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Colorectal cancer (CRC) is one of the most common cancers worldwide. Recent studies have shown that long non-coding RNAs (lncRNAs) are involved in tumorigenesis and the development of CRC. By constructing a differential lncRNA expression profile, we screened gene chips and found that DNAJC3-AS1 was highly expressed in CRC tissues and was associated with poor prognosis in patients with CRC. Further, we proved through assays such as wound healing, colony formation, and Cell Counting Kit-8 (CCK8) that interfering with DNAJC3-AS1 could reduce the proliferation, migration, and invasion of CRC cells. Mechanically, we found that DNAJC3-AS1 regulates fatty acid synthase to promote the progression of CRC via the epidermal growth factor receptor/phosphatidylinositol 3-kinase/protein kinase B/nuclear factor κB signaling pathway. Therefore, DNAJC3-AS1 may be a new target for the diagnosis and therapy of CRC.
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Introduction

Colorectal cancer (CRC) is the most common gastrointestinal cancer worldwide and has a high morbidity and mortality rate (1–3) and the incidence of CRC has been associated with poor eating habits, with the number of cases increasing annually (3, 4). Abnormal lipid metabolism, such as that in case of obesity, is a major risk factor that promotes tumorigenesis and the development of CRC. Obesity can induce metabolic changes in colon cells and induce oncogene expression with age (5).

Lipid metabolism reprogramming has emerged as a new hallmark of cancer (6, 7). Early tumor growth requires nutrient absorption and biosynthesis (8). In rapidly proliferating tumor cells, the de novo synthesis of fatty acid is enhanced and the expression of key fatty acid synthesis enzymes, including acetyl CoA carboxylase (ACC) and fatty acid synthase (FASN), is increased. After the tumor cells synthesise fatty acids, they further synthesise triglycerides or sterol esters and then store them in lipid droplets. The accumulated lipids can protect tumor cells from harsh environments and continuously provide tumor cells with phospholipids for developing the membrane structure. In addition, these tumor metabolites can act as signal molecules in signaling pathways and contribute to local invasion and metastasis of tumor cells. In the later stages of tumor progression, drug resistance also causes the development of new metabolic phenotypes. Studies have shown that fibroblasts in the tumor microenvironment highly express FASN, which mediates lipid metabolism reprogramming, causes the accumulation of several fatty acids, and promotes the migration of CRC cells (9). However, the regulatory mechanisms of lipid metabolism reprogramming in CRC are not fully understood.

Long non-coding RNAs (lncRNAs) are a group of RNA