fang (STF) has been shown to inhibit migration, invasion, and adhesion as well as promote apoptosis in gastric cancer (GC) cells. However, whether it can reverse the multidrug resistance (MDR) of GC to chemotherapy drugs is unknown. Thus, we aimed to elucidate the mechanism of STF in reversing the MDR of GC. The chemical composition of STF and genes related to GC were obtained from the TCMNPAS(TCM Network Pharmacology Analysis System, TCMNPAS) Database, and the targets of the active ingredients were predicted using the Swiss Target Prediction Database. The obtained data were mapped to obtain the key active ingredients and core targets of STF in treating GC. The active component-target network and protein interaction network were constructed by Cytoscape and String database, and the key genes and core active ingredients were obtained. The biological functions and related signal pathways corresponding to the key targets were analyzed and then verified via molecular docking. A total of 14 core active ingredients of STF were screened, as well as 20 corresponding targets, which were mainly enriched in cancer pathway, proteoglycan synthesis, PI3K-AKT signaling pathway, and focal adhesion. Molecular docking showed that the core active ingredients related to MDR, namely quercetin and diosgenin, could bind well to the target. In summary, STF may reverse the MDR of GC and exert synergistic effect with chemotherapeutic drugs. It mediates MDR mainly through the action of quercetin and diosgenin on the PI3K/AKT signaling pathway. These findings are the first to demonstrate the molecular mechanism of STF in reversing MDR in GC, thus providing a direction for follow-up basic research.
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Introduction

Gastric cancer (GC) is one of five cancers with the highest incidence in China (1). According to the National Cancer Center, the incidence and mortality of GC ranked second among malignant tumors in China in 2015, and showed an increasing trend each year (2). Moreover, the early diagnosis rate of GC in China is low; patients with GC are often diagnosed with advanced disease. Thus, GC is a serious threat to the quality of life and health of the Chinese population. Chemotherapy is one of the important approaches to GC treatment. However, multidrug resistance (MDR) has become a common phenomenon, and it is a main reason for chemotherapy failure, making it difficult to improve the survival rate of patients with advanced GC (3). Therefore, overcoming the MDR of GC to chemotherapy and improving the efficacy of anticancer drugs are key issues in the global medical community.

Traditional Chinese medicine (TCM) has been used for the treatment of GC, and clinical studies have shown that TCM can improve the effect of western medicine, reduce the size and clinical stage of tumor, reverse MDR to chemotherapy drugs, relieve adverse reactions to chemotherapy, and improve the quality of life of patients (4). Weichang’an decoction was developed based on the clinical experience of Professor Qiu Jiaxin, a famous TCM doctor in Shanghai, China. It has been used in clinical setting as a hospital preparation for more than 30 years, and its efficacy has been confirmed by experimental studies. Weichang’an decoction can inhibit the metastasis and invasion of GC cells, induce apoptosis, regulate immunity, and regulate the expression of multiple genes (5); Siteng Fang (STF), which is composed of Radix Actinidiae Chinensis, wild grape, Sargentodoxa vine, and Chinaroot Greenbrier Rhizome Catbriar, is a small prescription of Weichang’an decoction. Its main efficacies are clearing away heat as well as detoxifying and eliminating pathogenic factors. Clinical research has demonstrated that STF improves the clinical efficacy of chemotherapy drugs and the quality of life of patients with GC (6–8). In addition, STF could inhibit the migration, invasion, and adhesion of GC cells and promote apoptosis (9). We have also previously observed a capacity of STF to reverse MDR (currently not reported). However the underlying molecular mechanism of MDR reversal remains unclear. Therefore, in this study, we aimed to clarify the molecular mechanism of STF in the treatment of GC. For this purpose, we used a combinatorial approach of network pharmacology and molecular docking technology. The findings of our study are the first to report the molecular mechanism of STF in reversing the MDR of GC, and thus will provide a direction for follow-up basic research.



Materials and Methods


Screening of Active Ingredients

The network pharmacology analysis system of TCM was developed by Yang Ming, the director of Longhua Hospital Affiliated to Shanghai University of traditional Chinese Medicine (TCM Network Pharmacology Analysis System, TCMNPAS, National Computer Software Registration No. 2019SR1127090) (10). The Chinese names of Radix Actinidiae chinensis (mihoutaogen), wild grape (yeputaogen), Sargentodoxa vine (daxueteng), and Chinaroot Greenbier Rhizome Catbriar (baqia) were input into the retrieval module of chemical constituents. The Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) Version 2.3, Traditional Chinese Medicine Integrated Database (TCMID) Version 2.0, and the Herbal Ingredients’ Targets (HIT) Database were screened simultaneously, with TCMNPAS linked to the databases, to determine the chemical composition of STF (11–13). The active STF ingredients were screened based on oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18 (14) pharmacokinetic characteristics.



Prediction of Drug Targets

To obtain the potential targets of the active ingredients of STF, the SMILES strings obtained from the TCMNPAS Database, were imported into the Swiss Target Prediction Database. Targets with 0 probability were deleted (15).



Collection of GC Related Targets

Disease ID was obtained by inputting the disease keyword “gastric cancer” to the disease gene retrieval module of TCMNPAS. The background automatically connected to GeneCard Database to obtain disease gene and then downloaded and saved the results as GC related targets (16).



Screening of Drug-Disease Key Targets

The targets of the active components of STF and GC-related targets were introduced into venny2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/index.html), and the intersection was regarded as the target protein of STF in treating GC. Cytoscape 3.7.0 (17) was used to analyze network topology parameters, and the active component-target-disease network diagram was constructed for visualization. Next, to obtain the protein interaction network diagram, the above-mentioned cross-proteins were input in String Database (https://string-db.org), the species was set as “Homo sapiens”, and the minimum interaction score was set as 0.4. Finally, the protein interaction data were imported into Cytoscape 3.7.0 to analyze the network topology parameters. The proteins above the median of “Degree” were selected as the key targets, and the corresponding chemical components were the core active components.



Enrichment Analysis of Key Targets

The target obtained from section Screening of Drug-Disease Key Targets was transferred into DAVID6.8 (https://david.ncifcrf.Gov) for Gene Ontology (GO) functional enrichment analysis and Kyoto Gene and Genome Encyclopedia (KEGG) pathway enrichment analysis. The species was set as “Homo sapiens”, and the result was set as P<0.05. GO functional enrichment analysis describes the possible molecular functions of target products, the biological processes involved, and the cellular environment. KEGG pathway enrichment analysis indicates the most significant biological process by classifying the known genome annotation information. Therefore, these methods can predict the potential active components involved in the action mechanism of STF in treating GC.



Molecular Docking Analysis

The protein IDs of the key targets were obtained from the utility module of TCMNPAS and converted into Protein Data Bank (PDB) IDs (every molecular model in the PDB has a unique accession or identification code). The 3D structure of the key proteins in PDB format were downloaded from the PDB Database (https://www.rcsb.org/). Subsequently, the SMILES strings of the active ingredient numbers, PDB IDs of the key targets, and 3D structure in PDB format obtained from 2.1 were inputted to the molecular docking module of TCMNPAS. The PSOVina algorithm was optimized based on the autodock Vina molecular docking algorithm and used PSOVina for docking (18–21). The energy range was set to 3, the accuracy was 8, and the output was 9 prediction results. The method of protein docking pocket parameters was FromLigand. Finally, the conformation and docking results of the compounds were downloaded and saved. The compound and target protein formats were converted into PDB format by Open Babel (22) and then imported into PyMOL 3.8 (https://pymol.org) to obtain 3D images of molecular docking. When the binding energy is less than -5 kJ/mol, the ligand is regarded to bind well to the receptor.




Results


Active Ingredients

In total, 112 components of STF were obtained from the TCMNPAS Database. After screening and removal of duplicate components according to the set Absorption, Distribution, Metabolism, and Excretion (ADME) parameters, 21 active components were obtained (Table 1).


Table 1 | Active components list of Siteng Fang.





Drug Targets

According to the prediction of Swiss Target Prediction Database, targets with 0 probability were removed; thus, six active components without target information were deleted. Finally, 709 potential targets of STF were obtained.



Gastric Cancer-Related Targets

A total of 515 differentially expressed targets related to GC were identified. APC, CASP10, IRF1, MUTYH, erbB2, FGFR2, PIK3CA, KLF6, KRAS, and CTNNB1 were identified as the proteins with the highest scores.



Drug-Disease Key Targets

From the intersection of the proteins obtained in sections Drug Targets and Gastric Cancer-Related Targets, 43 proteins involved in the mechanism of STF in treating GC were obtained (Figure 1A). The active component-target-disease network diagram was obtained by using Cytoscape 3.7.0. The blue round node represents the potential target of STF in treating GC, the purple rectangle node represents the active component of STF, and the red diamond node represents the targets of GC (Figure 1B). The protein interaction was predicted by using the String Database and visualized by Cytoscape 3.7.0. The darker the node, the closer the protein interaction. The top five proteins were AKT1, ESR1, HRAS, EGFR, and STAT3 (Figure 1C). According to analysis of network topology parameters, the proteins with more than median Degree of node were selected as key targets. The network contained a total of 20 target proteins (Table 2) and 14 core active components (Table 3).




Figure 1 | STF-GC gene mapping Venny map (A); Active ingredients-target-disease network (B); PPI network (C).




Table 2 | Key targets of STF decoction in the treatment of GC.




Table 3 | Core components of STF in the treatment of GC.





Enrichment Analysis of Key Targets

A total of 41 selected key targets were analyzed for GO functional and KEGG pathway enrichment analyses and screened at P<0.05. A total of 52 GO biological processes, 9 cell components, 13 molecular functions (Figure 2A), and 86 KEGG pathways (Figure 2B) were enriched. The enriched molecular functions were ATP binding, protein serine/threonine kinase activity, and metalloendopeptidase activity. The biological processes were mainly involved in the negative regulation of apoptosis, positive regulation of RNA polymerase II promoter transcription, and phosphorylation of peptide serine. The cell components were the cell membrane, nucleus, and extracellular matrix. The KEGG pathways were the pathway in cancer, proteoglycan synthesis, PI3K/AKT signaling pathway, focal adhesion, and FOXO signaling pathway.




Figure 2 | Top 10 GO enrichment classification histogram (A); KEGG enrichment bubble diagram (B).





Molecular Docking Analysis

Two of the screened active components, quercetin and diosgenin, were potentially associated with MDR, as discussed below, and the PI3K/AKT pathway was screened as one of the top 10 KEGG pathways related to MDR. These active components were subjected to molecular docking to the receptor proteins of the PI3K/AKT pathway. The results showed that the binding energies of quercetin and diosgenin with the target receptor protein were less than -5 kJ/mol, indicating that they could bind well to the target receptor (Table 4). The molecular docking diagram is shown in Figure 3. The results confirmed that quercetin and diosgenin could interact with PI3K and AKT. Quercetin and PI3K formed a hydrogen bond through ASP1017. Quercetin and AKT formed three hydrogen bonds through VAL182, TYR306, and ARG308. Diosgenin and PI3K formed a hydrogen bond through ASP1017. Diosgenin and AKT formed a hydrogen bond through GLY775. Quercetin and AKT formed the highest number of hydrogen bonds, and all the binding sites of quercetin and diosgenin with PI3K were on the ASP1017 residue, indicating that quercetin and diosgenin were the two core active components of STF and that the effect of STF in treating GC and reversing MDR might be mediated by the PI3K/AKT signaling pathway.


Table 4 | The binding energy of key molecules and core targets.






Figure 3 | Molecular docking pattern map of quercetin-PI3K (A); Molecular docking pattern map of quercetin-AKT (B); Molecular docking pattern map of diosgenin-PI3K (C); Molecular docking pattern map of diosgenin-AKT (D).






Discussion

The aim of this study was to elucidate the molecular mechanism of STF in treating GC. A total of 14 core active components of STF were screened out, including kaempferol, quercetin, isoengelitin, methylprotodioscin, and diosgenin. The key signaling pathways included the PI3K/AKT signaling pathway, FOXO signal pathway, and ERBB signaling pathway. Basic studies have confirmed that quercetin, diosgenin, and the PI3K/AKT signaling pathway can regulate MDR to chemotherapeutic drugs. Quercetin is one of the active components of Radix Actinidiae Chinensis, and studies had shown that in addition to anti-inflammatory, antioxidant, apoptosis-inducing, and antiangiogenesis effects, quercetin has chemosensitizing effect to enhance the sensitivity of drug-resistant cells to drugs. The effects of quercetin on GC cells have been studied by Sylwia Borska et al. (23) using EPG85-257P cells and daunorubicin-resistant EPG85-257RDB cells. The results showed that quercetin inhibited the growth of the sensitive EPG85-257P cells and had a synergistic effect with daunorubicin. In the drug-resistant EPG85-257RDB cells, quercetin acted as a chemosensitizer, and the drug resistance mechanism of these cells might be related to a decrease in p-glycoprotein (p-gp) expression, obstruction of drug transport, and downregulation of ABCB1 gene expression. The study suggested that quercetin may be effective in reversing the classical drug resistance of GC cells. Zhaolin Chen et al. (24) confirmed that quercetin can increase the accumulation of rhodamine 123 and adriamycin, increase the sensitivity of BEL/5-FU cells to chemotherapeutic drugs, and downregulate the expression of ABCB1, ABCC1, and ABCC2, and that its effect was dependent on FZD7 through the Wnt/β-catenin pathway; quercetin can, at least partially, reverse chemotherapy resistance by inhibiting FZD7. Thus, this compound can be developed into an effective natural sensitizer to reverse the drug resistance of human liver cancer. Diosgenin is one of the active components of Chinaroot Greenbier Rhizome Catbriar, which has pharmacological effects, including anti-inflammatory, anticancer, antiviral, and hypotensive effects. Bu Tong Sun et al. (25) screened candidate MDR inhibitors among more than 300 natural compounds and revealed that diosgenin exerted inhibitory effect on MDR1 promoter activity. Experiments showed that diosgenin decreased the MDR of HepG2/adriamycin cells, significantly inhibited the expression of P-gp, and increased the accumulation of adriamycin in HepG2/adriamycin cells, indicating that diosgenin is an effective MDR reversal agent and a potential adjuvant drug for tumor chemotherapy. Another study suggested that diosgenin can reverse MDR to adriamycin by inhibiting the nuclear factor kappa B (NF-κB) signaling pathway and downregulating MDR1 expression (26). The PI3K/AKT signaling pathway is the main driving force of various cell functions. Excessive activation of this pathway plays a key role in cancer progression; it can promote tumorigenesis by regulating nutrient metabolism, cell proliferation, cell migration, and angiogenesis. Moreover, abnormal activation of PI3K/AKT is key to the regulation of MDR, mainly through the expression of death-related protein, ABC transporter, and glycogen synthase kinase-3β (GSK-3β), as well as synergistic effect with NF-κB and mammalian target rapamycin (mTOR). Some studies have suggested that P-gp and BCRP can be downregulated by PI3K110α and -110β to restore the drug sensitivity of drug-resistant human epidermoid carcinoma and non-small cell lung cancer, and that ABC family proteins and AKT may play an independent role in enhancing MDR (27–29).

In addition, preliminary research on the mechanism of STF in treating GC showed that STF can inhibit the growth of GC MGC-803 cells by regulating the Smac/Survivin signaling pathway in vitro, reduce the adhesion and invasion ability of SGC-7901 cells, inhibit cell migration, and induce apoptosis. Moreover, it can inhibit the growth of SGC-7901 GC cell xenograft tumor in nude mice in vivo; this effect may be related to the promotion of apoptosis, upregulation of the expression of apoptosis-related proteins caspase-8 and caspase-9, promotion of PARP editing, and downregulation of Livin protein expression (30–34). STF was also shown to inhibit the invasion, migration, and adhesion of GC cells and promote apoptosis, as confirmed by previous research. Furthermore, at the molecular level, molecular docking analysis showed that quercetin and diosgenin bound well with the active sites of PI3K and AKT, the key targets of the PI3K/AKT pathway, which verified the accuracy of this study to some extent.

In conclusion, this study preliminarily explored the potential molecular mechanism of STF in reversing the MDR of GC to chemotherapy through network pharmacology and molecular docking technology. The present study revealed quercetin and diosgenin as the core active components of STF as well as the PI3K/AKT signaling pathway as an important pathway involved in the effect STF in reversing the MDR of GC. Taken together, our results suggested that STF has the effect of reversing the MDR of GC and that it can play a synergistic effect with chemotherapy drugs. STF mainly reversed MDR through the action of quercetin and diosgenin on the PI3K/AKT signaling pathway. These findings provide a direction for future studies to further explore the mechanism of STF in treating GC. However, these conclusions were made based on theoretical simulations and thus still need to be verified by experiments. The authors’ team will conduct experiments as a follow-up to the present work.
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Numerous colon cancer cases are resistant to chemotherapy based on oxaliplatin and suffer from relapse. A number of survival- and prognosis-related biomarkers have been identified based on database mining for patients who develop drug resistance, but the single individual gene biomarker cannot attain high specificity and sensitivity in prognosis prediction. This work was conducted aiming to establish a new gene signature using oxaliplatin resistance-related genes to predict the prognosis for colon cancer. To this end, we downloaded gene expression profile data of cell lines that are resistant and not resistant to oxaliplatin from the Gene Expression Omnibus (GEO) database. Altogether, 495 oxaliplatin resistance-related genes were searched by weighted gene co-expression network analysis (WGCNA) and differential expression analysis. As suggested by functional analysis, the above genes were mostly enriched into cell adhesion and immune processes. Besides, a signature was built based on four oxaliplatin resistance-related genes selected from the training set to predict the overall survival (OS) by stepwise regression and least absolute shrinkage and selection operator (LASSO) Cox analysis. Relative to the low risk score group, the high risk score group had dismal OS (P < 0.0001). Moreover, the area under the curve (AUC) value regarding the 5-year OS was 0.72, indicating that the risk score was accurate in the prediction of OS for colon cancer patients (AUC >0.7). Additionally, multivariate Cox regression suggested that the signature constructed based on four oxaliplatin resistance-related genes predicted the prognosis for colon cancer cases [hazard ratio (HR), 2.77; 95% CI, 2.03–3.78; P < 0.001]. Finally, external test sets were utilized to further validate the stability and accuracy of oxaliplatin resistance-related gene signature for prognosis of colon cancer patients. To sum up, this study establishes a signature based on four oxaliplatin resistance-related genes for predicting the survival of colon cancer patients, which sheds more light on the mechanisms of oxaliplatin resistance and helps identify colon cancer cases with a dismal prognostic outcome.

Keywords: oxaliplatin resistance, colon cancer, prognostic signature, LASSO, weighted gene co-expression network analyses


INTRODUCTION

Colon cancer is a frequently occurring gastrointestinal tract (GIT) cancer. As estimated by the International Agency for Research on Cancer (IARC, https://www.iarc.fr/), its morbidity and mortality rates in 2018 are 14.4 and 7.2%, separately, in the world. At present, colon cancer is mainly treated with surgery combined with chemotherapy (1, 2). Great progresses have been made in the early discovery and treatment of colon cancer; as a result, its morbidity and mortality rates decrease by 30–50% among the relapsed or metastatic cases in 5 years of treatment (3). Oxaliplatin is a kind of third-generation platinum-based anticancer drug and a diaminocyclohexane (DACH) platinum, which is now adopted for treating diverse cancers (4, 5). Certain cases can gain benefits from the oxaliplatin-based chemotherapy, yet others show no treatment response because they develop resistance to oxaliplatin (6–9). When used alone, only 20–24% of patients respond to oxaliplatin in the first-line treatment, and around 10% of refractory cases or those who fail in fluorouracil-based treatment respond to it in the second-line treatment (10). Therefore, it is urgently needed to manage oxaliplatin resistance, a cause of the poor survival of patients with advanced colon cancer. Consequently, it is of great significance to establish a signature based on oxaliplatin resistance- and prognosis-related genes for understanding the heterogeneities among colon cancers at the molecular level and improving treatment for these cases.

In recent years, researchers have carried out unsupervised cluster analysis on the transcriptomic data obtained from four colon cancer consensus molecular subtypes (CMSs). Among them, CMS1 stands for microsatellite unstable tumors (MSI) with great immune cell infiltration degree; CMS2 displays the activation patterns of the MYC and WNT pathways; tumors in CMS3 are featured by KRAS mutations as well as metabolic disorder; while CMS4 represents the mesenchymal subtype with epithelial–mesenchymal transition (EMT) and great stromal cell infiltration degree (11). Typically, the above CMS classification system facilitates to predict the patient prognosis, and cancers in CMS4 are linked to the poorest overall survival (OS) and relapse-free survival (RFS) (12). But this classification method cannot be used to estimate drug response in patients due to its oversimplification, so it is not quite helpful in individual treatment (13). Moreover, some biomarkers are utilized for predicting the prognosis of colon cancer patients. For instance, carbohydrate antigen 19-9 (CA19-9) has been identified as a predominant characteristic to diagnose colon cancer in clinical practice (14). CA19-9 is useful for the identification of outcomes of patients with stages I–III colorectal cancer 2 years after their operations (15). Unluckily, the CA19-9 level is neither discovered as the independent prognostic factor or the therapeutic target for improving patient OS nor used to predict patients' susceptibility to therapeutic drugs. Bioinformatic analysis has rapidly emerged as an important approach to assist the investigators in developing novel ideas regarding tumor research (16). More and more studies have recognized that mRNA expression signatures play an important role in predicting patient OS or relapse (17–19), yet no combined analysis is available to examine the relationship of the levels of oxaliplatin resistance-related genes with OS among colon cancer patients.

The present work downloaded the expression profile data of colon cancer cell lines resistant or sensitive to oxaliplatin from the Gene Expression Omnibus (GEO) database (20) and found oxaliplatin resistance-related genes by means of weighted gene co-expression network analysis (WGCNA) along with differential expression analysis. Besides, the mRNA expression pattern data of colon cancer patients in the training and test sets along with their clinical characteristics were analyzed to establish an mRNA-based model as the novel indicator for predicting patient prognosis. As a result, our constructed signature that integrated sufficient transcript data is helpful to risk stratification, which offered an approach to more accurately assess individual treatment for colon cancer cases. The above findings shed more light on the malignancy and treatment for individuals with colon cancer.



MATERIALS AND METHODS


Data Extraction and Study Design

The expression profile data in oxaliplatin-resistant or non-resistant colon cancer cell lines were obtained from GSE77932 and GSE124808 datasets. The feature extraction software 10.7.3.1 (Agilent) was used for feature extraction, and the default parameters were used to analyze the scanned images, so as to obtain the processed signal intensity after background subtraction and spatial trend variation. The scanned data were imported by GeneSpring GX and normalized to 75%. Subsequently, the two datasets were merged and batch processed using the combat function of R package sva (Figure 1A), so as to obtain the gene expression matrix. Moreover, to construct the prognosis prediction model, we downloaded three datasets (including gene expression profiles, prognosis information, and other clinical features), namely, GSE17536, GSE17538 (21), and GSE39582 (22), with the first dataset as the training set and the latter two as the validation sets. All data used in this study were openly accessible, so there was no need to obtain approval from the ethics committee.


[image: Figure 1]
FIGURE 1. Differentially expressed genes (DEGs) between oxaliplatin-resistant and -sensitive colon cancer cells. (A) Boxplot of the distribution of the sample expression profile before and after the removal of the batch effect. (B) Volcanogram of DEGs. (C) Heatmap of DEGs. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of upregulated DEGs. (E) KEGG enrichment analysis of downregulated DEGs.




Differentially Expressed Gene Analysis

We identified differentially expressed genes (DEGs) from colon cancer cells resistant (DLD1-derived oxaliplatin-resistant clones: DLD/OHP1, DLD/OHP4, and DLD/OHP5; HCT116-derived oxaliplatin-resistant clones: HCT/OHP1, HCT/OHP3, and HCT/OHP5) and sensitive (DLD1 and HCT116) to oxaliplatin by adopting limma package (23) in line with the selection thresholds of false discovery rate (FDR) <0.05, |log2 fold change (FC)| >1, and P < 0.05. DEGs that satisfied the above thresholds were screened in subsequent analysis. In addition, the limma and pheatmap packages were utilized to draw the volcano plot and heatmap separately.



Identification of Oxaliplatin Resistance-Related Genes by Weighted Gene Co-expression Network Analysis

We constructed a co-expression network that targeted oxaliplatin resistance using the WGCNA package (24). Firstly, we carried out cluster analysis on the samples by hierarchical clustering. A weight co-expression network was constructed using the WGCNA of R package, and the soft threshold was set at eight to select the co-expression modules. Later, we confirmed that our established co-expression network was consistent with a scale-free network. In other words, the node/k connectivity [log(k)] logarithm showed a negative correlation with the node [log(P(k)] occurrence probability logarithm, with the coefficient of correlation being >0.8. To guarantee the scale-free network, the β value was set at eight. Later, we transformed the expression matrix to the close matrix and transformed it to the topological matrix to carry out gene clustering based on TOM by adopting the average linkage hierarchical cluster method according to the standards of mixed dynamic shear tree. Besides, over 30 genes were screened for each gene network module. Gene modules were determined by the dynamic shear methods, then the value of each module eigengene was determined successively, modules were subjected to cluster analysis, and the close modules were combined for forming a new module. Thereafter, we also determined the relationships between the gene modules identified and oxaliplatin resistance to mine the substantially associated gene modules for subsequent analysis.



Pathway Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was conducted using the clusterProfiler package (25) for exploring and determining the possible biological functions of all critical genes. The significance levels were FDR <0.05 and P < 0.05. We employed the R software to draw the bubble plot for result visualization.



Establishment of the Protein–Protein Interaction Network and Topological Analysis

We utilized the Search Tool for the Retrieval of Interacting Genes (STRING) online approach (26) to construct the protein–protein interaction (PPI) network of critical genes. As observed from the graph, all nodes within the network were greatly connected to each other. Then, the topological characters of nodes in the network were further analyzed, and the Degree, Betweenness centrality, Closeness centrality, and Eigenvector centrality values were calculated. In this study, genes in the PPI network that had all parameters greater than or equal to the medians of all nodes were considered to exert core roles in the network (in other words, the key oxaliplatin resistance-related prognostic genes), which were used to construct the subsequent prognosis model of colon cancer.



Establishment of a Risk Assessment Model

The survival and glmnet packages were utilized to select the most appropriate genes that might be used to construct a model by least absolute shrinkage and selection operator (LASSO) Cox regression analysis. Typically, LASSO regression can be used to select variables to fit the high-dimensional generalized linear model. In this study, LASSO regression was conducted to construct a penalty function, which facilitated to obtain the improved model with a reduced number of variables and might avoid overfitting. We employed the glmnet package for determining the penalty parameter lambda through cross-validation; besides, we discovered the best lambda value associated with the lowest error mean of cross-validation. Thereafter, we selected the optimal gene group (lambda = 0.0508) for subsequent model construction. Furthermore, based on the expression profiles of feature genes, we utilized the stepAIC method in MASS package for stepwise multivariate regression analysis. Starting from the most complicated model, we deleted one variable each time in succession to reduce the Akaike Information Criteria (AIC) value (a smaller value indicated the better model, suggesting that the model utilized less parameters to obtain enough degree of fitting). Later, gene sets with the most appropriate AIC value were selected to construct the colon cancer risk prediction model. Then, risk scores were calculated after linearly combining the results of each coefficient determined by LASSO Cox regression multiplied according to the respective gene level and categorized the patients into the high-risk or low-risk groups. Besides, multivariate Cox regression was conducted to analyze whether the risk model was able to independently predict prognosis.



Gene Set Enrichment Analysis

To observe the relationships between risk score and signal pathways, we selected the corresponding gene expression profiles in training set samples for single-sample gene set enrichment analysis (GSEA) using the GSVA function of R package (27) and calculated the scores of each sample in different signal pathways (in other words, we obtained the ssGSEA score of each sample in the corresponding pathway). Furthermore, we determined the correlations of these scores with risk score and selected FDR <0.5 as the criterion to judge pathways significantly related to the risk score.



Statistical Analysis

The R software was employed for statistical analysis. In this study, data were expressed as medians. Log-rank test and Kaplan–Meier method were used to analyze the difference in OS between high and low risk score groups. In addition, the Cox proportional hazard regression model was used for univariate as well as multivariate analysis. The merge script in Perl language was utilized for data set merging. A difference of P < 0.05 indicated statistical significance.




RESULTS


Differentially Expressed Genes Between Oxaliplatin-Resistant and -Sensitive Colon Cancer Cells and Pathway Enrichment

In this study, we downloaded the GSE77932 and GSE124808 gene sets from the GEO database to obtain gene expression profiles. As observed from the volcano plot (Figure 1B, Supplementary Table 1), there was differential mRNA expression in oxaliplatin-resistant colon cancer cells compared with the oxaliplatin-sensitive cells. Relative to the sensitive group, we obtained altogether 229 DEGs in resistant groups, among which 168 were upregulated while 61 were downregulated (P < 0.05). We also drew the heatmap to display the significant DEGs (Figure 1C). Thereafter, KEGG pathway enrichment was conducted on DEGs by using clusterProfiler package, which revealed that the upregulated genes were mainly enriched into the B cell receptor signaling pathway and tumor necrosis factor (TNF) signaling pathway, whereas the downregulated genes were mainly enriched into the transforming growth factor (TGF)-beta signaling pathway, Ribosome and cGMP-PKG signaling pathway (Figures 1D,E).



Selection of Oxaliplatin Resistance-Related Gene Modules Through Weighted Gene Co-expression Network Analysis

Apart from screening DEGs between oxaliplatin-resistant and -sensitive colon cancer cells, we also established the gene co-expression network to identify gene modules with biological significance through WGCNA and to better discover the significant oxaliplatin resistance-related genes in the context of colon cancer. We acquired altogether seven modules in later analysis (Figures 2A–D). Subsequently, we analyzed the correlations of these gene modules with the oxaliplatin resistance events and discovered that the red and purple modules were most significantly correlated with resistance (Figure 2E). Later, those genes in the red and purple modules were subjected to KEGG pathway enrichment by using the clusterProfiler package. As a result, genes in the red module were mainly enriched into Autoimmune thyroid disease, Phagosome, and Cell adhesion molecules (CAMs) pathways; whereas genes in the purple module were mainly enriched into the JAK-STAT, Wnt, and T cell receptor signal pathways (Figures 2F,G), demonstrating that the resistance of colon cancer to oxaliplatin might be related to immunity and cell migration.


[image: Figure 2]
FIGURE 2. Oxaliplatin resistance-related gene modules mined through weighted gene co-expression network analysis (WGCNA). (A,B) Analysis of network topology for various soft-thresholding powers. (A) Analysis of the scale-free fit index for various soft-thresholding powers (β). (B) Analysis of the mean connectivity for various soft-thresholding powers. (C) Gene dendrogram and module colors. (D) The number of genes in each module. (E) Correlation between each module and oxaliplatin resistance events. (F) The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the genes in the red module. (G) The KEGG enrichment analysis of the genes in the purple module.




Identification of Key Oxaliplatin Resistance-Related Genes for Predicting the Prognosis of Colon Cancer

First of all, we had integrated 394 genes in the oxaliplatin resistant-related gene modules (red and purple), with 229 DEGs in between oxaliplatin-sensitive and -resistant colon cancer cell lines. Finally, we acquired 495 genes after removing duplication. Secondly, using univariate survival analysis, we determined the relationships between the expression of these 495 genes and prognosis based on the prognosis data (training set, GSE17536). By adopting the threshold of P < 0.05, we obtained 79 genes that showed distinct OS (Figure 3A, Supplementary Table 2). Furthermore, we used these genes for sample consistent clustering using the R package ConsensusClusterPlus (V1.48.0; parameters: reps = 100, pItem = 0.8, pFeature = 1, and distance = “spearman”). D2 and Euclidean distance (ED) were used as the clustering algorithm and distance metric, respectively. At k = 2–6, the samples were clustered into three clusters (C1, C2, C3; Figures 3B–D). We compared the relationships between C1–3 samples and the previous published CMS classification samples. As shown in Figure 3E, we discovered that samples in the C3 subtype were mainly enriched into the CMS4 subtype, while those in the C1 subtype were significantly enriched in the CMS2 subtype. In CMS classification, CMS4 had the poorest prognosis, while CMS2 had the best prognosis. This revealed that the expression profiles of these 79 prognosis-based oxaliplatin resistance-related genes were able to classify patient prognosis to some extent.


[image: Figure 3]
FIGURE 3. Identification of oxaliplatin resistance-associated subtypes of colon cancer in the training set. (A) The hazard ratio (HR) distribution of genes related to oxaliplatin resistance, wherein “Sig” represents the HR distribution of genes significantly related to prognosis and “None” represents the HR distribution of genes not significantly related to prognosis. (B) The cumulative distribution function (CDF) curves of consensus scores based on different subtype numbers (k = 2~6) and the corresponding color are represented, which could help us determine the choice of k when the CDF reaches the maximum (aiming to reach the maximal consistency and cluster confidence). (C) The comparison of the relative changes of the area under the CDF curve between k and k−1, which can help users determine the relative increase in consensus and the value of k with significant increase. (D) The consensus score matrix of colon cancer samples when k = 3 (1 = C1, 2 = C2, 3 = C3). (E) The distribution of samples from the three subtypes in the CMS subgroups.


Thirdly, to further screen the key prognosis genes, we mapped these 79 genes to the STRING database to obtain the protein interaction networks of these genes. As shown in Figure 4A, 51 of these 79 genes showed interactions. Subsequently, we analyzed the topological properties of the nodes in the network and calculated degree, Closeness centrality, Betweenness centrality, and Eigenvector centrality (Supplementary Table 3). We discovered that the degree of nodes in the network was mainly 1–4 (Figure 4B), the closeness centrality was 0.005–0.008 (Figure 4C), the betweenness centrality was 0–100 (Figure 4D), and the Eigenvector centrality was 0–0.25 (Figure 4E). In addition, we also found that there were fewer nodes with higher levels of topological parameters and more nodes with lower ones in the network, which showed a power-law distribution and was in line with the characteristics of biological network. Finally, 15 genes (Figure 5A) whose values of all the above four parameters were greater than or equal to the median of all nodes were selected as the key prognostic markers related to the resistance of colon cancer to oxaliplatin, which were used for further analysis and prognosis model construction.


[image: Figure 4]
FIGURE 4. Identification of the key oxaliplatin resistance-related genes for predicting the prognosis of colon cancer. (A) Protein–protein interaction (PPI) network of prognostic genes related to oxaliplatin resistance. (B) Degree distribution of genes in the network. (C) Closeness centrality distribution of genes in the network. (D) Betweenness centrality distribution of genes in the network. (E) Eigenvector centrality distribution of genes in the network.
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FIGURE 5. Identifying the prognosis signature related to oxaliplatin resistance for colon cancer by least absolute shrinkage and selection operator (LASSO). (A) Fifteen genes whose values of all the above four parameters were greater than or equal to the median of all nodes were selected as the key prognostic markers related to the resistance of colon cancer to oxaliplatin. (B) Frequency of different gene combinations in a thousand times of LASSO regressions. (C) The changing trajectory of each independent variable. The horizontal axis represents the log value of the independent variable lambda, and the vertical axis represents the coefficient of the independent variable. When lambda = 0.0508, the coefficients were not 0 in seven genes. (D) Confidence intervals for each lambda. We chose the lambda with the smallest average standard deviation as the optimal model, that is, lambda = 0.0508.




Establishment of the Oxaliplatin Resistance-Related Risk Assessment Model

To investigate the effect of those screened genes in predicting the prognosis of colon cancer, we incorporated 15 key genes into LASSO and stepwise regression for identifying the potent markers. Thereafter, we established a prognosis signature based on four genes [CD22, CASP1, CISH, and activated leukocyte cell adhesion molecule (ALCAM)] to evaluate the prognosis for colon cancer patients (Figures 5B–D). Besides, the risk score of every colon cancer case from the training set was determined based on the four gene coefficients.

[image: image]

After determining the risk scores of all samples in the training set, we divided all samples into high- or low-risk group in line with the median risk score (cutoff = 0). Figure 6 displays the classification accuracy of our constructed prognosis model for training set samples. It was illustrated from Figure 6A that 89 and 88 cases were divided as the low- and high-risk groups, respectively, and the difference in prognosis was statistically significant between both groups (P < 0.0001, HR = 2.41, 95% CI = 1.84–3.15). Figure 6B displays the receiver operating characteristic (ROC) curves. As observed, the AUC values at 1, 3, and 5 years, respectively, were 0.76, 0.73, and 0.72. Besides, Figure 6C revealed that the dead samples had evidently reduced survival time as the risk score increased, and more dead samples were observed in the high-risk group. Moreover, high ALCAM expression was recognized as a risk factor on the basis of changes in the levels of those four prognostic genes as risk score elevated. In comparison, high CD22, CISH, and CASP1 expression was associated with a decreased risk, and they served as the protective factors.


[image: Figure 6]
FIGURE 6. The classification effect of the four-oxaliplatin resistance-related gene-based prognosis signature in the training set. (A) Analyzed the prognostic difference after predicted classification according to the four-gene signature in the training set. (B) Receiver operating characteristic (ROC) curves of the four-gene signature in colon cancer samples in the training set. (C) The relationship of risk score, survival time, and survival status with the expression levels of the four genes in the training set.




Validation of the Robustness of Our Four-Oxaliplatin Resistance-Related Gene-Based Prognosis Signature

To examine the robustness of our constructed four-gene model, we used the same model and threshold as those in the training set for verification in the test set. Figure 7 displays the classification accuracy in the first test set (GSE17538). As observed from Figure 7A, 115 and 117 cases were divided as low- and high-risk groups, respectively, and there was a significant difference in prognosis between them (P < 0.0001, HR = 1.95, 95% CI = 1.59–2.40). Figure 7B exhibits the ROC curves, with the AUC values at 1, 3, and 5 years, respectively, being 0.68, 0.68, and 0.71. Figure 7C shows similar findings to those obtained from the training set. In other words, dead samples had markedly shorter survival time as the risk score increased, and more dead samples were observed in the high-risk group. In addition, high ALCAM expression was a risk factor, while high CD22, CISH, and CASP1 levels were the protective factors.
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FIGURE 7. The classification effect of the four-oxaliplatin resistance-related gene-based prognosis signature in the first test set (GSE17538). (A) Analyzed the prognostic difference after predicted classification according to the four-gene signature in the first test set (GSE17538). (B) Receiver operating characteristic (ROC) curves of the four-gene signature in colon cancer samples in the first test set (GSE17538). (C) The relationship of risk score, survival time, and survival status with the expression levels of the four genes in the first test set (GSE17538).


Moreover, we also downloaded the GSE39582 dataset (the second test set) from the GEO database as an external dataset and determined the risk scores for all samples by our model. We also used the threshold in the training set for classifying samples into high- or low-risk group. According to Figure 8A, the prognosis in the low-risk group was superior to that in the high-risk group. Upon ROC analysis, comparable AUC values at 1–5 years to those of the first test set (GSE17538) and training set were obtained (Figure 8B). Furthermore, the associations of those four gene expression levels with risk score were the same as those obtained from the other two datasets (Figure 8C). In conclusion, our prognosis model constructed based on four oxaliplatin resistance-related genes performed well in predicting the prognosis for colon cancer.
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FIGURE 8. The classification effect of the four-oxaliplatin resistance-related gene-based prognosis signature in the second test set (GSE39582). (A) Analyzed the prognostic difference after predicted classification according to the four-gene signature in the second test set (GSE39582). (B) Receiver operating characteristic (ROC) curves of the four-gene signature in colon cancer samples in the second test set (GSE39582). (C) The relationship of risk score, survival time, and survival status with the expression levels of the four genes in the second test set (GSE39582).




Clinical Independence of Our Constructed Signature Based on Four Oxaliplatin Resistance-Related Genes

To identify whether our constructed model based on four oxaliplatin resistance-related genes was independent in clinical practice, we employed univariate as well as multivariate Cox regression analysis on clinical data and risk score from the training set and calculated the corresponding HRs, 95% CIs, and P-values. Figure 9 displays the grouping data of the four-gene signature. Univariate analysis was conducted on training set samples, which suggested that a high risk score, tumor stage III/IV, and Grade 3 showed marked correlations with dismal prognosis, but multivariate analysis discovered that only a high risk score (HR = 2.77, 95% CI = 2.03–3.78, P = 1.3e−10) as well as tumor stage IV (HR = 10.11, 95% CI = 3.29–31.03, P = 5.4e−5) displayed clinical independence. As a result, the prognosis signature constructed based on the four oxaliplatin resistance-related genes might serve as an independent prognostic indicator to predict patient prognosis clinically for colon cancer patients.


[image: Figure 9]
FIGURE 9. Clinical independence of our constructed signature based on four oxaliplatin resistance-related genes. Univariate (A) as well as multivariate (B) Cox regression analysis on clinical data and risk score from the training set was employed to calculate the corresponding HRs, 95% CIs, and P-values.




Differences in Pathways Enriched Between High- and Low-Risk Groups Detected by Gene Set Enrichment Analysis

In this study, we used GSEA to examine pathways that were significantly enriched into both groups in the training set and obtained altogether five significantly enriched pathways (Figure 10), which included pathways tightly related to tumor occurrence, immunity, and metastasis, such as primary immunodeficiency, adherens junction, as well as pathways in cancer. Such result further verified that the resistance and poor prognosis of colon cancer were related to cancer cell migration and the immunosuppression status in the microenvironment.
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FIGURE 10. Differences in pathways enriched between high- and low-risk groups detected by gene set enrichment analysis (GSEA).





DISCUSSION

Colon cancer is one of the most common cancers and remains one of the leading causes of cancer death worldwide (28). Colon cancer represents a complicated disorder that has numerous risk factors, including lifestyle, dietary habit, and genetics (29). Typically, colon cancer is usually featured by its intra-cancer heterogeneity; as a result, each patient is different with regard to the clinical presentations as well as treatment response (30). Therefore, it is necessary to tailor the treatment for colon cancer on the basis of risk and genetic factors of an individual. At present, the oxaliplatin-based chemotherapy is adopted in combination with radical surgery as the standard treatment for cases with colon cancer. Patients respond well to the first treatment, but many of them may experience resistance to oxaliplatin and subsequently develop recurrence, resulting in a dismal prognostic outcome (31, 32). Currently, the Tumor, Lymph node, Metastasis (TNM) classification system is widely utilized as the standard to predict relapse among colon cancer cases (33). However, it cannot achieve satisfactory performance in predicting prognosis and managing colon cancer. As a result, many researchers are devoted to developing novel strategies to improve the predicting accuracy of oxaliplatin resistance and patient prognosis and contribute to decision-making for individuals based on molecular biomarkers and clinicopathological features (34, 35).

Some single genes have been suggested as potent approaches to assess colon cancer prognosis. For instance, certain works emphasize on the significance of Wnt5a and Immature Colon Carcinoma Transcript-1 (ICT1) in prognosis prediction (36, 37). Similarly, one article focuses on the significance of the prediction model constructed based on five transcriptional factors in predicting prognosis. This model is constructed using the Cox PH model based on analysis of The Cancer Genome Atlas (TCGA)-derived colon cancer patients by the random forest algorithm (38). Some encouraging results have been discovered, but there is no biomarker available clinically to predict the prognosis for colon cancer. In addition, these prognostic genes and multi-gene signatures have not been identified as prediction factors of a response to chemotherapy in colon cancer. Furthermore, the joint action of several oxaliplatin resistance-related genes on colon cancer prognosis has not been investigated in a large-scale genomic study so far. As a result, it is of great importance to construct a novel model to predict the outcome of oxaliplatin-resistant colon cancer, which may also facilitate the prognosis prediction for colon cancer cases and decision of treatment strategy.

Consequently, this study aimed to establish a model based on oxaliplatin resistance-related genes to estimate the OS of colon cancer cases. In this work, we constructed a candidate risk model based on oxaliplatin resistance-related genes to estimate the survival of colon cancer cases based on results of the WGCNA, differential expression analysis, and Cox proportional regression analysis. The risk scores calculated based on the expression levels and coefficients of four mRNAs (ALCAM, CD22, CASP1, and CISH) might be used to precisely and independently predict the prognosis of colon cancer. First of all, altogether, 229 DEGs were identified between colon cancer cells that were resistant and sensitive to oxaliplatin. Secondly, 394 genes were screened from the oxaliplatin resistance-related gene modules on the basis of WGCNA. To explore the biological functions of these screened genes, we carried out KEGG pathway enrichment, which suggested that the above genes were mostly enriched into numerous drug resistance-related pathways, including cell adhesion, JAK-STAT, immune-related pathways, TGF-beta, and Wnt. Thirdly, univariate analysis and PPI network topological analysis were performed to determine the significant oxaliplatin resistance-related genes that might be used to predict the prognosis for colon cancer. Afterward, we established a model to predict the prognosis of colon cancer using four oxaliplatin resistance-related genes (ALCAM, CD22, CASP1, and CISH) on the basis of stepwise regression and LASSO Cox regression. Typically, CD22, CISH, and CASP1 were identified to be the independent protective factors, whereas ALCAM as the risk factor. It was surprising that according to ROC curve and survival analyses, the prognosis model-produced risk score might be utilized to be an accurate OS indicator for colon cancer. Besides, we compared our new risk score with the traditional clinicopathological factors, which verified that the prognosis effect was independent. At last, we adopted GSEA to analyze those pathways markedly enriched in the high- or low-risk group and detected five pathways showing significant differential enrichment between the two groups, including pathways that were tightly related to tumor occurrence, metastasis, and immunity, such as primary immunodeficiency, adherens junction, as well as pathways in cancer. The above preliminary results shed new light on the development of markers based on oxaliplatin resistance genes to predict the prognosis of colon cancer. Our proposed risk score may offer a novel direction to evaluate the prognosis for colon cancer, and it is distinct from the conventional evaluation system. It can help to further stratify patients, thus contributing to designing individual treatment and improving patient survival.

Of the screened four genes (ALCAM, CD22, CASP1, and CISH), CD22 is a sialic acid-binding immunoglobulin-like lectin (Siglec) that is highly expressed on B cell lymphomas and is a validated target for antibody and nanoparticle-based therapeutics on non-Hodgkin lymphoma (39, 40). Besides, it is reported in some studies that CD22 exerts an important part in lung cancer (41). ALCAM, a 100- to 105-KDa transmembrane immunoglobulin, has been treated as a tumor-specific prognostic marker and demonstrated to take part in activation of T cells, hematopoiesis, angiogenesis, inflammation, and multiple types of tumor propagation and invasiveness (including breast cancer, colorectal cancer, and esophageal cancer) (42–44). CASP1 is the component of the inflammasome that can induce pyroptosis and inhibit angiogenesis and migration of tumor cells (such as lung cancer, breast cancer, and endometrial cancer) (45–47). However, there are few studies on the role of CASP1 in colon cancer. Palmer et al. (48) indicated that CISH, a member of the suppressor of cytokine signaling (SOCS) family, could be induced by TCR stimulation in CD8+ T cells and reduce their functional avidity against tumors.

Certain limitations should be noted in the present work. Firstly, more large-scale studies and more experimental methods should be conducted due to the small sample size in this work. Secondly, the present work focused on analyzing the mRNA expression profiles, but it did not consider the associations among lncRNAs, miRNAs, proteins, and other factors; in this regard, more comprehensive studies are needed. Thirdly, there is little research on the role of CD22, CASP1, and CISH in colon cancer, even though it plays an important role. Therefore, more investigations are needed.

To sum up, this study identifies four oxaliplatin resistance-related genes among the colon cancer patients, which are used to construct a signature to predict patient prognosis. According to our results, our constructed four-gene signature can serve as an independent factor to predict the prognosis for colon cancer patients resistant to oxaliplatin. The above results can be used as candidate biomarkers to predict the prognosis for oxaliplatin-resistant colon cancer and shed more light on the theoretical guidance and decision-making for colon cancer clinically.
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Hepatocellular carcinoma (HCC) is a deadly tumor with high heterogeneity. Aerobic glycolysis is a common indicator of tumor growth and plays a key role in tumorigenesis. Heterogeneity in distinct metabolic pathways can be used to stratify HCC into clinically relevant subgroups, but these have not yet been well-established. In this study, we constructed a model called aerobic glycolysis index (AGI) as a marker of aerobic glycolysis using genomic data of hepatocellular carcinoma from The Cancer Genome Atlas (TCGA) project. Our results showed that this parameter inferred enhanced aerobic glycolysis activity in tumor tissues. Furthermore, high AGI is associated with poor tumor differentiation and advanced stages and could predict poor prognosis including reduced overall survival and disease-free survival. More importantly, the AGI could accurately predict tumor sensitivity to Sorafenib therapy. Therefore, the AGI may be a promising biomarker that can accurately stratify patients and improve their treatment efficacy.

Keywords: hepatocellar carcinoma, aerobic glycolysis, Sorafenib, biomarker, prognosis


INTRODUCTION

Globally, hepatocellular carcinoma (HCC) is the sixth most commonly diagnosed cancer and the fourth leading cause of cancer-related deaths (1). Despite advances in the treatment of HCC, its prognosis remains unsatisfactory, with a 5-year overall survival (OS) rate of 25–55% (2–4). Local recurrence, distal metastasis, and resistance to conventional therapy are the leading causes of HCC progression into late-stage cancer with limited treatment options. Genetic mutations, chromosomal instability, epigenetic changes, and molecular signaling pathway dysregulation are reported causes of hepatocellular carcinogenesis (5). Therefore, advances in the field of molecular oncology are urgently required to improve the prognosis of HCC.

Sorafenib is an oral multitargeted drug that inhibits the activity of several tyrosine kinases (6). Thus, Sorafenib can effectively suppress angiogenesis and cancer proliferation and induce tumor cell apoptosis. Since it was first approved by the US Food and Drug Administration in 2007 as the first-line treatment for advanced HCC, Sorafenib has shown favored clinical benefits. In the Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol (SHARP) trial, patients who received Sorafenib therapy showed significantly higher median OS compared with the control group (10.7 vs. 7.9 months, respectively) and a 31% reduction in the risk of death (7). In the Asia-Pacific trial, Sorafenib provided a clinical benefit, extending the median survival benefit by 2 months (8). Currently, Sorafenib is still applied as the first-line therapy for advanced HCC patients; even several other tyrosine kinases inhibitors have been evaluated by comparing them to Sorafenib, which did not demonstrate an improvement of prognosis (9–11). However, a large number of patients with HCC show poor response to Sorafenib due to the heterogeneity of the disease and the complex tumor-associated molecular signaling, which lacks generally accepted predictive biomarkers. Furthermore, primary and acquired resistance to Sorafenib are commonly reported and limit the clinical advantages of the drug (12–15).

The Warburg phenotype is a common hallmark of cancer cells, characterized by enhanced glycolysis, even under physiological oxygen conditions (16, 17). By shifting glucose metabolism from oxidative respiration to aerobic glycolysis, tumor cells display enhanced glucose metabolism for producing efficient energy and various metabolic intermediates, which are indispensable for the synthesis of macromolecules and new organelles. Several oncogenes, including Ras, Myc, and HIF1, were reported to drive metabolic adaptations toward aerobic glycolysis (18, 19). Enhanced aerobic glycolysis has been demonstrated to exhibit consistent prognostic patterns and is associated with Sorafenib resistance (20). Increased expression of aerobic glycolysis-related genes, including solute carrier family 2 member 1 (SLC2A1), solute carrier family 2 member 2 (SLC2A2), glucose-6-phosphate dehydrogenase (G6PD), glypican 1 (GPC1), procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2), and lactate dehydrogenase A (LDHA), has been reported to be associated with aggressive HCC (21–29). Accelerated glucose uptake and lactate synthesis were observed as responses to Sorafenib treatment (30–32). New therapeutic approaches have been reported to attenuate Sorafenib resistance by inhibiting key glycolytic enzymes including 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), hexokinase 2 (HK2), and pyruvate kinase M1/2 (PKM2) (33–36). Tumor metabolic heterogeneity is reported to be relevant to tumor subtypes and prognosis (37), but whether heterogeneity in distinct metabolic pathways can be used to stratify HCC into clinically relevant subgroups has not been well-established.

Aerobic glycolysis is a complex biological process involving numerous genes. Thus, constructing a gene signature based on multiple glycolysis-related genes is supposed to be more suitable to represent the aerobic glycolysis pathway than single gene. The development of genomic techniques has unveiled extensive biological information that can be used to explore the underlying mechanisms of tumorigenesis and progression. In this study, we constructed a model named aerobic glycolysis index (AGI) to evaluate the signal of aerobic glycolysis, by utilizing genomic data of hepatocellular carcinoma from The Cancer Genome Atlas (TCGA) project. The AGI was calculated based on the expression of 14 glycolysis-related genes (SLC2A1, SLC2A2, G6PD, LDHA, GPC1, HMMR, PLOD2, GOT2, STC2, CENPA, RARS1, HOMER1, SRD5A3, and TKTL1). The abbreviations list and their expansions for these glycolytic genes are summarized in Supplementary Table 1. Then, we assessed whether the AGI was a predictive marker for the prognosis of HCC and sensitivity to Sorafenib. Finally, we used in vitro experiments to confirm that AGI was associated with Sorafenib resistance. Significantly, we established a methodology to quantify aerobic glycolysis signaling. The AGI was found to be a robust prognostic biomarker of HCC and a predictive factor of the response to Sorafenib.



MATERIALS AND METHODS


Specimen Collection and RNA Sequencing

In total, 102 pairs of formalin-fixed paraffin-embedded HCC and corresponding normal tissue specimens from the Sir Run Shaw Hospital (SRRSH) were collected. This research was approved by the Institutional Review Board of the SRRSH of Zhejiang University. The patients provided informed consent for the use of their specimens. For RNA sequencing, TRIzol (Invitrogen, USA) was used to extract total RNA. After checking the RNA purity, integrity, and concentration, RNA sequencing was performed on an Illumina platform.



Data Acquisition and Processing

Fragments per kilobase of transcript per million mapped reads (FPKM) RNA-seq data and the clinical characteristics of TCGA samples were downloaded from the UCSC Cancer Browser database. Gene mutation data and copy number information of the TCGA samples were acquired from the cBioPortal database. RNA-seq and clinical data of the LIRI-JP cohort were downloaded from the HCCDB database. The GSE14520, GSE25097, GSE36376, GSE64041, GSE76427, GSE109211, and GSE73571 expression profile was obtained from the Gene Expression Omnibus (GEO) database. The proteomics data of TCGA samples were downloaded from the TCPA database. Drug sensitivity data of HCC cell lines were obtained from the Genomics of Drug Sensitivity in Cancer (GDSC) database and Cancer Cell Line Encyclopedia (CCLE) database. The patient characteristics of TCGA, LIRI-JP, GSE14520, and SRRSH datasets are summarized in Supplementary Table 2.



Development of the AGI

Univariate Cox regression was applied to detect the aerobic glycolysis genes related to prognosis. The least absolute shrinkage and selection operator (LASSO) Cox regression model was performed to determine the coefficients for model construction with an optimal log λ (38). The AGI was established with the following formula: Risk score = expression of Gene 1 × β1 + expression of Gene 2 × β2+…expression of Gene n × βn (β was the weighted coefficient of each gene). For gene expression measured by quantitative real-time PCR (qPCR), the AGI was calculated as the method described by Zheng et al. (39). Total RNAs from cells were extracted using TRIzol (Invitrogen, USA) according to the manufacturer's instructions. Complementary DNA (cDNA) was synthesized using Hifair® II 1st Strand cDNA Synthesis SuperMix for qPCR (Yeasen, Shanghai, China). qPCR was performed using Hieff UNICON® qPCR SYBR Green Master Mix (Yeasen, Shanghai, China). Measurement was carried out by Roche LightCycler 480. Analysis was carried out using the ΔΔCt method. All assays were performed in triplicates, and results were plotted as the mean ± SD. Primer sequences are listed in Supplementary Table 3.



Gene Set Enrichment Analysis and Gene Set Variation Analysis

Datasets were divided into two groups according to tissue types or AGI scores. Annotated gene sets were downloaded from the MSigDB database. Gene Set Enrichment Analysis (GSEA) was performed using the R package “GSEAbase.” Annotated drug sets were downloaded from the DSigDB database. Gene Set Variation Analysis (GSVA) was performed using the R package “GSVA.”



Cell Culture of Liver Cancer Cell Lines

Liver cancer cell lines (SK-Hep-1, Huh7, HepG2, HCCLM3) were purchased from the American Tissue Culture Collection (Manassas, VA, USA) and cultured in accordance with the recommended guidelines. Sorafenib-resistant HCC cell lines were cultured with Sorafenib as previously reported (40, 41).



Cell Viability Test

Cells were seeded in 96-well plates in replicates of three. After incubation with Sorafenib for 48 h, cell viability analysis was performed using the Cell Counting Kit-8 (CCK-8) (Yeasen, Shanghai, China).



Apoptosis Assay

Cells were seeded in six-well plates and mock treated or treated with drugs [Sorafenib, 2-deoxy-D-glucose (2-DG), or a combination of Sorafenib and 2-DG] for 48 h before apoptosis assays. Cell apoptosis was determined using the PI/annexin V-FITC Apoptosis Kit (MULTI SCIENCES, Hangzhou, China).



Transwell Assay

Cells (1 × 105) in serum-free medium were seeded into the upper chambers of Transwell (Corning, Corning, NY, USA), and medium with 10% fetal bovine serum (FBS) was seeded into the lower chambers for 24 h in a humidified incubator at 37°C in 5% CO2. The cells remaining in the upper chamber were carefully removed using a cotton swab, and cells that migrated to the lower membrane surface were fixed in 4% paraformaldehyde and stained with crystal violet. The experiments were repeated three times.



Glucose Consumption and Lactic Acid Assays

Cells were seeded into six-well plates at a density of 1 × 106 cells and cultured overnight. Glucose consumption and lactic acid production were detected using glucose assay kit (Solarbio® BC2500) and LA assay kit (Solarbio® BC2230) according to the instruction of the manufacturers, respectively. The experiments were repeated three times.



Statistical Analysis

The univariate Cox regression, LASSO Cox regression model, and multivariate Cox regression model were performed. The OS and disease-free survival (DFS) were compared using the Kaplan–Meier method with the log-rank test. Non-parametric tests or Student's t-tests were used to determine the significance of the differences between the subgroups and clinicopathological characteristics. Spearman's correlation test was used to assess the relationship between the AGI and biological pathways and clinicopathological parameters. Statistical analyses were performed using R software (Version 3.6.0). A P < 0.05 was considered statistically significant, and all P-values were two-tailed.




RESULTS


Establishment of the AGI

This study was conducted according to the flow chart shown in Figure 1. Initially, several key genes of glycolysis were observed to be commonly upregulated in tumor tissues compared with normal tissues in a series of datasets, including TCGA, LIRI-JP, GSE14520, GSE25097, GSE36376, GSE64041, and GSE76427 (Figure 2A). The GSEA results revealed that the glycolysis signaling pathway was significantly enriched in HCC tumor tissues compared with normal tissues (Figure 2B). These results suggested that the glycolysis signaling pathway may contribute to malignant tumor phenotypes. Because aerobic glycolysis is a complex biological process involving hundreds of genes, using a gene signature comprising multiple genes can predict the tumor characteristics and prognosis more accurately than a single gene. The univariate Cox regression analysis was conducted to determine the prognostically relevant genes related to the aerobic glycolysis, and 80 relevant genes were identified (Figure 2C). To further simplify the gene signature of aerobic glycolysis, LASSO regression was performed based on these prognostically relevant genes. Finally, 14 genes were selected to establish the AGI according to the partial likelihood deviance method with an optimal log λ (Supplementary Figures 1, 2). Additionally, as shown in Figure 2D, the correlations between the AGI and selected aerobic glycolysis-related genes were statistically significant. Furthermore, the correlations between the AGI and several important genes coding the rate-limiting enzymes of glucose metabolism were examined. The results demonstrated that the AGI correlated closely to these genes (HK2, r = 0.43, P < 2.2e−16; PFKP, r = 0.39, P = 1.4e−14; PFKFB3, r = 0.27, P = 2e−7; PKM2, r = 0.66, P < 2e−16), as shown in Supplementary Figure 3.


[image: Figure 1]
FIGURE 1. Flowchart presenting the establishment and validation of the gene signature.
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FIGURE 2. Construction of the aerobic glycolysis index (AGI) model and validation of the AGI in tumor and normal tissues. (A) Heatmap of glycolysis-related gene expression in different datasets. (B) Gene Set Enrichment Analysis (GSEA) of the glycolysis pathway in GSE14520. (C) Bar plot showing the hazard ratio of glycolysis-related genes in The Cancer Genome Atlas (TCGA) cohort using the univariate Cox regression. The bars represent the 95% CI. (D) Correlation between the AGI and the selected signature genes in the TCGA cohort. (E) Boxplots showing AGI differences in normal and tumor tissues in the TCGA, GSE64041, GSE14520 and LIRI JP datasets. (F) Boxplots showing AGI differences in normal and tumor tissues in the SRRSH set. (G) Receiver operating characteristic (ROC) curves for tissue type prediction using the AGI as the predictor.


After the establishment of the AGI, we first tested the capacity of AGI as an acceptable indicator of aerobic glycolysis. The AGI could distinguish HCC tumor tissues from normal tissue samples in the TCGA dataset that significantly higher AGI was observed in tumor samples, indicating enhanced aerobic glycolysis activity in these tumor samples (P = 8.1e−13, Figure 2E). To further validate the power of the AGI, we examined this index in three other HCC datasets. As shown in Figure 2E, a significantly higher AGI was observed in HCC tumor samples compared with normal tissue samples in all of three datasets (GSE64041, P = 8.1e−10; GSE14520, P < 2e−16; LIRI-JP, P < 2e−16). Furthermore, RNA sequencing data from our center (SRRSH) were applied and confirmed the reliability of AGI in distinguishing HCC tumor tissues from normal tissue samples (P < 2e−16) (Figure 2F). Then, the receiver operating characteristic (ROC) curve and area under the curve (AUC) scores were further evaluated to quantify the accuracy of the AGI to classify tumor and normal tissues. High prediction accuracies were achieved in all datasets, ruling out the possibility of over fitting (TCGA, AUC = 0.916; GSE64041, AUC = 0.825; GSE14520, AUC = 0.945; LIRI-JP, AUC = 0.846, SRRSH set, AUC = 0.902, Figure 2G).



Association of the AGI With Genomic and Proteomic Alterations

Using the optimal cutoff value based on prognostic effects, the patients in the TCGA cohort were stratified into high and low AGI groups. The distribution of gene expression in the high and low AGI groups is represented in Figure 3A. In particular, we compared the genes encoding key proteins and enzymes of aerobic glycolysis, and most of them were highly expressed in the high AGI group, supporting the close correlation between aerobic glycolysis and the AGI (Figure 3B).


[image: Figure 3]
FIGURE 3. The landscape of biological processes and characteristics of the aerobic glycolysis index (AGI) subgroups. (A) Heatmap of common differentially expressed genes based on the expression data in the high and low AGI groups. (B) Box plots showing the expression of the selected glycolysis-related genes in The Cancer Genome Atlas (TCGA) cohort. (C) Proportion of TP53 and CTNNB1 mutations in the high and low AGI groups. (D) Box plots showing the AGI in patients with TP53 mutations and wild-type TP53 (left) and CTNNB1 mutations and wild-type CTNNB1 (right). (E) The oncoPrint of copy number variations was constructed in the high and low AGI subgroups. (F) Activated gene sets enriched in the high AGI subgroup. (G) Suppressed gene sets enriched in the high AGI group. (H,I) Proteins positively (H) and negatively (I) correlated with the AGI (P < 0.05 for all proteins) based on reverse-phase protein arrays analysis of 181 samples from the TCGA using Spearman's rank correlation.


Previous reports demonstrated that aerobic glycolysis genes could be regulated by transcription factors such as p53, c-Myc, and HIF-1α. In our study, the high AGI group showed an increased proportion of TP53 mutations and a decreased proportion of CTNNB1 mutations (Figure 3C), which were the most common mutations in HCC. Accordingly, patients with a TP53 mutation showed a higher AGI than patients with wild-type TP53. Conversely, patients with a CTNNB1 mutation showed a lower AGI than patients with wild-type CTNNB1 (Figure 3D). Next, we investigated the distribution of copy number variations between the high and low AGI groups. The high AGI group showed an increased amplification frequency of Myc, AGO2, EXT1, RAD21, EIF3E, RSPO2, RECQL4, RUNX1T1, NBN, PAG1, and HEY1 (Figure 3E). These outcomes may provide novel ideas for investigating the mechanism of tumor aerobic glycolysis and copy number variation.

GSEA of the transcripts in the two groups revealed that gene sets considered to be markers of high malignancy were enriched in the high AGI group, including those E2F targets, Myc targets, epithelial–mesenchymal transition (EMT) regulators, and G2M checkpoints (Figure 3F and Supplementary Table 4). Conversely, gene sets related to oxidative phosphorylation, peroxisomes, xenobiotic metabolism, and other metabolic processes were enriched in the low AGI group (Figure 3G and Supplementary Table 4). As the EMT pathway enriched in the high AGI group, we were interested in the relationship between the AGI and tumor invasion capability. The AGI in four liver cancer cell lines (SK-hep-1, Huh7, HepG2, and HCCLM3) was calculated. The result demonstrated that cell lines with high AGI (SK-hep-1, Huh7, and HCCLM3) had increased glucose intake and lactic acid level as compared with the cell line with low AGI (HepG2). More importantly, the Transwell assay revealed that cell lines with high AGI exhibited the greater invasion capability (Supplementary Figure 4). Previous studies also have reported a close relationship between aerobic glycolysis and angiogenesis (42–44). In the present study, we compared the expression of several genes involved in angiogenesis between the high and low AGI groups. The results demonstrated that the high AGI group had increased expression of vascular endothelial growth factor A (VEGFA) and VEGFB as compared with the low AGI group (Supplementary Figure 5).

Further analysis of proteomic data revealed that the AGI was strongly correlated with the expression of cell-cycle-related proteins, including pChk1, pChk2, and CyclinB1, and other tumor hallmark proteins, such as eIF4G, pPI3K, Src, Smad1, and Smad3 (Figure 3H). Furthermore, the AGI was negatively correlated with the expression of Rb, phosphatase and tensin homolog (PTEN), cleaved poly(ADP-ribose) polymerase (PARP) (Figure 3I). Collectively, the analysis of gene mutations, copy number variations, classical signaling pathway gene sets, and proteomic data suggests that the AGI is associated with cell proliferation, tumor progression, and the inhibition of apoptosis in HCC.



Correlation Between the AGI and Clinical Characteristics

Our data showed that the AGI was closely associated with TP53, Myc, cell cycle, and EMT pathways, and therefore, we next examined whether the AGI is associated with tumor progression and metastasis. We first analyzed the relationship between the AGI and clinical characteristics of HCC patients. A significantly increased AGI was observed in patients with higher tumor grades (Figure 4A), advanced T stages, and tumor–node–metastasis (TNM) stages (Figures 4B,C) and vascular invasion (Figure 4D). Here, we defined early tumor recurrence as a tumor recurring within 2 years after primary treatment and late recurrence as cancer recurring after 2 years. The AGI was significantly higher in patients with early recurrence than in those with late recurrence (Figure 4E).
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FIGURE 4. Clinicopathological significance and prognosis prediction value of the AGI. (A) Tumor differentiation grade. (B) T stage. (C) Tumor–node–metastasis (TNM) stage. (D) Vascular invasion status. (E) Recurrence status. (F) Kaplan–Meier plot analysis of overall survival (OS) in the high and low AGI groups. (G) Kaplan–Meier plot analysis of disease-free survival (DFS) in the high and low AGI groups. (H,I) Forest plot showing the prognostic value of the AGI and clinical characteristics using univariate (H) and multivariate (I) analysis. (J) Time-dependent receiver operating characteristic (ROC) analysis comparing the AGI in predicting the 1-, 3-, and 5-year OS. (K) Time-dependent ROC analysis comparing the AGI and clinical characteristics in 5-year OS. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


Patients with a higher AGI were associated with a worse prognosis in terms of OS [hazard ratio (HR), 3.43; P < 0.001; Figure 4F] and DFS (HR, 2.07; P < 0.001; Figure 4G). The univariate Cox regression analysis revealed that the AGI (HR, 4.132), T stage (HR, 1.675), and TNM stage (HR, 1.661) were risk factors of a worse HCC prognosis (Figure 4H), and the multivariate Cox regression analysis showed that the AGI was an independent risk factor of poor prognosis (HR, 4.865; Figure 4I). The ROC curve showed that the AGI could accurately predict the 1-year (AUC, 0.787), 3-year (AUC, 0.751), and 5-year OS (AUC, 0.714) of HCC (Figure 4J), which was superior to conventional clinical parameters such as the tumor grade, status of vascular invasion, and TNM stage (Figure 4K).



Prognostic Value Validation of the AGI

A significantly increased AGI was observed in patients with higher TNM stages in three independent datasets (Figures 5A–C). The prognostic value of the AGI in HCC was validated in three independent datasets, including GSE14520 from GEO, LIRC from ICGC, and the SRRSH set from our center. By dividing the datasets into two groups according to the AGI, the distribution of the gene expression profiles and status of patients were consistent with the AGI (Figures 5D–F). Similar to the TCGA dataset, the high AGI group showed worse OS (GSE14520: HR, 2.13; Figure 5G; LIRC: HR, 2.85; Figure 5H; SRRSH set: HR, 2.53; Figure 5I) and DFS (GSE14520: HR, 1.67; Figure 5K; SRRSH set: HR, 1.77; Figure 5L) compared with the low AGI group. The ROC curve demonstrated that the AUCs of the AGI in predicting the 5-year OS of GSE14520, LIRC, and SRRSH sets were 0.676, 0.630, and 0.621, respectively (Figure 5J), indicating a robust prognostic value of the AGI.
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FIGURE 5. Validating the prognostically predictive value of the aerobic glycolysis index (AGI) in validation datasets. (A–C) Value of the AGI in different tumor stages in GSE14520 (A), LIRI-JP (B), and SRRSH set (C). (D–F) The heatmap and distribution of the 14 AGI-related gene expression profiles in GSE14520 (D), LIRI-JP (E), and SRRSH set (F). (G–I) Kaplan–Meier plot analysis of overall survival (OS) in the high and low AGI subgroups in GSE14520 (G), LIRI-JP (H), and SRRSH set (I). (J) Time-dependent ROC analysis comparing the predictive value of the AGI for 5-year OS in the three datasets. (K,L) Kaplan–Meier plot analysis of disease-free survival (DFS) in the high and low AGI subgroups in GSE14520 (K) and SRRSH set (L). *P < 0.05, **P < 0.01, ***P < 0.001.




AGI Predicts Sensitivity to Sorafenib in Both HCC Cell Lines and Patients

Sorafenib is the first-line therapy for advanced HCC. The increased expression of aerobic glycolysis-related genes has been demonstrated to promote Sorafenib resistance (45). Our results showed the AGI was closely related to advanced tumor stages and poor tumor differentiation. Moreover, a high AGI was strongly correlated with EMT, Myc, and cell cycle pathways (Figure 3B), which had been reported to be associated with impaired Sorafenib sensitivity and a worse prognosis (45). We were interested in the relationship between the AGI and Sorafenib sensitivity and wondered if the AGI could be a potential biomarker to predict drug sensitivity. Thus, the GSVA was performed, and the results revealed that the low AGI group appeared to be more sensitive to Sorafenib (Figure 6A). Then, we verified the relationship between Sorafenib sensitivity and the AGI in vitro using the data from the GDSC database, which showed that HCC cell lines with a lower AGI were more sensitive to Sorafenib (Figure 6B). Furthermore, a positive correlation between the AGI and the natural logarithm of the IC50 was observed (r = 0.61, P = 0.02, Figure 6C). Similarly, using HCC cell line data from the CCLE database, cell lines with a higher AGI showed decreased Sorafenib sensitivity (Figure 6D), and a positive correlation between the AGI and the natural logarithm of the EC50 of Sorafenib was observed (Figure 6E). Although not statistically significant due to a limited sample size, the trends suggested a potential relationship between the AGI and Sorafenib sensitivity in vitro. We next calculated the AGI in patients who received Sorafenib therapy using the transcription data from GSE109211 (the STORM trial). The patients who did not respond to Sorafenib showed a higher AGI (Figure 6F) and upregulated expression of AGI-related genes (Figure 6G). The ROC curve of the AGI in predicting the sensitivity to Sorafenib retrieved an AUC of 0.879 (Figure 6H), indicating that the AGI is a reliable biomarker in selecting suitable patients for Sorafenib treatment.


[image: Figure 6]
FIGURE 6. Association between the aerobic glycolysis index (AGI) and Sorafenib resistance. (A) The Gene Set Variation Analysis (GSVA) results showed that the Sorafenib sensitivity signature was enriched in patients with a low AGI. (B) AGI positively was correlated with the IC50 of Sorafenib in hepatocellular carcinoma (HCC) cell line data from the Genomics of Drug Sensitivity in Cancer (GDSC) database. (C) The IC50 of Sorafenib in HCC cell line data from the GDSC database with high and low AGIs. (D) AGI positively correlated with the EC50 of Sorafenib in HCC cell line data from the Cancer Cell Line Encyclopedia (CCLE) database. (E) EC50 of Sorafenib in HCC cell line data from the CCLE database with high and low AGIs. (F) Patient sensitive to Sorafenib presented significantly low AGI. (G) The heatmap and distribution of the 14 AGI-related gene expression profiles in GSE109211. (H) Receiver operating characteristic (ROC) analysis showed an area under the curve (AUC) of 0.879 for the AGI in predicting the response to Sorafenib.




Increased AGI in Sorafenib-Resistant HCC Cell Lines

To further study the relationship between the AGI and Sorafenib resistance, the expression of AGI-related genes was evaluated in different cell lines (SK-hep-1 and Huh-7) at 0, 24, 48, and 72 h after Sorafenib treatment using qPCR. The levels of AGI-related genes substantially elevated following the treatment with Sorafenib, resulting in an increased AGI (Figure 7A). These results suggested that the AGI and underlying metabolic remodeling may be closely related to Sorafenib treatment. In previous studies, we reported several HCC cell lines treated with Sorafenib for long term, which could be considered as models of Sorafenib-resistant (SR) cell lines (40, 41, 46, 47). The RNA-sequencing data revealed a high AGI in SR cell lines (SK-hep-1 and Huh7) (Figure 7B). Transcript data from GSE73571 also demonstrated an elevated AGI during the acquisition of Sorafenib resistance (Figure 7C). Thus, we proposed the following hypothesis. On the one hand, tumor cells adapted to Sorafenib therapy by shifting to aerobic glycolysis. On the other hand, cells predominantly using aerobic glycolysis were also selected by Sorafenib. Both of these processes resulted in cells with enhanced aerobic glycolysis activity. Because the AGI is applied as a marker of aerobic glycolysis signaling activity, we speculate that the inhibition of aerobic glycolysis may enhance the sensitivity of Sorafenib. A combination of Sorafenib and 2-deoxy-D-glucose (2-DG), a commonly used inhibitor of aerobic glycolysis in vitro, was added to cell cultures, resulting in the inhibition of cell proliferation (Figure 7D) and an increased fraction of apoptotic cells (Figure 7E).


[image: Figure 7]
FIGURE 7. Aerobic glycolysis index (AGI) is increased in Sorafenib-resistant hepatocellular carcinoma (HCC) cells. (A) Relative expression of AGI-related genes in HCC cell lines (left, SK-hep-1; right, Huh7) incubated with Sorafenib (5 μM) for 24, 36, and 72 h. (B) Distribution of the 14 AGI-related gene expression profiles in parental and Sorafenib-resistant HCC cell lines (SK-hep-1, Huh7). (C) AGI of Sorafenib-sensitive and Sorafenib-resistant xenografts from the GSE73571 dataset. (D) Combination of 2-DG and Sorafenib resulted in significantly decreased cell viability. (E) Combination of 2-DG and Sorafenib enhanced the apoptosis of Sorafenib-resistant cell lines (SK-hep-1 SR and Huh7 SR). *P < 0.05, **P < 0.01, ***P < 0.001.





DISCUSSION

In the present study, we developed and validated an aerobic glycolysis-related gene signature (named the AGI) to predict the prognosis and Sorafenib sensitivity in patients with HCC. This AGI showed high accuracy in detecting HCC tumors and normal tissues. A low AGI score was significantly associated with early tumor stages, good differentiation, and better OS and DFS in a series of cohorts. Interestingly, the AGI score was correlated with the sensitivity of HCC cell lines to Sorafenib. More importantly, we demonstrated that the AGI could predict the response of patients to Sorafenib using data from clinical trials. Additionally, we observed that the AGI was elevated during the acquisition of Sorafenib resistance, which provides useful information for the development of a potential strategy to enhance Sorafenib sensitivity.

Aerobic glycolysis is a common biological process by which cancer cells tend to produce ATP by decomposing glucose or glycogen into lactic acid at a higher pace despite the presence of abundant oxygen. As an indicator of tumors, aerobic glycolysis activity is regulated by transcription factors, glucose transporters, and key enzymes of glucose metabolism. More importantly, aerobic glycolysis is related to multiple key cell signaling pathways, including PI3K/Akt, mTOR, and AMPK, and tightly associated with various cellular activities, including cell proliferation and EMT. In our study, the AGI was derived from a model consisting of genes encoding glucose transporters (SLC2A1, SLC2A2), key enzymes of glucose metabolism (G6PD, LDHA), and several other genes related to glycolysis (GPC1, HMMR, PLOD2, GOT2, STC2) (48–54), thereby supporting the use of the AGI as a marker of aerobic glycolysis activity. Several important genes related to glucose metabolism including HK2, PFK, and PKM2 are missed in the model of AGI, which had been reported to be associated with poor prognosis of HCC (55–57). The AGI was constructed using a bioinformatics method called LASSO regression. All the genes related to glycolysis were included as factors, and the LASSO regression selected factors to construct a model with minimal bias and acceptable reliability. Although HK2, PFK, and PKM2 were not in the model of AGI, we have calculated and found significant correlation between AGI and these genes. Elevated aerobic glycolysis activity was reported to result in a poor prognosis of multiple solid tumors including HCC (45, 58–60). Furthermore, several microRNAs, such as miR-383, miR-142-3p, and miR-100-5p, were reported to target LDHA, which subsequently inhibited cell proliferation, invasion, and glycolysis (61–63). Shang et al. reported that the transcription factor FOXM1 promoted glycolysis by transactivating SLC2A1 expression (64). In a respective cohort of 192 patients, the glucose transporter GLUT1 was significantly upregulated in HCC tumor tissues and was an independent risk factor of poor OS and relapse-free survival (24). Lu et al. reported that elevated G6PD expression contributed to the enhanced migration and invasion of HCC cells by inducing EMT (65), which was consistent with the correlation between the AGI and EMT signaling in the present study.

A positive correlation between aerobic glycolysis activity and Sorafenib resistance in both HCC cell lines and patients was observed in this study. Patients with a high pretreatment AGI tended to develop resistance to Sorafenib. Previously, Ma et al. and Li et al. found that increased aerobic glycolysis enhanced Sorafenib resistance in both HCC cell lines and xenografts (36, 66, 67). Key enzymes and transcription factors involved in aerobic glycolysis contributed to Sorafenib resistance, through reprogramming and redox adaptation (68), interacting with voltage-dependent anion channel (VDAC) and subsequently inhibiting mitochondrial apoptosis (69, 70) and increasing the expression of HIF-1α and c-Myc, thereby activating various cellular signals related to drug resistance (71, 72). In our previous review, we believed that Sorafenib resistance was associated with complex mechanisms, including metabolic remodeling, microenvironmental interplay, cellular signaling changes, genomic instability, and cancer stem cells (20). In our study, the levels of AGI-related genes substantially elevated following the treatment with Sorafenib, suggesting metabolic switch of glucose metabolism. Tesori et al. also reported metabolic shift toward glycolysis in HCC cells treated with Sorafenib in 48 h (31). Another study by Fiume et al. found that Sorafenib could hinder oxidative phosphorylation and stimulate aerobic glycolysis (32). Enhanced aerobic glycolysis activity was observed during the acquisition of Sorafenib resistance and reflected as an increased AGI. Thus, we speculate that the inhibition of aerobic glycolysis may enhance the sensitivity of Sorafenib. By inhibiting aerobic glycolysis activity, 2-DG resensitized HCC cells to Sorafenib therapy. Furthermore, several drugs targeting glycolysis-related factors such as Metformin, Aspirin, Genistein, Simvastatin, and Proanthocyanidin B2 have been shown to be effective in reversing Sorafenib resistance (33, 34, 36, 55, 70), indicating the aerobic glycolysis pathway as a promising target for exploring new therapies.

Notably, the present study highlighted that the AGI is a reliable biomarker in predicting the response to Sorafenib therapy. To date, several clinical and biological biomarkers have been proposed to evaluate responses to Sorafenib. The GIDEON trial revealed that patients with preserved liver function exhibited better OS after treatment with Sorafenib (73). Similarly, clinical characteristics such as Barcelona Clinic Liver Cancer (BCLC) stage, viral status, and Sorafenib-related adverse events were predictive of better survival (74, 75). As for biological biomarkers, Miyahara et al. reported that high levels of serum cytokines at baseline predicted poor outcomes in HCC patients treated with Sorafenib therapy (76). Arao et al. demonstrated that FGF3/FGF4 amplification was observed in 30% of HCC patients responding to Sorafenib (77). Recently, several exploratory studies investigated the roles of microRNAs in Sorafenib resistance and reported that several upregulated/downregulated microRNAs, long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs) were predictive biomarkers of survival outcomes following Sorafenib therapy (46, 47, 78–80). Different from previous studies, the present study directly evaluated the performance of the AGI in predicting Sorafenib responses using the ROC curve and observed an optimistic AUC of 0.88, which may be more accurate and suitable in clinical practice.

The present study has several limitations. First, although the available datasets with requisite gene transcript data and clinical and treatment outcome information were all included, the predictive effectiveness of the AGI was evaluated in only a few datasets. A more careful examination is required to further confirm the accuracy of the AGI using larger and multicenter clinical cohorts in the future. Second, the AGI was derived from a model of 14 gene transcripts including several genes with very low weight or minimal detectability. A simplified AGI with fewer key genes is required to improve the robustness and clinical utility of this model. Third, the AGI was demonstrated to be essential in Sorafenib resistance and associated with various tumor hallmarks. However, several genes used to construct the AGI have not yet been reported as prognostic factors of HCC and biomarker of Sorafenib, and their underlying mechanism remains unknown.

In conclusion, we developed a gene signature based on aerobic glycolysis-related genes by integrating several transcriptomic profiles, which showed great promise for predicting prognosis and the response of HCC to Sorafenib. The AGI described in our study can be developed as a predictive biomarker for Sorafenib therapy.
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Purpose

Chemoresistance remains a major challenge in the therapy of gastric cancer (GC). The homeobox (HOX) gene family has gained attention in carcinogenesis and chemoresistance. Here, this study aimed to explore the mechanism of HOXA13 in GC chemoresistance.



Methods

Quantitative real-time PCR (qRT-PCR) and Western blot were used to evaluate the expression of HOXA13 in GC tissues. The Kaplan–Meier plotter database was mined for prognosis analysis of GC patients with different HOXA13 expression receiving 5-Fluorouracil (5-FU) therapy. The effects of HOXA13 on sensitivity of GC cells to 5-FU were investigated by Cell Counting Kit-8 (CCK-8), 5-Ethynyl-2’-deoxyuridine (EdU) incorporation, flow cytometry and experiment in vivo. RNA-Sequencing analysis was performed to explore the underlying mechanism of HOXA13-mediated 5-FU resistance in GC. Chromatin immunoprecipitation (ChIP) and rescue experiments were applied to determine the relationship between HOXA13 and ABCC4. Luciferase reporter assay was performed to assess interaction of miR-139-5p and HOXA13.



Results

HOXA13 was upregulated in GC and its high expression was associated with poor prognosis of GC patients with 5-FU treatment. Overexpression of HOXA13 impaired the inhibitory effects of 5-FU on GC cells proliferation in vitro and vivo, and knockdown of HOXA13 exacerbated 5-FU-induced GC cells apoptosis. Mechanistically, HOXA13, directly targeted by miR-139-5p in GC, might upregulate ABCC4 expression, thereby accentuating 5-FU resistance of GC cells.



Conclusion

Our study suggests that HOXA13 attenuates 5-FU sensitivity of GC possibly by upregulating ABCC4. Thus, targeting HOXA13 would provide a novel prospective into the potential therapeutic strategy for reversing chemoresistance.
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Introduction

Gastric cancer (GC) is one of the most common malignancies and faces high risk of fatality worldwide, especially in East Asia (1). Chemotherapy has been identified as one of the typical treatments for GC for decades. 5-Fluorouracil (5-FU), which is the most commonly administrated anti-cancer agent in GC, has noteworthily improved survival in patients with advanced GC (2, 3). However, the emergence of drug resistance turns out to be a major challenge to treatment efficacy, particularly in patients with recurrence and metastasis (4). Thus, probing into the underlying mechanisms and potential targets of chemoresistance of GC is crucial and could further facilitate ameliorating the prognosis of GC patients.

Homeobox (HOX) genes constitute a set of transcription factors that are essential for embryonic development and their dysregulation is involved in the tumorigenesis and chemosensitivity of multiple cancers (5–9). Recently, the role of HOXA13, a member of HOX family, in carcinogenesis and chemotherapy resistance has attracted increasing attention. For instance, the high HOXA13 expression in hepatocellular carcinoma (HCC) is associated with patients’ clinical progression and predicts disease outcome (10). Downregulation of HOXA13 inhibits cell proliferation and chemoresistance in small cell lung cancer (11). Upregulation of HOXA13 promotes resistance to gemcitabine of pancreatic ductal adenocarcinoma (PDAC) cells (12). While the significant role HOXA13 plays in various cancers, the specific mechanism of HOXA13 in GC chemoresistance remains to be further explored.

ATP-binding cassette (ABC) transporters, a group of membrane protein complexes, are divided into seven subfamilies, ABCA through ABCG (13). ABCC-subfamily (the multidrug resistance-associated proteins, MRPs), the main branch of ABC transporters, has been proven to actively pump drugs out of tumor cells, thereby avoiding the cytotoxicity of chemotherapeutics (14). Recently, many studies have illustrated the relationship between ATP-binding cassette subfamily C member 4 (ABCC4) and tumor chemoresistance. Gazzaniga et al. demonstrated that ABCC4 enhances resistance to multiple chemotherapeutic drugs in metastatic breast cancer (15). In addition, inhibiting the expression of ABCC4 sensitizes neuroblastoma to irinotecan (16).

Our previous study indicated that HOXA13 was upregulated in GC tissues and promoted proliferation and metastasis in GC cells (17). In this study, we found that high expression of HOXA13 was in association with poorer 5-FU treatment response in GC. It showed that HOXA13 overexpression increased 5-FU resistance in GC cells, while HOXA13 knockdown led to the opposite results. HOXA13 impaired the anti-proliferative effect of 5-FU and suppressed 5-FU-induced apoptosis. Mechanistically, we demonstrated that HOXA13 upregulated ABCC4 expression via binding to its promoter region, which was further testified to reverse HOXA13-induced 5-FU resistance in GC cells. Inquiring the probable regulation mechanism of HOXA13, bioinformatics analysis and experimental verification revealed that HOXA13 was directly targeted by miR-139-5p. Together, these results indicated that HOXA13 played an indispensable part in 5-FU chemoresistance in GC, during which process ABC transporters activation, especially ABCC4 upregulation, might serve as one of the essential downstream signal transduction mechanisms.



Material and Methods


Patients and Tissue Samples

Forty-two pairs of GC tissues and matched normal tissues were collected from patients undergoing GC resection at Shanghai General Hospital (Shanghai, China). The samples were obtained from the patients with informed consent. The study was approved by the Ethics Committee of Shanghai General Hospital.



Cell Lines and Cell Culture

The human gastric cancer cell lines (AGS, MKN28, MKN45, SGC7901) and normal human gastric epithelial cells-1 (GES-1) were preserved by the General Surgery Institute, Shanghai General Hospital. Cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum (Gibco, California, USA) and 1% penicillin–streptomycin. Cells were maintained at 37°C in a humidified atmosphere with 5% CO2.



Lentiviral Transduction and Transient Transfection

The HOXA13 lentiviral vector and HOXA13 shRNA lentiviral vector were supplied by Genomeditech (Shanghai, China). Lentivirus were transfected into GC cells and then stable transfected cells were selected with puromycin. Also, stable cell lines with luciferase were selected by blasticidin according to manufacturer’s instructions. The cell lines were divided into the following categories: Vector, infected with the lentiviral vector containing the control fragment; HOXA13, infected with the lentiviral vector containing the HOXA13 fragment; shNC, infected with the control shRNA lentivirus; shHOXA13, infected with Lenti-shRNA. In rescue experiments, cells were transiently transfected with siRNA targeting ABCC4 (Genomeditech) or ABCC4-overexpressing plasmid (NovaBio, Shanghai, China) using Lipo3000 (Invitrogen, California, USA).



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from tissues and cells using TRIzol (Takara, Shiga, Japan) according to the manufacturer’s instructions. RNA was reverse transcribed to cDNA using the Hifair™ First Strand cDNA Synthesis SuperMix (Yeasen, Shanghai, China). Quantitative real-time PCR was performed using the Hifair™ qPCR SYBR Green Master Mix (Yeasen) in three technical replicates. The expression values of indicated genes were normalized to GAPDH and calculated using the 2−ΔΔCt method. The primers were listed below: GAPDH F: 5’-GGGAAGGTGAAGGTCGGAGT-3’, R: 5’-GGGGTCATTGATGGCAACA-3’; HOXA13 F: 5’-GAACGGCCAAATGTACTGCC-3’, R: 5’-GTATAAGGCACGCGCTTCTTTC-3’; ABCC4 F: 5’-GCAAAATCATCGTGTTTGTGAC-3’, R: 5’-AAAAGGTCTGGATTCTTCGGAT-3’.



Western Blot Analysis

Total proteins from tissues and cells were extracted using RIPA lysis buffer with 1% protease and phosphatase inhibitor cocktail (NCM, Jiangsu, China). Cell lysates were separated by SDS-PAGE and transferred onto PVDF membranes. After blocking with protein free rapid blocking buffer (EpiZyme, Shanghai, China), the membranes were incubated with primary antibodies at 4°C overnight. The next day, the membranes were washed and incubated with HRP-conjugated goat anti-rabbit or anti-mouse secondary antibody (Cell Signaling Technology, MA, USA). Then protein bands were visualized using ECL chemiluminescent reagent (Millipore, MA, USA). The antibodies used in this study included anti-HOXA13 (1:1,000; Abcam, Cambridge, UK), anti-ABCC4 (1:1,000; Santa Cruz, CA, USA), anti-tubulin (1:1,000; Cell Signaling Technology), anti-cleaved caspase-3 (1:1,000; Cell Signaling Technology), anti-cleaved caspase-9 (1:1,000; Cell Signaling Technology), anti-MDM2 (1:1,000; Cell Signaling Technology), and anti-p53 (1:1,000; Abcam, Cambridge, UK).



The Kaplan–Meier Plotter

Survival analyses based on HOXA13 and ABCC4 expression level in GC were analyzed from the Kaplan–Meier plotter (http://kmplot.com/analysis/) (18). The GC cases with their acceptance of 5-FU were divided into two cohorts according to the auto select best cutoff. Overall survival (OS) and post progression survival (PPS) of GC patients in different groups were assessed by the Kaplan–Meier plot with hazard ratio (HR) and log-rank P value.



Drug Sensitivity Assay

To evaluate the toxicity of 5-FU in cells, GC cells were seeded into each well of 96-well plates and cultured at 37°C for 24 h. Cells were treated with graded concentrations of 5-FU for 48 h. Then 10 μl of Cell Counting Kit-8 (CCK-8) solution (Dojindo, Kumamoto, Japan) was added to each well. The absorbance at 450 nm was measured using a Gen5 microplate reader (BioTek, Vermont, USA). The experiment was tested in three technical replicates.



5-Ethynyl-2’-Deoxyuridine (EdU) Staining and Colony Formation Assays

The effect of HOXA13 on cell proliferation upon 5-FU treatment was determined by EdU incorporation assay (RiboBio, Guangdong, China). In brief, cells (1 × 104) were seeded into each well of 96-well plates. After 24 h, cells were cultured in medium supplemented with or without 5-FU for 48 h. Then, medium containing EdU was added for 2 h. The cells were fixed with methanol and stained according to manufacturer’s instructions. Cell proliferation was observed using a fluorescence microscope (DMI6000B, Leica, Germany).

For colony formation assay, cells (1 × 103) were plated in each well of 6-well plates and incubated in medium supplemented with or without 5-FU. After two weeks, colonies were fixed with methanol and dyed with 0.1% crystal violet. Then the colonies were counted.

Each experiment was performed in three technical replicates.



Apoptosis Assay

Cell apoptosis was performed by using the Annexin V-PE/7-AAD apoptosis kit (MultiSciences, Zhejiang, China). After treatment with or without 5-FU for 48 h, cells were harvested in PBS, and then approximately 5 × 105 cells were resuspended in 500 μl 1× binding buffer and mixed with 5 μl Annexin V-PE and 10 μl 7-AAD for 5 min. The stained cells were analyzed by flow cytometry (Accuri C6, BD Biosciences, USA). The experiment was performed in three technical replicates.



RNA Sequencing Analysis

AGS-HOXA13 and AGS-Vector cells were treated with 5-FU for the indicated time and total RNA was extracted using TRIzol reagent. The integrity of the purified RNA was analyzed by the 2200 Electrophoresis Bioanalyzer System (Agilent, CA, USA). RNA with RIN (RNA integrity number) >6.0 was considered acceptable for cDNA library construction. Genes were considered significantly differentially expressed under the following criteria using DESeq2: Fold change >1.5, P <0.05. The analysis was performed in three biological replicates.



Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was performed as described previously (19). Briefly, AGS cells transfected Flag-HOXA13 was fixed with 1% formaldehyde to crosslink DNA and proteins. Chromatin was sonicated to shear DNA to 200–1,000 bp size and incubated with IgG (Sangon, Shanghai, China) or anti-Flag (Cell Signaling Technology). After reversing the protein-DNA cross linking, purified DNA was used to detect the possible binding sites of HOXA13 in promoter region of ABCC4 by agarose gel electrophoresis. The primers were listed below: Primer 1 F: 5’-ACAGAGCCTCACTATGCTGGC-3’, R: 5’-CCTTAACAAGGTCAGCAGCTGC-3’; Primer 2 F: 5’-CCAGCCTGGGCAACAAAGTG-3’, R: 5’-CCACCACACCCGGCTCATAT-3’; Primer 3 F: 5’-AGCCTGGAACTCCTGGGCTAA-3’, R: 5’-TTGATAATTTCCCATGTATATTT-3’; Primer 4 F: 5’-AAAGAAAACCAAATTCTCAAA-3’, R: 5’-AATCCTCCCAACTCAGTTTAAG-3’.



In Vivo Xenograft Model

GC cells (5 × 106) were subcutaneously injected into the back of BALB/c male mice. When the volume of xenografts reached approximately 100 mm3, mice were randomly divided into two treatment groups (n = 3): the 5-FU-treated group (shNC + 5-FU and shHOXA13 + 5-FU) and the untreated control group (shNC + CON and shHOXA13 + CON). 5-FU (20 mg/kg) was intraperitoneally injected three times a week for 2 weeks in the treated group and the untreated control group receiving PBS according to the same schedule. Then all mice were euthanized. Tumor volume was calculated by the following formula: V = length × width2 × 0.5. All animal studies were approved by Animal Care and Use Committee of Shanghai General Hospital.



Immunohistochemical Staining (IHC)

IHC assay was conducted as described previously (17). Briefly, the tumor sections were deparaffinized and rehydrated before boiling in sodium citrate solution (0.01 M, pH 6.0) for antigen retrieval. After blocking endogenous peroxidase activity using 3% hydrogen peroxide, the slices were incubated with anti-HOXA13 (1:100; Abcam), anti-ABCC4 (1:100; Abcam), and anti-cleaved caspase-3 (1:100; Affinity, OH, USA) overnight 4°C. After incubation with the suitable secondary antibody, slides were counterstained with hematoxylin.



Luciferase Reporter Assay

The binding and mutant sequences of HOXA13 3’-UTR were respectively inserted into pGL3 luciferase vector (Genomeditech). Then, the plasmids were co-transfected with miR-139-5p mimics or mimics NC into HEK-293T cells. After a 48-h incubation, the relative luciferase activities were examined using Dual luciferase Assay System (Promega, WI, USA).



Statistical Analysis

Statistical analyses were conducted using SPSS 22.0 or GraphPad Prism software. The data were presented as the mean ± SD. Comparisons between two groups were performed by Student’s t-test. The correlation of the mRNA expression levels was analyzed using Pearson’s test. P <0.05 was considered statistically significant.




Results


High Expression of HOXA13 Is Associated With Poor 5-FU Treatment Response in GC

Our previous study revealed that HOXA13 was elevated in GC samples. To confirm the results, qRT-PCR was conducted and showed that the expression of HOXA13 was upregulated in 85.71% (36/42) GC tissues (Figure 1A). Correspondently, the protein levels of HOXA13 were increased in GC tissues compared with matched normal tissues (Figure 1B). To clarify the clinical significance of HOXA13 in human GC, we analyzed the data in the Kaplan–Meier plotter. As shown in Figure 1C, high HOXA13 expression was correlated with poorer OS and PPS in the patients with 5-FU based chemotherapy. These findings suggested that HOXA13 might be associated with poor 5-FU chemotherapy response. However, the worse efficacy of chemotherapy usually involves multiple factors, among which chemoresistance is one of the most common causes. Thus, we hypothesized that HOXA13 played a role in GC resistance to 5-FU and identified it for further investigation.




Figure 1 | High HOXA13 expression is associated with 5-FU resistance. (A) qRT-PCR analysis of HOXA13 and ABCC4 expression in GC tissues compared with paired normal tissues. (B) Western blot analysis of HOXA13 and ABCC4 expression in GC tissues compared with paired normal tissues. (C) The Kaplan–Meier plotter showed that upregulation of HOXA13 was significantly associated with lower OS and PPS in GC patients with 5-FU treatment. (D) In 5-FU based chemotherapy, GC patients with high ABCC4 expression had poorer prognosis (http://kmplot.com/analysis/).





HOXA13 Enhances 5-FU Resistance in GC Cells

To explore the relationship between HOXA13 expression and 5-FU cytotoxic effect on GC cells, we selected AGS and MKN28 to generate stable overexpression cell lines and SGC7901 and MKN45 to generate stable knockdown cell lines, respectively (Figures 2A–C, Supplementary Figures 1A, B). The cytotoxicity of gradient concentrations of 5-FU was detected by CCK-8 assays. As shown in Figures 2D and E, overexpression of HOXA13 enhanced AGS and MKN28 cells resistance to 5-FU. Conversely, knockdown of HOXA13 decreased 5-FU resistance in SGC7901 and MKN45 cells. In addition, we examined the effects of HOXA13 on cell proliferation in condition of 5-FU. EdU assays indicated that HOXA13-overexpressing cells displayed less significant 5-FU inhibition than the Vector cells did, while HOXA13 knockdown cells showed the opposite (Figures 2F, G). Consistently, HOXA13 overexpression cells had relatively higher colony survival rates compared to Vector groups, when treated with 5-FU for colony formation. On the contrary, the colony number of HOXA13-silencing groups was less than that of shNC groups (Figures 2H, I). These results indicated that HOXA13 overexpression enhanced 5-FU resistance, reducing the cellular 5-FU sensitivity.




Figure 2 | HOXA13 promotes 5-FU resistance in GC cells. (A) Relative expression levels of HOXA13 in cell lines were detected by qRT-PCR. (B, C) The expression levels of HOXA13 were verified by Western blot in GC cells after transfection. (D, E) CCK-8 assays detected relative cell viability of GC cells with various concentrations of 5-FU. (F G) The rates of EdU staining in HOXA13+5-FU groups were higher than those of Vector + 5-FU groups, while knockdown of HOXA13 had the opposite effect. Magnification ×200. (H, I) After 5-FU treatment, the relative colony formation rates of HOXA13-overexpressing cells were higher than that of Vector groups, while the relative rates of colonies were reduced in HOXA13 knockdown cells. *P < 0.05, **P < 0.01, ***P < 0.001.





HOXA13 Knockdown Exacerbates 5-FU-Induced Apoptosis in GC Cells

Inducing tumor cell apoptosis is considered a critical mechanism of chemotherapy (20). We used flow cytometry to study the effect of HOXA13 on 5-FU-induced apoptosis ability. Compared with Vector group, overexpression of HOXA13 weakened the capacity of 5-FU inducing apoptosis (Figure 3A). On the other hand, the apoptosis rates were significantly increased after knockdown of HOXA13 with 5-FU treatment (Figure 3B). Additionally, we analyzed the levels of apoptosis-related proteins by Western blot. As predicted, the results of 5-FU treatment showed lower levels of cleaved caspase-9 and cleaved caspase-3 in HOXA13 overexpressing-cells, as well as higher expression levels in HOXA13 knockdown cells (Figures 3C, D). The above results revealed that downregulation of HOXA13 expression exacerbated the apoptosis-inducing effect of 5-FU.




Figure 3 | HOXA13 knockdown exacerbates apoptosis induced by 5-FU in GC cells. (A, B) Flow cytometry assays detected the effect of altered HOXA13 expression and 5-FU treatment on GC cells apoptosis. (C, D) The protein levels of cleaved caspase-9 and cleaved caspase-3 in GC cells were determined by Western blot. **P < 0.01, ***P < 0.001.





HOXA13 Upregulates ABCC4 Expression Via Binding to its Promoter Region

To elucidate the underlying mechanism of HOXA13-mediated 5-FU resistance in GC cells, we performed RNA sequencing to compare the transcriptional alterations of AGS-HOXA13 + 5-FU and AGS-Vector + 5-FU cells. The volcano plot indicated 64 upregulated genes and 121 downregulated genes in the AGS-HOXA13 + 5-FU group (Fold change >1.5, P <0.05, Figure 4A). Subsequently, we performed pathway analysis based on the KEGG database and found that the upregulated genes were significantly relevant to ABC transporters (Figure 4B). Due to the potential clinical significance of ABC transporters in chemoresistance (21, 22), we postulated that ABC transporters activation might play an important role in HOXA13-mediated 5-FU resistance. Further analyzing the relationship between HOXA13 and ABC transporters, we found upregulation in transcript amounts of four ABC transporter genes, ABCC4, ABCA5, ABCA8 and ABCA12, detected in the AGS-HOXA13 cells treated by 5-FU, among which the differential expression of ABCC4 was prominent (Figure 4C). Subsequently, we examined ABCC4 expression in GC cells with different HOXA13 expression. It showed that the significant increase in ABCC4 expression was accompanied by elevated level of HOXA13. Likewise, in SGC7901 and MKN45 cells, ABCC4 downregulation was linked to HOXA13 knockdown (Figure 4D). ABCC4 was upregulated in 76.19% (32/42) GC samples indicated by qRT-PCR (Figure 1A), and positively correlated with HOXA13 in mRNA levels disclosed by the correlation analysis (Figure 4E). The patients with high ABCC4 expression had shorter OS and PPS with treatment of 5-FU shown by the Kaplan–Meier plotter (Figure 1D). To explore the relationship between HOXA13 and ABCC4, we predicted the binding sites of HOXA13 in ABCC4 promoter region by JASPAR (http://jaspar.genereg.net/) and designed four primer sequences (Supplementary Figure 1C). HOXA13 was demonstrated to enriched in primer 1 within the ABCC4 promoter tested by ChIP assay and agarose gel electrophoresis (Figures 4F, G). These results indicated that HOXA13 might upregulate ABCC4 expression via binding to its promoter region.




Figure 4 | HOXA13 upregulates ABCC4 expression via binding to its promoter region. (A) Volcano plot showed significantly upregulated genes in AGS-HOXA13 + 5-FU relative to AGS-Vector + 5-FU. (B) Pathway analysis revealed that ABC transporter pathway was significantly enriched. (C) Heatmap showed that ABCC4 was obviously upregulated in ABC transporter family. (D) The protein expression levels of ABCC4 in the indicated cell lines with altered HOXA13 expression. (E) Pearson’s correlation analysis of the mRNA levels of HOXA13 and ABCC4 in GC samples. (F) HOXA13 binding to the ABCC4 promoter region was predicted by JASPAR (http://jaspar.genereg.net/). (G) The results of ChIP assay and agarose gel electrophoresis indicated HOXA13 enriched in primer 1 within the ABCC4 promoter.





siABCC4 Reverses HOXA13-Induced 5-FU Resistance in GC Cells

To further investigate the role of ABCC4 in HOXA13-mediated chemoresistance, we used siRNA to silence ABCC4 expression in AGS-HOXA13 cells. Also, MKN45-shHOXA13 cells were transiently transfected with ABCC4-overexpressing plasmid (Figure 5A). Upregulating ABCC4 expression reversed partly the effects of HOXA13 knockdown on 5-FU anti-proliferation process, while decreasing ABCC4 expression, the cell proliferation inhibitory effects of 5-FU were restored, indicated by CCK-8, EdU and colony formation assays (Figures 5B–D). In addition, after downregulating ABCC4, the apoptotic rate of AGS-HOXA13 cells partly increased suggested by flow cytometry. Conversely, in MKN45-shHOXA13 cells, upregulation of ABCC4 produced the same rescue effect (Figure 5E). Overall, the results demonstrated that HOXA13 promoted 5-FU resistance of GC cells through upregulating ABCC4 expression.




Figure 5 | siABCC4 reverses HOXA13-mediated 5-FU resistance in GC cells. (A) The protein levels of ABCC4 were detected in AGS cells including Vector, HOXA13 and HOXA13 + siABCC4 groups and MKN45 cells including shNC, shHOXA13 and shHOXA13 + ABCC4 groups. (B–D) CCK-8 assays, EdU assays and colony formation assays revealed that depletion of ABCC4 enhanced anti-proliferative effect of 5-FU in HOXA13-overexpressing cells, while overexpression of ABCC4 weakened that of 5-FU in HOXA13 knockdown cells. Magnification ×200. (E) After inhibiting of ABCC4 expression, the apoptotic levels of HOXA13-overexpressing cells induced by 5-FU was increased, while ABCC4 overexpression in HOXA13 knockdown cells had the same rescue effect. **P < 0.01, ***P < 0.001.





HOXA13 Knockdown Sensitizes GC Cells to 5-FU In Vivo

We generated a subcutaneous tumor model to assess the role of HOXA13 in 5-FU anti-tumor effect in vivo. The result showed that the tumor volumes of MKN45-shHOXA13 group were smaller than those of shNC group, indicating knockdown of HOXA13 weakened tumorigenicity of MKN45 cells. Even more remarkably, although the tumor sizes of 5-FU groups were smaller than those of CON groups, 5-FU impeded tumor formation of shHOXA13 group more significantly (402.19 to 128.92 mm3; −67.95%), compared with shNC group (529.75 to 448.38 mm3; −15.36%), suggesting that suppression of HOXA13 improved the sensitivity of MKN45 cells to 5-FU (Figures 6A, B). The positive staining of HOXA13 and ABCC4, shown by IHC, was detected in shNC group, whereas the expression of ABCC4 was reduced in shHOXA13 group (Figure 6C). When comparing four groups of xenograft tumors (shNC + CON, shNC + 5-FU, shHOXA13 + CON and shHOXA13 + 5-FU), it showed that the staining intensity of cleaved caspase-3 was the lowest in shNC + CON group, mild in shNC + 5-FU and shHOXA13 + CON groups, and the most significant in shHOXA13 + 5-FU group (Figure 6D).




Figure 6 | HOXA13 knockdown increases sensitivity of GC cells to 5-FU in vivo. (A) Bioluminescence images of tumors formed by subcutaneously injecting MKN45 cells, followed by 5-FU or control (CON) treatment. (B) The final tumor volumes in each group were measured. (C) IHC staining of HOXA13 and ABCC4 were performed in tumor tissues. (D) IHC staining of cleaved caspase-3 was obvious in shHOXA13 + 5-FU group. Magnification ×200. *P < 0.05, ***P < 0.001.





HOXA13 Is Directly Targeted by miR-139-5p

MicroRNAs (miRNAs), a class of small non-coding RNAs, can regulate the expression of target mRNAs by interacting with the 3’-UTR region (23). To further investigate whether HOXA13 expression can be directly regulated by miRNAs in GC, we analyzed downregulated miRNAs in microarray expression dataset (GSE23739). Combined with bioinformatics analysis (TargetScan, miRDB and miRWalk), we discovered that three candidate miRNAs potentially bound with HOXA13 (Figure 7A). Among these miRNAs, only miR-139-5p was involved in the progression of gastric cancer according to previous reports (24–26), which was further verified downregulated in GC cells compared to GES-1 and negatively associated with the expression of HOXA13 in GC tissues in our study (Figures 7B, C). Therefore, miR-139-5p was selected as a putative candidate for further validation. The luciferase reporter assay of HEK-293T cells showed that fluorescence activity was significantly reduced after co-transfection of miR-139-5p mimics and wild-type HOXA13, while co-transfection of miR-139-5p mimics and mutant HOXA13 had no effect on luciferase activity (Figures 7D, E). Meanwhile, miR-139-5p mimics transfection decreased the protein level of HOXA13 compare to that in mimics NC, whereas transfecting miR-139-5p inhibitor led to a converse response (Figure 7F). Previous research revealed that HOXA13 conferred 5-FU resistance via MDM2-p53 pathway (27). In this study, we observed that MDM2 expression was decreased with downregulation of HOXA13 transfected with mimics, while p53 expression was increased (Figure 7F). Taken together, these findings indicated that miR-139-5p could directly target HOXA13 in GC.




Figure 7 | HOXA13 is directly targeted by miR-139-5p in GC. (A) Potential miRNAs that target HOXA13 were predicted by GEO dataset and online prediction tools. (B) Relative expression levels of miR-139-5p in cell lines were detected by qRT-PCR. (C) Pearson’s correlation analysis of the mRNA levels of miR-139-5p and HOXA13 in GC samples. (D) The predicted miR-139-5p binding site in HOXA13 and sequences of wild-type (WT) and mutant (MUT) 3’-UTR of HOXA13. (E) Relative luciferase activity were performed in HEK-293T cells after co-transfection with HOXA13 WT or HOXA13 MUT and miR-139-5p mimics or NC. (F) The protein expression levels of HOXA13, MDM2 and p53 were detected in MKN45 cells transfected with miR-139-5p mimics or NC and AGS cells transfected with miR-139-5p inhibitor or NC. **P < 0.01. ns, no significant.






Discussion

HOXA13 has been reported to play a pivotal role in the normal growth and differentiation of mammalian tissues (28). Recently, a booming number of studies have demonstrated that aberrant HOXA13 expression correlates with proliferation, metastasis, prognosis and chemoresistance in various types of cancer (29–31). High expression of HOXA13 was an independent prognostic marker of poor outcome in GC elucidated in our previous study (32). HOXA13 overexpression promoted the growth and metastasis of GC cells (17). Herein, we further explore the role and mechanism of HOXA13 in chemosensitivity of GC.

In the present study, we reconfirmed that HOXA13 was upregulated in GC samples. Next, we analyzed the prognosis of GC patients receiving 5-FU based chemotherapy. And the Kaplan–Meier plotter suggested that high expression of HOXA13 was associated with poor response of 5-FU treatment in GC. However, whether the unfavorable prognosis of 5-FU treatment in GC was directly attributed to chemoresistance required detailed validation.

In order to confirm the possibility of the hypothesis, we examined that whether altered HOXA13 expression had influence on 5-FU sensitivity of GC cells. The results showed that HOXA13 overexpression promoted GC cells to be resistant to 5-FU, whereas 5-FU resistance of HOXA13 knockdown groups significantly diminished compared with that of shNC groups, indicating that HOXA13 upregulation enhanced 5-FU resistance, namely weakened sensitivity of GC cells to 5-FU.

Subsequently, we observed the effect of HOXA13 expression on GC cell growth with 5-FU treatment. Cells in each group with low expression of HOX13 treated with 5-FU showed the slowest proliferation rate and smallest colony ratio, demonstrated by EdU staining and colony formation assay respectively. Afterward, we used flow apoptosis assay to examine the proportion of apoptotic cells in GC cells upon 5-FU treatment. The results showed that the apoptotic rate of shHOXA13 + 5-FU groups was significantly increased compared with shNC+5-FU groups, suggesting that HOXA13 knockdown enhanced 5-FU-induced apoptosis. The above experiments indicated that HOXA13 knockdown enhanced the inhibition effect of 5-FU on cell proliferation and promoted 5-FU-induced apoptosis, thereby increasing the sensitivity of GC cells to 5-FU.

In vivo experiment also verified the above results. Compared with shNC group, the tumor sizes of shHOXA13 group were more significantly inhibited by 5-FU, indicating that downregulation of HOXA13 expression improved the sensitivity of GC cells to 5-FU in vivo. What’s more, the expression of cleaved caspase-3 in shHOXA13 + 5-FU group was significantly higher than other three groups, suggesting that HOXA13 knockdown augmented 5-FU induced apoptosis in vivo.

To explore the underlying mechanisms of HOXA13-mediated 5-FU resistance in GC cells, transcriptome sequencing was utilized to profile differentially expressed genes in AGS cells with 5-FU treatment (AGS-HOXA13 + 5-FU vs. AGS-Vector + 5-FU). The results showed that in AGS-HOXA13 + 5-FU group, upregulated genes were predominantly enriched in the following pathways: ABC transporters, drug metabolism-cytochrome P450 and chemical carcinogenesis, among which the enrichment of ABC transporters dominated. To date, ample studies have demonstrated that a major mechanism of chemoresistance in cancers is the upregulation of ABC transporters expression (33, 34). ABC transporters, located in cell membrane, are a group of ATP-dependent pumps that transports substrates out of cells (35). Of these, the C subgroup, also called the multidrug resistance-associated proteins (MRPs), has attracted growing attention in tumor chemoresistance (36, 37). Combined with the sequencing results, we speculated that 5-FU resistance induced by HOXA13 might be related to activation of ABC transporters. Further analysis confirmed that ABCC4 was significantly upregulated in AGS-HOXA13+5-FU cells leading to the inference that ABCC4 might be a potential downstream target of HOXA13. As a member of MRPs, ABCC4 is a versatile efflux transporter for many drugs, including chemotherapeutic drugs (38). As shown by research in prostate cancer, inhibition of ABCC4 expression restores the docetaxel sensitivity (39). ABCC4 is transcriptional regulated by FoxM1, promoting carboplatin resistance in retinoblastoma (40). Abbaszadegan et al. found that KCTD12 decreases 5-FU resistance in esophageal squamous carcinoma cell by down-regulating ABCC4 (41). Interestingly, this study revealed that ABCC4 was upregulated in GC tissues, and mRNA expression of HOXA13 was positively correlated with that of ABCC4. The unfavorable prognosis of GC patients with high ABCC4 expression was found in the case of 5-FU based chemotherapy, suggesting that ABCC4 expression was associated with efficacy of 5-FU in GC patients.

To further investigate whether there was a regulatory relationship between HOXA13 and ABCC4, we examined the impact of HOXA13 expression alternation on ABCC4 in GC cells. The results showed that ABCC4 expression was upregulated in HOXA13-overexpressing cells and downregulated in HOXA13 knockdown cells, prompting that HOXA13 might modulate the expression of ABCC4. Noticeably, the JASPAR database indicated the possibility of HOXA13 binding to the ABCC4 promoter. Therefore, we designed four primer sequences for ChIP assay and studied whether HOXA13 could bind to promoter region of ABCC4. The result showed that HOXA13 might enrich in the ABCC4 promoter region. Subsequent rescue experiments confirmed that inhibition of ABCC4 expression attenuated the ability of HOXA13 overexpression enhanced 5-FU resistance of GC cells, while upregulation of ABCC4 partly reversed the process of HOXA13 knockdown promoted GC cells sensitivity to 5-FU. These findings suggested that HOXA13 upregulated ABCC4 expression possibly by binding to its promoter, and ABCC4 might play a crucial role in HOXA13-mediated insensitivity of GC to 5-FU.

Increasing evidences have demonstrated that miRNAs play an important role in tumor progression through post-transcriptionally regulating functional mRNAs expression (42). In this study, miR-139-5p, identified by GEO dataset and bioinformatics analyses, was downregulated in GC cells and negatively correlated with HOXA13 in GC tissues. Moreover, by mechanism experiments, we confirmed that miR-139-5p directly might bind to HOXA13 3’-UTR to downregulate its expression. However, the role of miR-139-5p in chemoresistance of GC cells remains to further researched.

In conclusion, our study shows that HOXA13 is upregulated in GC samples and associated with poor prognosis of GC patients in the case of 5-FU treatment. High HOXA13 expression enhances 5-FU resistance and reduces 5-FU sensitivity, as well as alleviates the anti-proliferative effect of 5-FU and suppresses 5-FU-induced cell apoptosis. And ABC transporter pathway activation, especially ABCC4 upregulation, may play an important role in HOXA13-mediated 5-FU resistance. HOXA13 expression is directly suppressed by miR-139-5p in GC cells. Targeting the HOXA13/ABCC4 axis is expected to be a potential therapeutic strategy for reducing resistance to chemotherapy.
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The standard third-line treatment of metastatic colorectal cancer (mCRC) includes the small-molecule anti-vascular drugs (Regofenib and Fruquintinib) and the chemotherapy drug trifluridine and tipiracil hydrochloride (TAS-102). There is no standard treatment for mCRC if the third-line treatment failed. Therefore, it is a pressing need to develop new therapeutic approaches to improve the survival of patients who developed drug resistance to the third-line treatment. In this study, we report a case of mCRC with RAS/BRAF wild-type, who was successfully treated using cetuximab in combination with fruquintinib after resistance to chemotherapy, bevacizumab, cetuximab and regorafenib. This patient responded to this combination regimen. Then, we discuss the mechanisms of action of this combination. Furthermore, we introduce the clinical trials on the combination regimens of anti-EGFR with anti-vascular monoclonal antibodies. Finally, we discuss the clinical explorations of using combination of anti-EGFR with small-molecule anti-VEGF drugs and their potential benefits. The clinical effects of small-molecule anti-vascular drugs in combination with anti-EGFR in the treatment of CRC warrant further explored.
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Introduction

Therapeutic regimens for metastatic colorectal cancer (mCRC) include chemotherapy and targeted therapy. The chemotherapeutic drugs generally include fluorouracil, oxaliplatin, and irinotecan, while targeted drugs include the antiangiogenic drugs (bevacizumab, ziv-aflibercept, and ramucirumab) and anti-EGFR drugs (cetuximab or panitumumab for RAS, BRAF wild-type patients). With the application of these drugs and the development of predictive factors, the median overall survival (OS) of patients with mCRC has exceeded 30 months (1). However, the prognosis of patients who failed the first- and second-line treatments is still poor. At present, the third-line standard treatment of mCRC include small-molecule anti-vascular drugs, such as regorafenib and fruquintinib, and chemotherapeutic drugs, such as trifluridine and tipiracil hydrochloride tablets (TAS-102). For patients with RAS/BRAF wild-type who have not used the anti-EGFR drug, cetuximab in combination with irinotecan can be selected (2–6). For patients with rare mutations, including HER2 amplification, BRAF mutation, and MSI-H, corresponding targeted drugs (7) can be applied.

Currently, there is no standard treatment available after CRC patients develop drug resistance to the third-line treatment. The treatments for those patients include different combination of drugs and are in the exploratory stage. Anti-VEGF drugs combined with immune checkpoint inhibitors in proficient mismatch repair(pMMR) patients (8) or TAS-102 combined with Anti-VEGF drugs (9) are commonly used. Rechallenge of chemotherapy, cetuximab and the combination of anti-EGFR and anti-VEGF are alternatives.

Hear we report a case of advanced CRC who is RAS/BRAF wild-type and developed drug resistance to the previous therapy. This patient was treated successfully by a small-molecule anti-vascular drug in combination with cetuximab. The aim of this study is to present the mechanisms of action and clinical applications of anti-EGFR combined with anti-VEGF drugs, and discuss the potential benefits of this combination.



Case Presentation

The patient was a 52-year-old male. In March 2017, the patient presented with hematochezia without obvious causes, and a mass of about 2.7 × 3.5 cm was found 35 cm from the anus through electronic colonoscopy. CT imaging showed a sigmoid colon neoplasm, invading to the serosa, local multiple lymph node metastases, liver, and lung multiple metastases. The biopsy confirmed the patient had moderately differentiated adenocarcinoma of the sigmoid colon. The blood level of carcinoembryonic antigen (CEA) and CA199 in this patient was normal. The tumor stage was diagnosed as T3N1M1b. The hepatobiliary surgeon assessed liver metastasis as unresectable. A genetic testing was performed and revealed wild type KRAS, NRAS, BRAF, and PIK3CA of the cancer. Immunohistochemical (IHC) staining showed positive for mutS homolog 2 (MSH2), mutS homolog 6 (MSH6), and mutl homolog l gene (MLH1), and weakly positive for PMS1 homolog 2 (PMS2). The DNA mismatch repair (MMR) was proficient mismatch repair (pMMR). IHC staining of HER2 was negative. According to the treatment guidelines, the first-line treatment should be chemotherapy combined with cetuximab. Because cetuximab was not included in the national medical insurance at that time, bevacizumab in combination with XELOX chemotherapy was applied as the first-line treatment from May to August 2017. The treatment efficacy was partial response (PR). The patient was followed with maintenance treatment using capecitabine. The efficacy was progressive disease (PD) in June 2018. Bevacizumab in combination with FOLFOX chemotherapy was introduced in August 2019, and the efficacy was PD in January 2019. Cetuximab in combination with irinotecan chemotherapy was started as the third-line treatment in January 2019. CT imaging indicated cancer progression in September 2019. Therefore, he was treated with regorafenib as the fourth-line therapy in October 2019 for two cycles. Reexamination indicated PD in December 2019. CEA level was 48.6 mmol/L and CA199 level was 39.3 mmol/L. Because TAS-102 is not approved in China, from January 30 to August 6, 2020, this patient received 11 cycles of cetuximab, 500 mg/m (2) biweekly, in combination with fruquintinib, 5 mg once daily for the first 3 weeks of each 4 weeks as the fifth-line therapy. During this period, reexamination by abdominal contrast-enhanced CT on April 3, 2020, indicated stable disease (SD) with tumor shrinkage. Reexamination by the chest and abdominal contrast-enhanced CT on June 6, 2020, indicated SD (Figure 1). CEA and CA199 levels were decreased to 20.33 mmol/L and 13.89 mmol/L, respectively. The last evaluation was conducted in August 2020, and the progression-free survival (PFS) was 8 months. During the treatment, the patient had elevated grade 1 aspartate aminotransferase and alanine aminotransferase, elevated grade 1 hypercalcemia, and grade 1 acne-like rash. There was no other obvious side effect.




Figure 1 | On December 18, 2019, CT showed hepatic S3 metastases with a long diameter of 1.8 cm (A), hepatic S6 metastases with a long diameter of 4.4 cm (B), right upper lung metastases with a long diameter of 0.3 cm (C), and a metastatic tumor of left upper lung, with a long diameter of 0.25 cm (D). On April 3, 2020, CT showed hepatic S3 metastases with a long diameter of 1.4 cm (E), hepatic S6 metastases with a long diameter of 4.5 cm (F), and right upper lung metastases with a long diameter of 0.3 cm (G). The original left upper pulmonary nodule was not shown. On June 6, 2020, CT showed hepatic S3 metastases with a long diameter of 2.1 cm (H), hepatic S6 metastases with a long diameter of 5.2 cm (I), and right upper lung metastases with a long diameter of 0.3 cm (J). The original left upper pulmonary nodule was not shown. On August 6, 2020, CT showed hepatic S3 metastases with a long diameter of 2.1 cm (K), hepatic S6 metastases with a long diameter of 5.5 cm (L), and right upper lung metastases with a long diameter of 0.3 cm (M). The original left upper pulmonary nodule was not shown.





Current Status of the Third-Line Regimen

As an oral small-molecule multi-target kinase inhibitor, regorafenib inhibits multiple targets, including VEGFR1, VEGFR2, VEGFR3, TIE2, Kit, RET, PDGFR, and FGFR1 (2). The CORRECT trial and the CONCUR trial using the third-line therapy in CRC patients have shown that the median OS (mOS) of the regorafenib group is significantly better compared with the placebo group (6.4, 8.8 months vs. 5.0, 6.3 months, HR=0.77) (3, 4). Fruquintinib is a small-molecule antiangiogenic agent independently developed in China. The results of the FRESCO trial have indicated that the mOS of Chinese CRC patients treated with fruquintinib as the third-line therapy is significantly prolonged compared with the patients receiving placebo (mOS: 9.3 months vs. 6.6 months, HR=0.65) (5). TAS-102 is a new type of cytotoxic antineoplastic drug used in the third-line therapy. TAS-102 significantly prolonged the OS compared with the placebo group in advanced CRC patients (6, 10). Cetuximab is an anti-EGFR monoclonal antibody recommended to be used as a third-line therapy for anti-EGFR-therapy naïve, RAS wild-type advanced CRC patients (11). Cetuximab can be rechallenged in CRC patients resistant to cetuximab. It has been found that after the discontinuation of anti-EGFR monoclonal antibodies, RAS and EGFR relative mutant allele frequency decays exponentially (r2 = 0.93 for RAS; r2 = 0.94 for EGFR) with a cumulative half-life of 4.4 months. This finding supported the re-challenge of anti-EGFR monoclonal antibodies after the initial failure and guided the optimal timing of re-challenge initiation (12). A phase II single-arm study has reported a response rate of 21% for the rechallenged use of cetuximab. Patients with RAS wild-type ctDNA have significantly longer PFS than RAS-mutated patients (median PFS, 4.0 vs. 1.9 months) (13). The re-challenging regimen usually uses cetuximab plus irinotecan. However, only few studies have focused on the combined use of cetuximab and antiangiogenic agents.



The Mechanisms of Combination of Anti-EGFR and Anti-VEGF Drugs

The VEGF and EGFR share the same downstream signal transduction components. Therefore, therapies targeting these two pathways may have additive or even synergistic therapeutic effects. Compared with the inhibition of a single pathway, the combination of VEGF antisense oligonucleotides and cetuximab to block VEGF and EGFR enhanced the antitumor activity and improve the survival rate in mice carrying CRC xenografts of human GEO colon cancer cells (14). Similarly, the combination treatment of cetuximab and antiVEGF-2 monoclonal antibodies improved the antitumor activity of mice with metastasis induced by the intraperitoneal injection of KM12L4 human colon cancer cells (15). Treatment with anti-EGFR monoclonal antibodies can inhibit VEGF production, while treatment with vandetanib (a tyrosine kinase inhibitor of VEGF receptors) can prevent epidermal growth factor-induced EGFR phosphorylation (16). Anti-VEGF and EGFR antibodies could not only reduce CRC cells proliferation and invasion in vitro, but also inhibit the tumor growth and angiogenesis in vivo through inhibiting the activation of AKT and ERK signaling pathways. This study partly explains the underlying mechanisms of the combinational use of anti-VEGF and anti-EGFR drugs (17). These preclinical studies with improved tumor inhibition may be attributed to elucidate the interaction between VEGF and EGFR signaling pathways.

Furthermore, anti-VEGF and anti-EGFR can also affect tumor microenvironment (TME). Cetuximab can stimulate antibody-dependent cell-mediated cytotoxicity (ADCC) and induce innate and adaptive immunity (18). Anti-VEGF can increase the infiltration of immune effector cells into tumors and convert the intrinsically immunosuppressive tumor microenvironment to an immune-supportive one (19). Regorafenib has the important effect of enhancing anti-tumor immunity via macrophage modulation and anti-immunosuppression by inhibiting CSF1R (20, 21). But their combinational effect on TME remains unknown. Therefore, the effect of this combination regimen on TME warrants further investigation.



Clinical Trials on Combinational Use of Anti-EGFR and Anti-Vascular Monoclonal Antibodies

The BOND-2 study is a phase II clinical trial of cetuximab, bevacizumab, and irinotecan compared with cetuximab and bevacizumab alone in irinotecan-refractory colorectal cancer. It showed that the time to tumor progression (TTP) is 7.3 months in patients receiving the combination treatment of cetuximab, bevacizumab, and irinotecan. The response rate is 37%, and the OS is 14.5 months. These response rates are superior to that of other studies involving patients with refractory mCRC (22). However, the subsequent phase III trial does not show the same results. PACCE is a phase III randomized open-label clinical trial to evaluate the efficacy of oxaliplatin or irinotecan plus bevacizumab with or without panitumumab as the first-line therapy in mCRC (23).

The results in the combination group do not indicate benefit in PFS and OS (PFS: 10.0 months vs.11.4 months; HR 1.27; OS: 19.4 vs. 24.5 months; HR, 1.43). CAIRO2 is a phase III randomized open-label clinical trial, which evaluates the efficacy and safety of bevacizumab and capecitabine/oxaliplatin with or without cetuximab as the first-line therapy in 755 mCRC patients (24). The efficacy endpoint showed a shortened PFS in the patients receiving the combination treatment of bevacizumab and cetuximab (9.4 months vs. 10.7 months; HR, 1.22). The overall incidence of grade 3/4 toxicity in the combination treatment group is significantly increased. Therefore, the current anti-EGFR drug in combination with macromolecule bevacizumab for the treatment of advanced CRC has not been approved (Table 1).


Table 1 | Combination treatment of anti-EGFR and anti-VEGF drugs in patients with metastatic colorectal Cancer.





Clinical Trials on Combination Treatment of Anti-EGFR and Small-Molecule Anti-VEGF Drugs

Fruquintinib and regorafenib are all small-molecule anti-VEGF agents. Fruquintinib and regorafenib are VEGFR1/2/3 inhibitors with high selectivity (25), that inhibit tumor cell proliferation and angiogenesis (26). Clinical studies have indicated that bevacizumab-resistant CRC patients can be benefited from fruquintinib and regorafenib treatment (3–5), most likely associated with the fact that bevacizumab only targets VEGF1, and the bypass is activated. The resistance to bevacizumab is mostly attributed to the activation of other VEGFs. Therefore, switching to fruquintinib and regorafenib has some efficacy and been clinically validated. The macromolecular anti-vascular drug bevacizumab in combination with anti-EGFR drugs has no clinical effect in the treatment of CRC, which may be related to the single inhibitory target of bevacizumab and macromolecular monoclonal antibody. According to preclinical studies (12–14), anti-VEGF and anti-EGFR may have a synergistic effect. An exploratory study of regorafenib in combination with cetuximab in the treatment of advanced tumors has been performed. Early clinical studies and subsequent phase IB studies have shown a certain effective rate in the treatment of advanced tumors (27, 28). In the early clinical trial, one CRC patient achieves PR, and the subsequent phase IB study has reported that one CRC patient among five patients achieves PR. These two clinical studies have demonstrated a certain efficacy of regorafenib in combination with cetuximab in cancers. The patients can generally tolerate the toxic and side effects after dose adjustment. However, the patients enrolled in these two studies have diverse cancers. Therefore, the trials do not clearly reflect the efficacy of CRC patients.

Currently, there is no report on fruquintinib in combination with cetuximab in the treatment of mCRC. In this case, the patient with mCRC underwent the fourth-line treatment with cetuximab and regorafenib. The efficacy was SD and the PFS exceeded 8 months. No serious side effects were observed in this patient, and the tolerability was acceptable. Compared with the single-agent fruquintinib with a PFS of 3.71 months, the combinational treatment was more effective than treatment with fruquitinib alone, and it may help to reverse the resistance to chemotherapy, cetuximab and regorafenib. The reason might be partly attributed to the mutual synergy of anti-EGFR drug cetuximab in combination with the anti-vascular drug fruquintinib. The mechanism underlying the reversed resistance should be further explored. The major limitation of this study is that, this combinational use is in only one case study. The clinical effects of small-molecule anti-vascular drugs in combination with cetuximab in the treatment of CRC should be further investigated.



Conclusion

Patients with advanced RAS/BRAF wild-type CRC after resistance to third-line therapy should consider using the combination of small-molecule antiangiogenic agents and anti-EGFR drugs.
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Drug resistance often occurs after chemotherapy in esophageal cancer patients, leading to cancer metastasis and recurrence. However, the relationship among cancer cell migration, recurrence and drug resistance in esophageal cancer drug-resistant cells has not been clearly explained. In this study, we constructed paclitaxel (PTX)-resistant esophageal cancer cells to explore the causes of drug resistance and poor prognosis after chemotherapy in esophageal cancer. Colony formation assay was used to evaluate the difference of colony formation between parental cells and drug resistance cells. Microsphere formation assay was used to examine the phenotype of stem cells. Wound healing and Transwell assays were used to detect the migration ability of drug-resistant cells. Western blotting and immunofluorescence assays were used to explore the mechanisms. Finally, we used nude mouse xenograft model to explore the tumor characteristics and the expression of relative proteins to verify our findings in vivo. Our study demonstrated that the cancer cell stemness characteristics exist in drug-resistant esophageal cancer cells, that expressed the biomarkers of stem cells and were prone to epithelial-mesenchymal transition (EMT). Our results suggested that the expression of EMT biomarkers and stemness-related proteins increased in esophageal cancer cells after continuously using chemotherapeutic drugs for a period of time. This study indicated that simultaneously targeting EMT and stemness could be a better strategy for the treatment of esophageal cancer drug resistance.
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Introduction

Esophageal cancer is one of the most common human digestive tract cancers and ranked as the sixth leading cause of cancer-related death worldwide (1). The 5-year overall survival rate of patients with advanced esophageal cancer is less than 10% (2). Esophageal squamous cell carcinoma (ESCC), as the predominant histologic type in China, seriously endangering people’s health (3). Surgical treatment, radiation therapy, chemotherapy, targeted therapy, and immunotherapy are accepted treatment options for patients. Among them, chemotherapy plays a dominant role. Chemotherapeutic agents, such as paclitaxel (PTX), are used widely for the treatment of advanced human cancers. However, long-term application of chemotherapeutic agents often leads to drug resistance even they are effective initially (4). In particular, tumor cells are more prone to invasion, metastasis, and recurrence after cancers develop chemotherapeutic resistance, leading to poor prognosis.

Cancer stem cells (CSCs) refer to a group of tumor cells with self-renewal capacity and differentiation potential, which can re-initiate tumor formation (5, 6). Studies have shown that the increase of recognizable stemness-related biomarkers in tumor cells is associated with driving the proliferation of tumor cells, the resistance of treatment and the recurrence of cancers (7–10). Previous studies have shown that CSCs exist in esophageal cancer (11). Although there is less consensus on biomarkers of CSCs in esophageal cancer so far, it has been determined that the poor prognosis of esophageal cancer patients is closely related to CSCs (12, 13).

CSCs also showed the tendency to invade and metastasize (14, 15). Epithelial-mesenchymal transition (EMT) plays a significant role in cancer metastasis and invasion (16). EMT, which transforms polarized epithelial cells to a motile mesenchymal phenotype, plays a primary role in morphologic changes in various physiological processes (17). A number of studies have shown that EMT contributes to the early spread of cancer cells, which is often activated during tumor invasion and metastasis (18). EMT is closely associated with poor prognosis in multiple types of cancers, including prostate cancer (19), breast cancer (20), lung cancer (21), hepatocellular carcinoma (22), and other cancers.

In this study, we investigate the association of cancer cell stemness along with EMT characteristics in drug-resistant esophageal cancer cells.



Materials and Methods


Materials

Paclitaxel was purchased from Hainan Quanxing Pharmaceutical Co., Ltd. (Hainan, China). MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) was purchased from Solarbio (Beijing, China). DMSO (Dimethyl sulfoxide) was acquired from Solarbio (Shanghai, China). Hoechst 33258 was purchased from Beyotime Biotechnology (Shanghai, China). Primary antibodies against ZO-1, Claudin-1, E-cadherin, β-catenin, Vimentin, N-cadherin, NANOG, SOX2, and OCT4 were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).



Cell Culture

Human esophageal cancer cell lines TE-1 was purchased from the Chinese Academy of Sciences (Shanghai, China), EC109 was purchased from the Institute of Basic Medical Sciences Chinese Academy of Medical Sciences & School of Basic Medicine Peking Union Medical College (Beijing, China). Esophageal cancer cell lines resistant to paclitaxel (TE-1/PTX and EC109/PTX) were established in our team according to the method of LIU-BIN GUO (23). All the cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 (Biological Industries, Kibbutz Beit HaEmek, Israe) with 10% fetal bovine serum (FBS, purchased from Biological Industries, Kibbutz Beit HaEmek, Israel). Cells were incubated at 37°C in a humidified atmosphere containing 5% CO2.



Cell Sensitivity Assay

Cell sensitivity to PTX was examined by MTT assay. Briefly, cells were seeded in the 96-well plate at a density of 4.5 × 103 cells per well and incubated overnight. After that, the medium was changed to fresh medium containing various concentrations of PTX. After 72 h, 20 μl MTT was added to each well and cells were incubated for 4 h with MTT at the concentration of 500 mg/ml. Then, the precipitate was dissolved completely by 150 μl DMSO and the light absorbance was measured at 570 nm using the Multiskan Spectrum spectrophotometer (BioTek Instruments, Inc. Vermont, USA).



Wound Healing Assay and Transwell Assay

Cells were seeded in six-well plate overnight and a sterile 100 μl pipette tip was used to scraped off a part of cells in each well. After that, plates were washed twice with PBS buffer solution to remove the detached cells. Subsequently, cells were incubated in culture medium with 2% FBS. The wound gaps were acquired by a microscope connected to a digital camera. After 24 and 48 h incubation, the wound gaps were acquired again, and the migration rates were evaluated.

Transwell assays were performed by Transwell chamber (Corning Life Sciences, NY, USA) in a 24-well plate. About 1 × 104 EC109 and EC109/PTX cells and 1 × 103 TE-1 and TE-1/PTX cells were added in the upper chamber in 300 μl culture medium with 0% FBS and 600 μl culture medium with 20% FBS was placed in the lower chamber. The cells were incubated at 37°C with 5% CO2 for 24 h. At the end, the cells were stained by 1% crystal violet solution and imaged under a Nikon microscope.



Colony Formation Assay

1 × 103 cells were seeded per well in 6-wells plate with culture medium with 10% FBS. The cells were incubated for 10 days. After that, the cells were washed three times with PBS and fixed in methanol for 30 min. Cells were stained with 1% crystal violet for 30 min. Then, the cells were washed with PBS at least five times.



Sphere Formation Assay

200 cells of EC109, EC109/PTX, and TE-1, TE-1/PTX were cultured in serum-free medium DMEM/F12 containing supplement 2% B27 (Gibco, USA) and 0.1% growth factor EGF (Gibco, USA) in the ultra-low adsorption 96-well plate. Take photos every 24 h for a week under the microscope. The sphere numbers (diameter ≥50 μm) were calculated.



Limit Dilution Assay -Sphere Formation Assay

Limit dilution assay (LDA) was used to select the tight cloning of cells. 30 to 50 cells were seeded in the 6-well plates. After 2 to 3 weeks, the cells of tight cloning were selected under microscope. Cells were suspended, counted, and cultured in the medium of cancer stem cells (98 ml DMEM/F12 + 2 μg EGF + 2 μg bFGF + 275 2 μl insulin + 2 ml B27) in the ultra-low adsorption 24-well plate. 10 days later, take photos under the microscope.



Western Blotting

Cells were lysed on ice by RIPA lysis buffer containing phosphatase inhibitor cocktail and 1% protease for 30 min. Then, the lysates of the cells were centrifuged at 12,000 rpm for 10 min at 4°C and supernatant liquid were collected. The lysates were measured for protein concentration with a BCA protein assay kit. Total protein was resolved in 10% polyacrylamide gel by SDS-PAGE and transferred to polyvinylidene difluoride membranes. The nonspecific binding was blocked by 5% non-fat milk. The membranes were incubated with primary antibodies overnight at 4°C and then incubated with the secondary antibodies for 2 h at room temperature. The resolved protein bands were visualized by enhanced chemiluminescence (ECL) detection system. The densitometric analysis were performed using Image J software.



Immunofluorescence Analysis

The cells were seeded in 24-well plates. After incubating overnight, the cells were fixed with methanol, permeabilized 10 min with 0.1% Triton X-100, blocked 1 h with 5% BSA and incubated with the primary antibodies (SOX2 1: 200, NANOG 1: 200, OCT4 1: 200) at 4°C overnight. After that, the cells were washed with PBS and incubated 1 h with Alexa Fluor 561 goat anti-rabbit IgG and Alexa Fluor 488 goat anti- rabbit IgG at room temperature. The nuclei of the cells were counterstained 20 min with 10 μg/ml of Hoechst 33258 in the dark. Images were acquired by laser scanning confocal microscopy (Nikon, A1, Tokyo, Japan). Target protein staining was presented in red (TE-1 and TE-1/PTX) and green (EC109 and EC109/PTX), and the nuclei were stained with Hoechst 33258 (blue).



Tumor Growth In Vivo

Animal experiments were approved by the Institutional Animal Care and Use Committee of the Zhengzhou University. Approximately 5-week-old female nude mice were purchased from Hunan SJA Animal Laboratory Co. Ltd. The xenograft tumor model of nude mice was established. Briefly, 3 × 106 EC109 cells and EC109/PTX cells were subcutaneously implanted into the right scapula of the mice. The volume of the tumors and the weight of the mice were measured every 2 days. Tumor size were calculated using the formula (A×B×B)/2 (A was the longest diameter and B was the shortest diameter of the tumor). The mice were sacrificed after 20 days. Then, tumors were dissected and weighed. Besides, the whole blood and the serum were obtained before the mice were sacrificed.



Hematoxylin-Eosin Staining

Tumor tissues were embedded in paraffin, and the paraffin-embedded tissue was cut into 4- to 5-μm slices with a microtome. The slices were pasted on clean slides with ultrapure water, heated slightly with an alcohol lamp to make them flat. After that the paraffin slices were soaked in xylene for 20 min, they were soaked in gradient alcohol, soaked in ultrapure water for 5 min, then, soaked in PBS 20 min twice to carry out dewaxing and hydration. The slices were stained in hematoxylin staining solution for 2 min, rinsed with tap water and put into 1% alcoholic hydrochloric acid to decolorize and 1% ammonia solution to turn blue, and the nuclear staining was observed under a microscope, followed by putting into eosin staining solution for 1 min, tap water rinse and the staining was observed under the microscope. Before covering the slices, slides were dehydrated in gradient alcohol and cleared in xylene. They were sealed with neutral resin. The slices were dried and photographed using the Leica DM 3000 microscope at 200× magnification.



Statistical Analysis

All the experiments were independently repeated three times. Data were shown as mean ± SD. Statistical analysis was performed using one-way ANOVA, using the GraphPad Prism 8.0. All comparisons were made relative to controls and significance of difference was indicated as * P < 0.05 and **P < 0.01.




Results


Characterization of the Parental Cells and the Drug-Resistant Cells

EC109 and TE-1 were treated with different concentrations of PTX for 72 h, and MTT assay was applied to evaluate the sensitivity of cells to PTX. The results showed that the IC50 value is about 8.69 nmol and 93.88 nmol in the EC109 and its drug-resistant cells (EC109/PTX), respectively. The PTX-resistant index is 10.80. The IC50 value is about 5.47 nmol and 56.84 nmol in the TE-1 and its drug-resistant cells (TE-1/PTX), respectively. The PTX-resistant index is 10.38 (Figure 1A and Table 1). This result indicated that EC109/PTX and TE-1/PTX exhibited moderate drug resistance. Besides, we applied Cis-platinum and 5-Fluorouracil as the other drug sensitivity results upon PTX-resistant esophageal cancer cells. As a result, the Cis-platinum-resistant index is 2.36 (TE-1/PTX) and 1.54 (EC109/PTX), showed as mild drug resistance. The 5-Fluorouracil-resistant index is 3.10 (TE-1/PTX) and 9.93 (EC109/PTX), showed as mild drug resistance (TE-1/PTX) and moderate drug resistance (EC109/PTX). In other words, the resistant cells we stimulated were not only more resistant to the inducible drug PTX than the other therapeutic drugs but also showed different degrees of resistance to other therapeutic drugs (Figure 1B and Table 2). Morphologically, EC109 and TE-1 had regular form and uniform size, in contrast, EC109/PTX and TE-1/PTX lost their original shape and became elongated (Figure 1C), indicating that the cells changed after they gained drug resistance. The colony formation ability of the parental cells was significantly higher than that of the drug-resistant cancer cells in the colony formation assay. While when the parental cells and resistant cells were treated with PTX solvent as control, the colony formation ability of the parental cells was significantly lower than that of the drug-resistant cancer cells. This result further suggested that the drug-resistant cells were more resistant to paclitaxel than the parental cells (Figures 1D, E).




Figure 1 | PTX-resistant EC109 and TE-1cells. (A, B) MTT assay on the survival of parental cells and PTX-resistant cells under the treatment with PTX, Cis-platinum and 5-Fluorouracil. (C) Cell morphology photographed under an inverted microscope. Scale bar: 500 µm (100×), 250 µm (200×). (D) Colony formation assay on the two groups of cells and the corresponding PTX solvent as control. (E) The corresponding statistical results of colony formation. *P < 0.05 indicates statistically significance vs. parental cells. **P < 0.01 indicates highly statistically significant vs. parental cells.




Table 1 | Drug sensitivity tests (PTX).




Table 2 | Drug sensitivity tests (Cis-platinum and 5-Fluorouracil).





PTX-Treated Cancer Cell Lines Showed Properties of Cancer Cell Stemness

The microsphere formation assay was used to test the property of cancer cell stemness, and the results showed that the microsphere formation rate in EC109/PTX and TE-1/PTX is 1.63-fold and 3.35-fold greater than their parental cells respectively (Figures 2A, B). Besides, we used LDA to repeat sphere formation. The results showed that the microsphere formation rate in EC109/PTX and TE-1/PTX was greater than their parental cells respectively. Also, in general, the microsphere in EC109/PTX and TE-1/PTX was bigger than that in their parental cells, respectively (Figures 2C, D). These results indicated that the self-renewal ability of drug-resistant cells is stronger than the parental cells. Western blotting assay was used to examine the expression of related proteins, and the result showed that the expression of embryonic stem cell transcription factors NANOG, OCT4, and SOX2 enhanced in the drug-resistant cell lines (TE-1/PTX and EC109/PTX) (Figures 2E, F). The immunofluorescence analysis showed similar results as the Western blotting (Figures 2G, H).




Figure 2 | Enhanced cancer cell stemness in the drug-resistant cells. (A, B) Sphere formation assay on the two groups of cells and the corresponding statistical results. Scale bar: 100 µm. (C, D) LDA-Sphere formation assay on the two groups of cells and the corresponding statistical results. Scale bar: 100 µm. (E, F) Western blotting on the stem cell protein biomarkers and the corresponding statistical results. (G, H) Immunofluorescence analysis detected the expression of stem cell protein biomarkers NANOG, OCT4 and SOX2 in the two groups of cells. Scale bar: 100 µm (TE-1, TE-1/PTX), 200 µm (EC109, EC109/PTX). *P < 0.05 indicates statistically significance vs. parental cells. **P < 0.01 indicates highly statistically significant vs. parental cells.





The Migratory Ability Enhanced and the Expression of EMT-Related Protein Changed in the drug-Resistant Cells

Wound healing and Transwell assays were used to investigate the difference of cell migration ability in the drug sensitive and -resistant cells. The results of the wound healing assay indicated that after culturing the cells for 24 and 48 h, the size of the healed space in EC109 and TE-1 cells is 1.875-fold and 1.64-fold greater than that of EC109/PTX and TE-1/PTX cells (Figures 3A, B). The results of the Transwell assay indicated that the number of the migrated EC109/PTX and TE-1/PTX cells was 4.2-fold and 2.3-fold of that of EC109 and TE-1 cells (Figures 3C, D). These results suggested that once the cells gained the drug-resistant property, they have stronger ability of migration and invasion than their parental cells. Western blotting assay was used to explore the expression of EMT-related proteins. The results showed that the expression of the epithelial protein biomarkers Claudin-1, ZO-1, and E-cadherin were decreased in the drug-resistant cells, while the expression of the mesenchymal protein biomarkers Vimentin, N-cadherin, and the transcription factor β-catenin were increased (Figures 3E–G).




Figure 3 | The migratory ability enhanced and the expression of EMT biomarkers changed in the PTX-treated cells. (A, B) Wound healing assay was used for the migration ability of the two groups of the cells and the corresponding statistical results. Scale bar: 500 µm. (C, D) Transwell assay on the two groups of the cells and the corresponding statistical results. Scale bar: 500 µm. (E–G) Western blotting evaluated the representative proteins of EMT and the corresponding statistical results. *P < 0.05 indicates statistically significance vs. parental cells. **P < 0.01 indicates highly statistically significant vs. parental cells.





EMT-Related and Stemness-Related Proteins in the Drug-Resistant Cells Increased In Vivo

To further explore the EMT and stemness in the drug-resistant esophageal cancer, we applied the xenograft tumor model in nude mice. It was found that, there is hardly any difference in the Blood Biochemical Index and Serum Biochemical Indices(ALT, AST and creatinine), except the uric acid and white blood cells. The level of Uric acid in the drug-resistant cells group is lower than that in the parental cells group, but both of them are in the normal range. It was also found that there was no significant difference in liver and kidney function between the mice in the parental cells group and the drug-resistant cells group. The difference in the white blood cells exist in the PTX -resistant cells group, and might due to the bone marrow inhibition, causing decrease of white blood cells (Tables 3, 4). The mice were sacrificed when we finished collecting blood from the eyeball. The average volume and the tumor weight of the in the mice of implanting EC109/PTX were smaller than the parental cells-group while the body weight was minimally affected (Figures 4A–D). The expression of EMT- and stemness-related proteins was analyzed. It was found that except E-cadherin, the expression of epithelial protein biomarkers ZO-1 and Claudin-1 were decreased in the group of EC109/PTX cells, while the expression of mesenchymal protein biomarkers Vimentin, N-cadherin, and the transcription factor TCF-8 and β-catenin were increased. The expression stemness-related proteins SOX2 and NANOG enhanced (Figures 4E, F). Besides, E-cadherin is related to proliferation closely and the volume of tumor tissue in the parent group increased significantly compared with the drug-resistant group in vivo. The expression of E-cadherin enhanced in vivo, which may be caused by the xenograft tumor model. In addition, hematoxylin-eosin staining was performed in tumor tissues (Figure 4G). These in vivo results showed that once the tumor cells became drug resistant, the expression of the CSCs biomarkers and the EMT biomarkers enhanced. All the results were in consistent with the results in vitro.


Table 3 | Biochemical Indexes of Serum.




Table 4 | Blood Biochemical Index.






Figure 4 | EC109 and EC109/PTX cell growth in vivo and the expression of EMT-related and stemness-related proteins. (A) The mice and tumor tissues of the two groups after implanting tumor cells for 20 days. (B–D) The body weight, tumor volume and tumor weight of the mice and tumor. (E, F) Western blotting for the expression of the EMT-related and stemness-related proteins and the corresponding statistical results. (G) Tumor tissue was stained with HE, the nucleus was stained blue-violet, and the cytoplasm was stained red. Scale bar: 200 µm. *P < 0.05 indicates statistically significance vs. EC109 cells. **P < 0.01 indicates highly statistically significant vs. EC109 cells.






Discussion

Chemotherapy using PTX as a first-line chemotherapeutic agent is the main treatment for patients with esophageal cancer (24, 25). However, drug resistance occurs in a large proportion of patients after treatment, which affects the efficacy of PTX treatment (26). In this study, we showed that esophageal cancer cells became less sensitive to PTX and exhibited moderate-drug-resistance after treatment with PTX. Moreover, the PTX-resistant cells develop stemness characteristics. We found that the expression of stem cell biomarkers NANOG, OCT4, SOX2 increased in the PTX-resistant esophageal cancer cells. Simultaneously, we found that the expression of epithelial biomarkers decreased and the mesenchymal biomarkers increased in drug-resistant esophageal cancer cells. Also, we verified these findings in vivo (Figure 5). OCT4, SOX2 and NANOG, as the embryonic stem cell transcription factors, transform cancer cells to stem-like cell phenotype in different tumor types (27). Among them, NANOG is an important transcription factor involved in the regulation of cell stemness (28). NANOG plays an important role in self-renewal, undifferentiated state and differentiation ability, high tumorigenicity, and resistance to current standard chemotherapy and radiotherapy (29–31). It can be activated by different transcription factors, such as OCT4 and SOX2 (32, 33). Previous studies have shown that NANOG is closely related to the poor prognosis of cancers (34).




Figure 5 | A schema summarized this study.



In addition, we also found that after the cells were induced into drug-resistant esophageal cancer cells by PTX, the expression of EMT-related transcription factor β-catenin was up-regulated, the expression of epithelial biomarkers Claudin-1, ZO-1 and E-cadherin was reduced and the mesenchymal biomarkers N-cadherin, Vimentin expression increased. EMT plays an important role in the infiltration and metastasis of tumor cells, the formation of tumor drug resistance and tumor stem cells (35). The results indicated that once esophageal cancer cells become drug resistant, the expression of both cancer stem cell biomarkers and EMT-related biomarkers changed, which indicated clinical recurrence and migration ability (36, 37). Some studies have demonstrated that mesenchymal cells share similar molecular characteristics with CSCs, to some extent (38). Previous studies also revealed that the activation of EMT program led to the acquisition of the characteristics of CSCs in tumor cells (39).

In conclusion, our study suggested that drug resistance and cancer cell stemness develop at the same time during chemotherapy in esophageal cancer. The emergence of stemness explained why recurrence and metastasis occurred after drug resistance and caused poor prognosis. Our results indicated that targeting EMT and stemness at the same time in drug-resistant esophageal cancer could provide a better therapeutic effect.
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Glycochenodeoxycholate (GCDA), a toxic component in bile salts, is involved in carcinogenesis of gastrointestinal tumors. The objective of this research was to study the function of ERK1/2 in the GCDA-mediated survival and drug-resistance in hepatocellular carcinoma cells (HCCs). Firstly, extracellular signal-regulated kinase 1/2 (ERK1/2) was detected extensively expressed in liver cancer cells, and silencing ERK1/2 by RNA interference could suppress GCDA-stimulated survival and promote apoptosis. Furthermore, phosphorylation of endogenous ERK1/2 could be potently stimulated by GCDA in combination with enhanced chemoresistance in QGY-7703 hepatocellular carcinoma cells. The GCDA-mediated proliferation and chemoresistance could be impaired by PD98059, which acted as an inhibitor to block the phosphorylation of ERK1/2. Mechanistically, PD98059 was able to potently suppress GCDA-stimulated nuclear aggregation of ERK1/2 and p-ERK1/2, upregulate pro-survival protein Mcl-1 and downregulate pro-apoptotic protein Bim. The results of this study indicated that disruption of ERK1/2 by blocking phosphorylation or nuclear translocation may put forward new methods for solving the problem of GCDA-related proliferation and drug-resistance in liver cancer treatment.
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Introduction

Hepatocellular carcinoma (HCC) is the most common liver cancer nowadays, and more than 700,000 cases are diagnosed every year (1). The pathogenesis of HCC is extremely complex, but evolving information suggests that the major risk factors for HCC in contemporary clinical practice include alcoholism, non-alcoholic fatty liver disease (NFLD), hepatitis B virus (HBV), and hepatitis C virus (HCV) (2, 3). Most patients with advanced liver cancer will choose chemotherapy. However, patients with HCC usually develop resistance to 5-fluorouracil, doxorubicin or cisplatin, which are the traditional chemotherapeutics. Unfortunately, sorafenib, the new generation of drugs, did not achieve the desired results (4). Thus, it is very important to explore the resistance mechanism of HCC.

Bile salts are the major ingredients in bile, which are secreted by liver cells and involved in fat digestion and absorption. Glycochenodeoxycholate (glycine conjugate of chenodeoxycholate, GCDA), a toxic component in bile salts, is involved in carcinogenesis of gastrointestinal tumors (5). Previous researches have indicated that GCDA could stimulate the growth of Barrett’s adenocarcinoma cells and non-neoplastic Barrett cell lines through PI3 kinase/Akt pathway and p38/ERK/MAPK pathway respectively (6, 7). Satoshi et al. (8) found that glycochenodeoxycholate acid could promote the proliferation of intestinal epithelia via decreasing cyclic AMP and increasing histone H2AX phosphorylation after exposure to γ-rays. Another study demonstrated that the biliary tract cancer could be induced by GCDA via aggregation of 8-OHdG and oxidative DNA damage (9). The metabolic disorder of bile salts could lead to abnormal bile salt accumulation; it could be a direct factor in the development of HCC. A study by Wang et al. (10) found that GCDA might upregulate pro-survival proteins (Mcl-1, Survivin, and Bcl-2) and eventually results in chemoresistance of HCC cells. However, the specific intracellular mechanism of GCDA-mediated hepatocellular carcinoma development remains to be further studied.

As a member of the mitogen activated protein kinase family, the extracellular signal-regulated kinase (ERK) takes a key part in transmitting signals from receptors on the cell surface into the nucleus (11). Signals transmitted from MEK1/2 can phosphorylate ERK1/2 at Thr and Tyr residues (12). Then the activated ERK1/2 phosphorylates downstream substrates and eventually causes cell proliferation, differentiation, and canceration (13). Usually, ERK1/2 is mainly distributed in the cytoplasm of normal cells. Upon stimulation, many ERK1/2 molecules shift to the nucleus, Golgi, mitochondria, endosomes/lysosomes and endoplasmic reticulum (14). The main translocation seems to be the entry into the nucleus, which is an important place for signal transmission downstream of ERK (13). Because the nuclear translocation of ERK is mainly important for cell proliferation, prevention of such translocation can be used as a novel strategy to combat cancer (15). Furthermore, ERK1/2 signaling is an important regulator of cell-intrinsic Bcl-2-regulated apoptotic signaling (16). In most situations, ERK1/2 signaling accelerates cell growth via stimulating anti-apoptosis proteins (Bcl-2, Mcl-1, and Bcl-xL) and inhibiting pro-apoptotic proteins (Bim, Bad, Bmf, and Puma) (14). Thus, suppression of ERK1/2 pathway in tumor cells might serve as an effective way to prevent cancer development.

The chemoresistance of ERK1/2 has been extensively studied in other cancers. In radioresistant glioblastoma multiforme cells, cell survival could be promoted through ERK1/2 signaling when pSTAT3(Y705) was inhibited (17). ERK1/2 and p38 MAPK signaling pathways were significantly involved in neoplastic transformation and cisplatin-resistance in nasopharyngeal carcinoma cell lines (18). However, there was little in-depth research for the chemoresistance of ERK1/2 in HCC. A published study has shown that the activation of ERK1/2 could decrease the sensitivity to sorafenib in the HCC cells (Bel-7402 and SMMC-7721) (19). Our previous studies have confirmed the association of GCDA with drug resistance in HCC cells (10, 20). But the exact function of ERK1/2 in such process has not been clarified. In this research, we proved that GCDA mediates activation and nuclear accumulation of ERK1/2, which finally results in promoting anti-apoptotic function in human liver cancer cells.



Materials and Methods


Cell Culture

LO2, HepG2, Bel-7402, Bel-7404, SMMC-7721, Huh7, MHC97-H, and QGY-7703 HCC cell lines were originally from the Institute of Biochemistry and Cell Biology (CAS, Shanghai, China). LO2 and Bel-7402 cell line were maintained in RPMI-1640 medium (Thermo Fisher Scientific, Waltham, USA) with 10% fetal bovine serum (ExCell Bio, Shanghai, China). HepG2, Bel-7404, SMMC-7721, Huh7, MHC97-H, and SMMC-7721 QGY-7703 cell lines were cultivated in Dulbecco’s modified Eagle’s medium (Hyclone, Logan, USA) supplemented 10% FBS. Cell lines were incubated at 37°C with 5% CO2.



Reagents and Antibodies

The antibodies of ERK1 + ERK2 and ERK1 (pT202/pY204) + ERK2 (pT185/pT187) were obtained from Abcam (Cambridge, UK). Goat-anti rabbit HRP antibody and anti-GAPDH antibody were from Cell Signaling Technology (Danvers, MA, USA). PD98059, a specific inhibitor of ERK kinase, was from Calbiochem (San Diego, CA, USA). Glycochenodeoxycholate (GCDA) and cisplatin were obtained from Sigma-Aldrich (St. Louis, USA). 5-Fluorouracil (5-FU) was purchased from Xudong Haipu Pharmaceutical (Shanghai, China). The Annexin V-FITC apoptosis detection kit was purchased from Becton, Dickinson and Company (BD, Franklin Lake, NJ).



siRNA and Transfections

For RNA interference, siRNA 225 (ACACGCAGUUGCAGUACAU), 888 (GACCGGAUGUUAACCUUUA), and 933 (GAAACUACCUACAGUCUCU) targeting human ERK1, siRNA 355 (GUGCUCUGCUUAUGAUAAU), 513 (CACCAACCAUCGAGCAAAU) and 714 (CCACCUGUGAUCUCAAGAU) targeting human ERK2 and negative control siRNA (UUCUCCGAACGUGUCACGU) were from Shanghai Gene Pharma, Co., Ltd (Shanghai, China). QGY-7703 cells were transfected with siRNAs for 24 h using Lipofectamine RNAi max (Invitrogen, NY, USA).



CCK8 Assay

QGY-7703 cells were seeded in 96 well plates. Then GCDA, drugs, or inhibitors were used to treat cells. After various treatments, each well was supplemented with 10 μl of CCK8 solution and incubated for 1.5 h. After that, the absorbance was determined by microplate microscopy at 450 nm (BioTek, Winooski, VT).



Western Blot Analysis

The samples of QGY-7703 cells were lysed with detergent buffer for 30 min on ice. Then cell products were scraped from the wells and centrifuged for 15 min at 12,000 rpm. Protein, 30 μg, was loaded onto 10% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking with blocking solution for 2 h at room temperature, cells were then incubated at 4°C overnight with primary antibodies, followed by washing with 1× TBST and incubating with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (1:5,000) with shaking for 1 h. Results were detected using WesternBright™ ECL (Advansta, USA), and the bands were scanned and quantified using the FluorChem FC3 system.



Flow Cytometry

QGY-7703 cells were transfected with siRNA888 and siRNA513 together for 24 h. Following treatment with 100 µM GCDA, cells were collected and washed with cold PBS. After resuspending with 1× binding buffer, 3 μl Annexin V-FITC and propidium iodide (PI) (Becton, Dickinson and Company, NJ) were used to treat the cells for 15 min. The apoptotic rate was detected by flow cytometry.



Immunofluorescence

In 24-well plates, QGY-7703 cells were cultured with a glass coverslip overnight. After cells were exposed to GCDA or GCDA + PD98059 for 8 h, 4% paraformaldehyde was used to fix cells for 15 min. The cells were washed with TBST and performed using ERK1/2 or p-ERK1/2 antibody at 4°C overnight after incubating with Alexa Fluor®594 goat antibody at 37°C for 1 h. Cell nuclei were stained with DAPI for 2 min. At last, the results were photographed with a fluorescence microscope.



Statistical Analysis

SPSS software V17.0 was used to perform the statistical analysis. All data were displayed as the means ± SD. Inter-group differences were assessed by Student’s t-test. P <0.05 was the considered level of statistical significance.




Results


ERK1/2 Acts a Part in GCDA-Induced Survival of Human Liver Carcinoma Cells

The ERK1/2 cascade is best known for its role in proliferation, differentiation, and tumorigenesis (13). Firstly, we measured the endogenous protein levels of ERK1/2 in normal liver cells (LO2) and seven HCC cell lines (HepG2, Bel-7402, Bel-7404, SMMC7721, Huh7, MHC97-H, and QGY-7703. The result of Western blot showed that ERK1/2 was extensively expressed in all the liver cancer cells we detected (Figure 1A). Next, to test whether GCDA promoted HCC cell proliferation, we treated QGY-7703 cell line with 100 μM GCDA for 0, 24, 48, and 72 h, and then checked the viable cells by CCK8. Results indicated that viable cells significantly increased after treatment with GCDA for72 h (Figure 1B).




Figure 1 | ERK1/2 act a part in GCDA-mediated survival of human liver carcinoma cells. (A) Expression of ERK1/2 in normal liver cells (LO2) and seven liver carcinomas cell lines (HepG2, Bel7402, Bel7404, SMMC7721, Huh7, MHC97-H and QGY7703) was detected by western blot and quantified by Alphaview software. (B) GCDA (100µM) was used to treat QGY7703 cells for 0h, 24h, 48h and 72h. CCK8 was performed to determine the viable cells. (C) QGY7703 cells were transfected with siRNA targeting ERK1 (225, 888 and 933) and ERK2 (355, 513 and 714). After 24h, whole cell extracts were analyzed by western blot using ERK1 and ERK2 antibodies. NC, negative; control siRNA. (D, E) siRNA888 targeting ERK1 and siRNA513 targeting ERK2 were transfected into QGY7703 cells together. 24 hours later, 100μM GCDA was used to treat cells for 24h. Apoptosis were determined using flow cytometry. All data represent the mean±SD and were obtained from at least three independent experiments. *P < 0.05, (Student’s t-test).



To determine whether ERK1/2 affected the GCDA-induced survival of HCC cells, we designed siRNAs targeting ERK1 (225, 888, and 933) and ERK2 (355, 513, and 714). All the siRNAs were transfected into QGY-7703 cells. Then immunoblotting was done to determine the interference efficiency. As shown in Figure 1C, ERK1 and ERK2 protein expressions were inhibited by siRNA888 and siRNA513, respectively. After siRNA888 targeting, ERK1 and siRNA513 targeting, ERK2 was transfected into QGY-7703 cell line together; GCDA was used to treat the cells for 24 h. Apoptotic cells were analyzed using annexin V binding on FASC. Flow cytometry results demonstrated that GCDA could repress apoptosis. But after ERK1/2 was silenced, the apoptotic cells were increased (Figures 1D, E). In other words, specific depletion of ERK1/2 blocked GCDA-stimulated cell survival. These results indicated that ERK1 and ERK2 molecules have played a role in the survival of hepatoma cells mediated by GCDA.



GCDA Induces ERK1/2 Phosphorylation, Which May Be Involved in Prolonged Survival of Human Liver Cancer Cells

Furthermore, we investigated potential mechanisms involved in the GCDA-induced HCC cell survival. QGY-7703 and Huh7 cells were treated with 100 μM GCDA for 0, 0.5, 1, 2, 4, 8, 12, and 24 h. Results demonstrated that the activated ERK1/2 increased obviously after GCDA treatment in QGY-7703 and Huh7 cells, while the expression of endogenous ERK1/2 changed little (Figures 2A, B).




Figure 2 | GCDA induces ERK1/2 phosphorylation, which may be involved in prolonged survival of human liver cancer cells. (A, B) 100μM GCDA was used to treat QGY7703 and Huh7 cells for 0h, 0.5h, 1h, 2h, 4h, 8h, 12h and 24h. The expression level of ERK1/2 and p-ERK1/2 were tested by western blot and quantified by Alphaview software. (C–E) Antitumor drug (Cisplatin or 5-FU) or GCDA (100μM)+antitumor drug(Cisplatin or 5-FU) were used to treat QGY-7703 and Huh7 cells for 72h. CCK8 was performed to determine the viable cells. IC50 is calculated as the concentration of Cisplatin or 5-FU inducing a 50% reduction in cell viability. All data represent the mean±SD and were obtained from at least three independent experiments. *P < 0.05 (Student’s t-test).



Cisplatin has been known as one of the most potential and widely used drugs, which is effective in a variety of solid cancers such as testicular, ovarian, head and neck, bladder, lung, cervical, melanoma, and lymphomas (21–25). The antimetabolite 5-fluorouracil (5-FU), which can inhibit thymidylate synthase, is a widely used antitumor agent (26). In order to check the effect of GCDA-induced ERK1/2 activation on cell survival, QGY-7703 and Huh7 cells were treated with antitumor drug (cisplatin or 5-FU) or GCDA (100 μM) + antitumor drug (cisplatin or 5-FU) for 72 h. The IC50 of cisplatin for QGY-7703 is 8.8 µM (Figure 2C). The IC50 value of 5-FU is 0.9 µg/ml for QGY-7703 and 2.7 µg/ml for Huh7, respectively (Figures 2D, E). However, following GCDA treatment, the IC50 concentrations were increased obviously. Such results indicate that GCDA can significantly enhance resistance to drugs. Therefore, we speculated the involvement of activated ERK1/2 in chemoresistance induced by GCDA.



The MAPK/ERK1/2 Inhibitor PD98059 Decreases GCDA-Stimulated Cell Proliferation

To further verify the role of activated ERK1/2 in HCC cells, the MAPK/ERK1/2 inhibitor PD98059, which could inhibit phosphorylation of ERK1/2, was used (27). We treated QGY-7703 cells with GCDA (100 μM) or GCDA (100 μM) + PD98059 (10 μM) for 24, 48, and 72 h. Then, CCK8 was done to test the viability of QGY-7703 cells. CCK8 experiments showed that suppression of ERK1/2 activation by PD98059 would decrease proliferation of liver cancer cells (Figure 3A). Next, QGY-7703 cells were treated with or without PD98059 (10 μM) for 0.5 h, followed by treatment with GCDA (100 μM) or GCDA (100 μM) + antitumor drug (1 μg/ml 5-FU) for 72 h. Results of CCK8 showed that PD98059 significantly attenuated the chemoresistance induced by GCDA, which could prolong cell survival following treatment with 5-FU (Figure 3B). In conclusion, these findings implied that phosphorylation (or activation) of ERK1/2, which is attenuated by PD98059, is important for the survival and chemoresistance of GCDA-mediated HCC cells.




Figure 3 | PD98059, the ERK1/2 inhibitor, attenuates GCDA-mediated survival and drug-resistance in HCC cells. (A) PD98059 could inhibit phosphorylation of ERK1/2. QGY-7703 cells were preincubated with PD98059 (10μM) for 0.5 h, followed by treatment with 100μM GCDA for 24h, 48h and 72h. CCK8 was performed to determine the viable cells.(B) QGY7703 cells were treated with or without PD98059 (10μM) for 0.5 h, followed by treatment with GCDA (100μM) or GCDA(100μM) +antitumor drug (1μg/ml 5-FU) for 72h. Then CCK8 was performed to determine the viable cells. Data in graphs are as mean±SD. All experiments data were repeated at least three independent experiments. *P < 0.05, **P < 0.01 (Student’s t-test).





PD98059 Suppresses GCDA-Induced Nuclear Aggregation of ERK1/2 and p-ERK1/2

In unstimulated cells, ERK1/2 molecules are usually located in the cytoplasm (15). Under stimulation, numerous ERK1/2 molecules are translocated to the nucleus (15). ERK1/2 localization plays a significant role in determining the strength of this pathway. Therefore, we examined the localization of ERK1/2 and p-ERK1/2 following GCDA (100 μM) or GCDA (100 μM) + PD98059 (10 μM) treatment. The results of immunofluorescence staining showed that ERK1/2 proteins were distributed in both cytoplasm and nucleus and more p-ERK1/2 proteins accumulated in the nucleus as small spots in resting HCC cells (Figures 4A, B). Following GCDA treatment, most ERK1/2 proteins gathered in the nucleus, while more p-ERK1/2 proteins accumulated in the nucleus as bigger speckles. However, after PD98059 treatment, the aggregation of ERK1/2 and p-ERK1/2 proteins in the nucleus significantly decreased (Figures 4A, B). Collectively, the above data suggested that nuclear accumulation of ERK1/2 and p-ERK1/2 induced by GCDA could be impaired by PD98059.




Figure 4 | PD98059 suppresses GCDA-induced nuclear aggregation of ERK1/2 and p-ERK1/2. (A, B) QGY-7703 cells were preincubated with PD98059 (10μM) for 0.5 h, followed by treatment with 100μM GCDA for 8h. Immunofluorescence staining was done using ERK1/2 or p-ERK1/2 antibody. Cell nuclei were stained with DAPI for 2 min. The experiments were repeated three times.





PD98059 Restrains GCDA-Induced Increase of Mcl-1 and Decrease of Bim

ERK1/2 signaling has been verified to have the ability to regulate some members of the Bcl-2 family, which can contribute to tumor cell survival via increasing anti-apoptotic factors and decreasing pro-apoptotic members of Bcl-2 family (16). Hence, we inspected the level of some Bcl-2 family members following GCDA (which can activate ERK1/2 pathway) or PD98059 (which can repress ERK1/2 pathway) treatment. Firstly, 100 μM GCDA was used to treat QGY-7703 cells for 0, 0.5, 1, 2, 4, and 8 h. Immunoblot had been done to check the levels of Bcl-2, Mcl-1, Bim, and Bak. We observed that GCDA could promote expression of Bcl-2 and Mcl-1, both of which are anti-apoptotic Bcl-2 family members and decrease expression of Bim and Bak, both of which are pro-apoptotic Bcl-2 family members (Figure 5A). Next, in order to determine whether the suppression of ERK1/2 signaling regulated expression of Bcl-2 family members, GCDA (100 μM) or GCDA (100 μM) + PD98059 (10 μM) was used to treat QGY-7703 cells for 8 h. Results showed that inhibition of ERK1/2 by PD98059 could block GCDA-induced increase of Mcl-1 and decrease of Bim. However, Bcl-2 and Bak did not change significantly (Figure 5B). Our data supported the notion that GCDA might facilitate cell survival via regulation proteins of Bcl-2 family, some of which could be inhibited by PD98059. Such results indicated that activation of ERK1/2 pathway induced by GCDA could mediate certain members of the Bcl-2 family.




Figure 5 | PD98059 suppresses GCDA-stimulated increase of Mcl-1 and decrease of Bim. (A) 100μM GCDA was used to treat QGY-7703 cells for 0h, 0.5h, 1h, 2h, 4h and 8h. Expression of Bcl-2, Mcl-1, Bim and Bak was tested by western blot and quantified by Alphaview software. (B) QGY-7703 cells were preincubated with 10μM PD98059 for 0.5 h, followed by treatment with 100μM GCDA for 8h. All cell extracts were analyzed using Bcl-2, Mcl-1, Bim, Bak, p-ERK1/2 and ERK1/2 antibodies by Western blotting and quantified by Alphaview.






Discussion

Glycochenodeoxycholate is one of the toxic bile salts and may promote HCC invasion via activation of autophagy (28, 29). In the current study, survival and chemoresistance to cisplatin and 5-FU induced by GCDA have been verified in QGY-7703 cell line (Figures 1B and 2C–E).

The ERK1/2 signaling pathway is considered to have great effects on proliferation, invasion, and migration in cancer cells. Numerous studies have confirmed that ERK1/2 signaling is the main regulator that promotes the progression of human hepatocellular carcinoma (30–34). ERK1/2 participates in liver injury in human liver stem cells (35, 36). Also, the aggressive behavior of HCC cells has a positive relationship with the level of phosphorylated ERK and activated level of hepatic stellate cells (aHSCs) (37). Thus, we speculated GCDA mediated survival and chemoresistance via the ERK1/2 pathway in liver cancer cells. Our results showed that activation levels of ERK1/2 increased significantly following GCDA treatment in hepatocellular carcinoma cells (Figures 2A, B). After ERK1/2 was silenced by siRNA or phosphorylation of ERK1/2 was blocked by PD98059, cell proliferation was significantly decreased (Figures 1D, E and 3A). In the light of those results, it is reasonable to suggest that the ERK1/2 pathway is involved with GCDA-induced survival in HCC cells.

Because of binding to many scaffold proteins or cytoplasmic anchors in resting cells, ERK1/2 is usually localized in the cytoplasm (15). Upon stimulation, numerous ERK1/2 molecules are translocated to the nucleus (14). In QGY-7703 cells, ERK1/2 and p-ERK1/2 could aggregate in the nucleus after treatment with GCDA (Figures 4A, B). Therefore, nuclear aggregation of ERK1/2 molecules must be relevant to HCC cell proliferation signal transduction following GCDA treatment. However, such nuclear accumulation could be decreased by inhibitor PD98059 (Figures 4A, B), which meant that the GCDA-induced survival signal is impaired by PD98059. Based on the evidence in this study, preventing ERK1/2 from entering the nucleus may be considered as a novel strategy to arrest liver cancer growth.

Activated ERK1/2 is also translocated to mitochondria, Golgi, the endoplasmic reticulum, or endosomes/lysosomes, thereby influencing cell physiology (38). Among them, the mitochondrial anchored ERK1/2 molecules are involved with the mitochondrial apoptosis pathway via affecting Bcl-2 family members (16). Usually, ERK1/2 signaling facilitates cell survival via activating pro-survival proteins (Bcl-2, Mcl-1, and Bcl-xL) and inhibiting pro-apoptotic proteins (Bim, Bad, Bmf, and Puma) (16). Among them, the transcription of pro-survival protein Bcl-2 can be promoted by ERK1/2 signaling through cAMP-responsive element-binding protein (CREB) (39). Besides, Bcl-2 itself can also be phosphorylated at Ser87 by ERK1/2, which is proposed to inhibit its pro-survival function (14). The mRNA level of Mcl-1 is verified to be promoted in response to ERK1/2 pathway via CREB or transcription factor ELK1 (40). Also, the short half-life of Mcl-1 protein can be prolonged via direct phosphorylation by ERK1/2 (41). Bim, is a prominent target of ERK1/2 signaling (42). ERK1/2-induced activation of Bim leads to ubiquitylation and degradation (43). Bak is the apoptotic effector protein of Bcl-2 family. Bak can be directly activated by Bim and cause the release of cytochrome c (44). In the present research, we observed that inhibiting ERK1/2 phosphorylation by PD98059 blocked GCDA-induced increase of Mcl-1 and decrease of Bim. However, Bcl-2 and Bak did not change significantly (Figures 5A, B). These results showed that the GCDA-induced change of Mcl-1 and Bim might be regulated by ERK1/2 pathway, while the variation of Bcl-2 and Bak may be induced by GCDA in an ERK-independent manner.

In conclusion, the present results found that GCDA-stimulated cell proliferation and chemoresistance could be attenuated via targeting the ERK pathway. GCDA was able to potently promote phosphorylation and nuclear aggregation of ERK1/2 molecules, which eventually led to the increased level of anti-apoptotic Bcl-2 family member proteins (Bcl-2 and Mcl-1) and the decreased expression of pro-apoptotic Bcl-2 family members (Bim and Bak). The inhibitor PD98059 not only suppressed the phosphorylation of ERK1/2, but also blocked ERK1/2 nuclear accumulation of the nucleus and attenuated GCDA-stimulated increase of Mcl-1 and decrease of Bim. Therefore, disruption of the pro-survival function of GCDA by blocking phosphorylation and nuclear accumulation of ERK1/2 molecules represents tactics for treating GCDA-related liver cancer and chemoresistance.
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Background

Hepatocellular carcinoma (HCC) is known for its poor prognosis. Long noncoding RNAs (lncRNAs) are critical in the pathogenesis of various types of cancers. We tried to explore the role of lncRNA in the development of HCC.



Methods

We identified the role of lncRNA AC007639.1 in the pathogenesis of HCC through bioinformatics and biological experiments in HepG2, Hep3B, and SMMC-7721 cells as well as the nude mice xenograft model.



Results

We found that lncRNA AC007639.1 was overexpressed in hepatocellular carcinoma. Knocking down of lncRNA AC007639.1 by specific siRNAs or shRNAs promoted cancer cell death. The growth of mouse xenograft tumor created using lncRNA AC007639.1 deficient HepG2 cells was significantly slowed down. Furthermore, the knockdown of lncRNA AC007639.1 in HCC cells led to the increased expression of p53 and decreased expression of angiopoietin-like 4.



Conclusion

LncRNA AC007639.1 was involved in the pathogenesis and progression of hepatocellular carcinoma by inhibition of apoptosis and increasing HCC resistance to chemotherapy.





Keywords: long noncoding RNA, hepatocellular carcinoma, bioinformatics, p53, chemotherapy



Introduction

The American Cancer Society estimates that there will be about 42,230 new cases of liver cancer, with 30,230 deaths due to liver cancer in the United States in 2021, representing a more than tripled incidence and more than doubled mortality since 1980. Worldwide, people diagnosed with liver cancer exceed 800,000 and more than 700,000 deaths are due to liver cancer each year, making liver cancer a leading cause of cancer-related deaths (1). One of the main causes of liver cancer, hepatitis B virus infection, is even more deleterious in leading to fulminant hepatitis (2–5), and the virus can be passed to the newborns without proper control of HBV level and HBV vaccination (6). Therefore, the mechanisms of tumorigenesis and factors affecting the prognosis of hepatocellular carcinoma (HCC) deserve more attention.

Long noncoding RNAs (lncRNAs), by definition, are not translated into proteins (7). Increasing evidence has shown that lncRNAs are involved in the pathogenesis and progression of different types of cancers (8, 9). Many of the lncRNAs are promising markers for the diagnosis and prognosis of liver cancer (10).

In this study, the role of lncRNA AC007639.1 in the pathogenesis and prognosis of HCC was explored by bioinformatics analysis and biological experiments using three different liver cancer cell lines. We found that lncRNA AC007639.1 knockdown led to increased cancer cell death. Importantly, lncRNA AC007639.1 could inhibit the p53 signaling pathway and increase the expression of Angiopoietin-like 4 (ANGPTL4) leading to inhibition of apoptosis and increasing of HCC resistance to chemotherapy.



Materials and Methods


Bioinformatic Analysis

Transcriptome sequencing data including mRNA and lncRNA were generated by R package in Liver Hepatocellular Carcinoma Project of The Cancer Genome Atlas (TCGA-LIHC) dataset (n=420) using TCGA biolinks (https://bioconductor.org/packages/release/data/experiment/vignettes/TCGAbiolinksGUI.data/inst/doc/
vignettes.html), and SRP069212 (n=355) using Gene Expression Profiling Interactive Analysis (GEPIA; http://gepia.cancer-pku.cn/). Differential mRNA abundance was analyzed using DESeq2 (11). Genes with reads > 5 were included in the final quantitative and statistical analysis. Heatmaps and volcano plots were prepared using the R package. Normalized gene expression levels were analyzed by Gene Set Variation Analysis (GSVA). Survival analysis was done by R package survival. Cox proportional hazard (PH) model was constructed by R package (survminer). The best-scanned cutoff points had the most significant split (log-rank test).



Cell Culture

Human HCC cell lines HepG2 (RRID : CVCL_ 0027), SMMC-7721 (RRID : CVCL_ 0534), and Hep3B (RRID : CVCL_ 0326), were obtained from the Shanghai Zhong Qiao Xin Zhou Biothechnology Co., Ltd., (Shanghai, China). The cells were confirmed to have no mycoplasma contamination using Mycoplasma Detection Kit (R&D Systems China Co., Ltd., Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Thermo Fisher Scientific, Inc.) was used for cell culture, with 10% fetal bovine serum (FBS, Gibco), 2 mM L-glutamine (Gibco), 10 mM HEPES (Gibco), 1 mM pyruvate sodium (Gibco), and 100 U/ml penicillin with 100 µg/ml streptomycin (Gibco). Cells were grown at 37°C with 5% CO2.



Construction of Stable Knockdown of Lnc RNA AC007639.1 in HepG2 and Hep3B Cells

Cells with stable lnc RNA AC007639.1-knockdown, ANGPTL4-knockdown, or control HepG2-LNC-NC cells were created using shRNA 5’- GGUGAGUGCAUGUAGUCAUTT -3’, 5’- AGAACAGCAGGAUCCAGCAACUCUU -3’, or scramble control sequence 5’- UUCUCCGAACGUGUCACGUTT -3’. shRNA oligos were cloned into a LV3(H1/GFP&Puro) vector (map shown in Figure S1), respectively. The corresponding plasmids were packaged using lentivirus (Shanghai GenePharma, China). Puromycin (5 μg/ml final concentration, Sigma, St. Louis, MO) was used to select HCC cells carrying the transfected shRNA.



siRNAs Transfection Into HCC Cells

Specific short interfering RNAs (siRNAs) or control siRNA to knock down lnc RNA AC007639.1 were purchased from the Shanghai GenePharma (Shanghai, China). 30nM of siRNAs (Table S1) were used for transfection in the HCC cells using X-tremeGENE reagent (Roche Applied Science, Shanghai, China).



RNA Extraction and Quantitative RT-PCR

For RNA extraction, cells or tissues were homogenized with TRIzol reagent (Thermo Fisher Scientific, Inc.). RNAs were purified and quantified using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Inc.). RNAs were reversely transcribed by the RT reagent Kit (Nachuan Bio-Tech Co., Binzhou, China). qRT-PCR experiments were done in 10 µL total volume, which contained 1x SYBR Green Master mix (Nachuan Bio-Tech Co., China), cDNA (10 ng), and primers (75 nM of forward and 75 nM reverse primers, Table S1) in an Exicycle 96 Real-Time Quantitative Thermal Block (Bioneer, China), with initial incubation at 95°C (10 min), 40 cycles at 95°C (15 s) and 60°C (1 min). qRT-PCR experiments were triplicated, the averages of which were normalized (by β-actin), and the relative expression of AC007639.1 was calculated using the 2−ΔΔCt method.



Cell Count Kit-8 Assay

Cell proliferation was determined using the CCK-8 assay kit (DOJINDO, Japan). Briefly, cells (1 x 104/well) were grown in 96-well plates. At the same time of each day (10 am), CCK-8 reagent (10 μl) was diluted with 100 μl medium and added to each well. After incubation for 2 hours, the light absorbance at 450 nm was recorded with a microplate spectrophotometer (K8001, Shanghai Yoke Instrument Co., Ltd., China) (12).



EdU Assay

The EdU assay was performed using a KFluor488 Click It 5-ethynyl-2’-deoxyuridine Imaging Test Kit (KGA331-500; keyGen, Nanjing, China). At 24 hours after transfection, 105 cells were seeded in each well of a 24-well plate. After incubation for 24 hours, EdU was added (final concentration of 50 µM). After 2 hours incubation with EdU, cells were fixed with 150 µl of 4% formaldehyde in PBS for 20 min. A 495-nm laser was used to excite kFluor488-azide and images were captured under a fluorescence microscope (IX81, Olympus Corporation, Beijing, China). Nuclei were counterstained with DAPI.



Western Blotting

Forty-eight hours post transfection, cells were lysed in RIPA lysis buffer (Merck Group, Germany) for 30 min on ice. Protein concentrations were determined using a BCA assay kit (Solarbio, China). Lysates with equal amounts were loaded and separated by 12% SDS-polyacrylamide gel electrophoresis. Proteins were transferred onto polyvinylidene difluoride membranes, followed by probing with target antibodies. Primary antibodies included: Beta-actin (Affinity T0022, 1:1000), and p53 (Affinity AF0879, 1:1000), and the secondary antibody (Affinity S0001, 1:5000) were obtained from Xiangtai Biological Technology Co., Ltd. (China); and ANGPTL4 (Boster A01147, 1:1000) was purchased from Boster Biological Technology (Pleasanton, CA).



Establishment of Mouse Xenograft Tumor Model

The animal protocol was approved by the Ethical Committee of the Second Affiliated Hospital of Harbin Medical University (a tertiary hospital in northeast China). Male BALB/c nude mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., and housed in a temperature-controlled, specific-pathogen-free animal facility, with a 12h light/12h dark cycle and free access to food and water. Animals were properly treated in accordance with the national and institutional ethical requirements of experimental animals. 1.5 × 106 of HepG2-LNC-KD or HepG2-LNC-NC cells were resuspended in 0.1 ml sterile PBS, and subcutaneously injected in the left flank of mice at the age of 8 weeks. The size of tumor was monitored every morning (length x width x depth in mm3). Mice were sacrificed 2 weeks after cell injection (n = 7 per group).



Immunohistochemistry

Sections (10 μm) of paraffin-embedded xenograft tissue samples were used for immunohistochemistry staining. Slides were incubated with PCNA antibody (1:100 dilution in PBS; AF0239, Affinity Biosciences LTD.) or p53 (1:100 in PBS; Affinity AF0879) at overnight 4°C. After gentle rinsing off primary antibody solutions, slides were incubated with the secondary antibody (1:200 dilution in PBS; S0001, Affinity Biosciences LTD.) at 37°C for 1 hour. Finally, nuclei were counterstained with hematoxylin.



Statistics

Except for bioinformatics, statistical analyses were done with SPSS version 24.0 (Armonk, NY: IBM Corp.). Continuous data were shown as mean ± SD. Differences between the two groups were analyzed by independent Student’s t-test. p < 0.05 was considered significant in 2-tailed statistical tests.




Results


LncRNA AC007639.1 Expression in HCC

According to the bioinformatic analysis of TCGA-LIHC dataset using the DESeq2 software package, lncRNA AC007639.1 expression in HCC tissues was found to be significantly higher than that of adjacent non-tumor liver tissue (Figures 1A, B). The median level of lncRNA AC007639.1 was used as a cut-off to differentiate the high- and low- AC007639.1 expression groups. Using the GEPIA online tool (13) and R language survival analysis, the patients in the high AC007639.1 expression group were found to have a shorter survival period (Figures 1C, D). These results indicated that AC007639.1 was overexpressed in HCC tissues and the high level of AC007639.1 was indicative of poor prognoses.




Figure 1 | LncRNA AC007639.1 is highly expressed in hepatocellular carcinoma tissues and implies a poor prognosis. (A) Heatmap of transcriptome (left) and volcano plot (middle) of different genes, and lncRNA AC007639.1 expressions in TCGA-LIHC cases (right, n=420, https://gdc.cancer.gov/resources-tcga-users/tcga-code-tables/data-levels); (B) Heatmap of transcriptome (left) and volcano plot (middle) of different genes, and lncRNA AC007639.1 expressions in SRP069212 cases (right, n=355); (C, D) Kaplan-Meier survival curves of TCGA-LIHC dataset analyzed by TCGAbiolinks or SRP069212 dataset analyzed by GEPIA, respectively. ****p < 0.001 (Mann-Whitney test).





Prediction of the Functions of LncRNA AC007639.1 in HCC

Differentially expressed genes in the high- and low- AC007639.1 expression groups in the TCGA-LIHC dataset were analyzed by DEseq2 (Figure 2A). The enrichment of genes was analyzed using GSVA. The AC007639.1 high expression group was found to have highly enriched HCC up-regulating gene sets (Figure 2B). GO enrichment analysis (14) showed that AC007639.1 was involved in diverse cell functions such as immune functions (Figures 2C, D). LncRNA AC007639.1 was found to regulate the cell cycle (Figure 3A), increase HCC resistance to Doxorubicin (Figure 3B), and decrease the protein expression of p53 (Figure 3C).




Figure 2 | The role of LncRNA AC007639.1 in liver cancer. (A) Differential gene expressions between the high- and low- expression of lncRNA AC007639.1 groups (TCGA-LIHC). (B) LncRNA AC007639.1 functions analyzed by GSVA. The up-regulated genes in proliferative liver cancer were highly enriched in the AC007639.1 high expression group (p<0.001), while the down-regulated genes in proliferative liver cancer is highly enriched in the AC007639.1 low expression group (p<0.001). (C) GO analysis and (D) KEGG and cluster network analysis using Clusterprofiler Package of R language, screening criteria p < 0.05, correction p < 0.05.






Figure 3 | LncRNA AC007639.1 regulates the susceptibility of liver cancer to doxorubicin by inhibiting the p53 pathway, analyzed by GSVA. (A) The effect of lncRNA AC007639.1 on cell cycle (p < 0.001); (B) The effects of lncRNA AC007639.1 on doxorubicin resistance (p < 0.001); (C) The effects of lncRNA AC007639.1 on p53 target genes (p < 0.001).





LncRNA AC007639.1 in the Proliferation of HCC Cells

In order to investigate the function of AC007639.1 in HCC, three specific siRNAs were designed to knock down its expression in HCC cell lines, among which both siRNA1 and siRNA3 significantly downregulated AC007639.1 in HepG2, Hep3B, and SMMC-7721 cells (p<0.001 for both siRNAs, Figure 4A). The lncRNA AC007639.1 knockdown cells showed higher inhibition of proliferation after treated with different concentrations of Doxorubicin than that of the control groups (Figure 4B), which was also confirmed by EdU analysis (Figure 4C). Expression of p53 protein in HepG2, Hep3B, and SMMC-7721 cells were increased when treated with DOX after siRNA1 and siRNA3 transfection (Figure 4D). The above findings suggested that knocking down of AC007639.1 inhibited HCC cell growth, and promoted HCC apoptosis.




Figure 4 | Knockdown of lncRNA AC007639.1 inhibits the growth of hepatocellular carcinoma cells and promotes apoptosis. (A) qRT-PCR on the relative AC007639.1 expression in HepG2, Hep3B, and SMMC-7721 cells transfected with two lncRNA AC007639.1 or control siRNAs (Lnc-S1, Lnc-S3, or Lnc-NC, respectively); (B) CCK-8 assay showing inhibition of HepG2, Hep3B, and SMMC-7721 cells at different concentrations of doxorubicin after siRNAs transfection; (C) EdU analysis showing cell proliferation after transfection of scrambled shRNA (NC) or shRNA for lncRNA (shRNA-Lnc) (field of view: 200x) in HepG2 or Hep3B cells treated with 2.5 µM doxorubicin for 48 hours; (D) Western blots of p53 in the three cells lines after exposure to different concentrations of doxorubicin. NC: scrambled control siRNA or shRNA. S1, siRNA1; S3, siRNA3. *p < 0.05, **p < 0.01, ***p < 0.001.





LncRNA AC007639.1 in Nude Mice Xenografts

To explore the role of AC007639.1 in vivo, we developed the HepG2-LNC-KD cells that carried a stable knockdown level of AC007639.1 (confirmed by qRT-PCR, data not shown), and used the cells to create a xenograft tumor mouse model in nude mice. The size of xenograft tumor was significantly smaller in the stable knockdown group at 2 weeks compared with the knockdown group (Figures 5A, B), with a slower time-course growth rate (Figure 5C). The expression of AC007639.1 in the xenograft were significantly lower in the knockdown group, with a significant higher P53 expression (Figure 5D). P53 and PCNA immunohistochemistry showed increased p53-positive cells, reduced cell atypia, and reduced PCNA-positive cells after AC007639.1 was knocked down (Figure 5E). These results showed that lncRNA AC007639.1 is important in xenograft tumor growth.




Figure 5 | Knockdown of lncRNA AC007639.1 inhibits the growth of tumor xenografts in nude mice. (A) The size of HepG2 xenografts using HepG2-LNC-KD or HepG2-LNC-NC cells at 14 days; (B) Weight of xenografts at collection; (C) Xenografts growth monitored in mm3; (D) Relative AC007639.1 and p53 expressions (normalized to β-actin) in xenografts with HepG2-LNC-KD or HepG2-LNC-NC cells; (E) p53 and PCNA immunohistochemistry in xenograft tissues (field of view: 200x). Brown colored cells were positive for P53 or PCNA, respectively. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not statistically significant.





The Mechanism of AC007639.1 in Regulating Cell Functions

The above bioinformatics analysis indicated that AC007639.1 regulated HCC cell proliferation. We further analyzed the role of lncRNA AC007639.1 by sequencing gene expressions in HepG2 (Figures 6A–C) cells after the transfection of siRNA3. Among the genes with significant changes, ANGPTL4 was selected for further analysis. ANGPTL4 protein was significantly lower in HepG2 cells after AC007639.1 was knocked down (Figure 7A), and ANGPTL4 protein level also decreased in xenografts injected with HepG2-LNC-KD (Figures 7B, C). Knocking down of ANGPTL4 increased the inhibitory effect of Doxorubicin in HepG2, Hep3B, and SMMC-7721 cells (Figures 7D, E).




Figure 6 | The involvement of lncRNA AC007639.1 in different pathways. (A) Heatmap showing different gene expressions after the knock down of lncRNA AC007639.1 in HepG2 cells using siRNA3; (B) Volcano plot of different gene expressions after the knock down of lncRNA AC007639.1 in HepG2 cell line; (C) Pathways enrichment after the knock down of lncRNA AC007639.1 in HepG2 cell line.






Figure 7 | The role of ANGPTL4 in hepatocellular carcinoma cells. (A) The protein expression of ANGPTL4 in HepG2 cells after transfection of NC siRNA or siRNA3 (n=5). Protein (B) or RNA (C) expression of ANGPTL4 in HepG2 xenografts. (D) Knocking down of ANGPTL4 using ANGPTL4-siRNA 1 (AN1) or ANGPTL4-siRNA 2 (AN2) increased the inhibition of Doxorubicin in HepG2, Hep3B, and SMMC-7721 cells. (E) EdU analysis showing cell proliferation after transfection of scrambled shRNA (shRNA-NC) or shRNA-ANGPTL4 (field of view: 200x) in HepG2 or Hep3B cells treated with 2.5 µM doxorubicin for 48 hours. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not statistically significant.






Discussion

LncRNAs and endonuclease (15) are involved in the pathogenesis of liver cancer. Most lncRNAs promote the proliferation of HCC through microRNAs (16).

The application of bioinformatic analyses facilitated the identification of candidate lncRNAs and related signaling pathways for indispensable mechanistic studies. According to the findings from the TCGA-LIHC dataset, lncRNA AC007639.1 was knocked down in three HCC cell lines using specific siRNAs or shRNA, with the finding of significantly more cell death and inhibition of cell proliferation, which showed lncRNA AC007639.1 is involved in HCC pathogenesis.

We tested the role of lncRNA AC007639.1 in three cell lines of hepatic origin, HepG2, Hep3B, and SMMC-7721. HepG2 is characterized by hepatitis B virus negative and non-tumorigenic, while Hep3B is characterized by hepatitis B virus positive and tumorigenic (17), and SMMC-7721 has been suspected of its liver origin due to contamination concerns (18). Therefore, to avoid controversies, SMMC-7721 cells were just used to test the efficacy of siRNA knock down (19), but not selected for further mechanistic experiments. Doxorubicin is among the most used chemotherapeutics against human cancers (20), the resistance of which is related with lncRNA AC007639.1 as shown in this study.

ANGPTL4 protein belongs to the angiopoietin (ANG)-related family. It is highly expressed in numerous organs including liver, and is be stimulated by inflammatory or hypoxic conditions (21, 22). However, the roles of ANGPTL4 in human cancers are controversial in different experimental models and proposed pathways. Overexpression of ANGPTL4 promotes tumorigenesis and metastasis (23), whereas it presents anti-metastatic activity through inhibition of vascular permeability and invasiveness (24). In the clinical settings, a high serum ANGPTL4 protein level in HCC patients is predictive of liver cirrhosis and intrahepatic metastasis (25). But levels of ANGPTL4 protein in tumor tissues are significantly lower than that in non-tumor tissues of the same HCC patients (26). Knockdown of ANGPTL4 inhibits the development of human gastric cancer (27). Our findings showed that the expression of ANGPTL4 is controlled by lncRNA AC007639.1, and ANGPTL4 contributed to the resistance of HCC cells to doxorubicin.

Taken together, we showed by bioinformatics and mechanistic studies that lncRNA AC007639.1 was involved in the pathogenesis of HCC by decreasing apoptosis and increasing resistance to chemotherapy. LncRNA AC007639.1 could be a valuable prognostic predictor as well as treatment target in HCC patients.
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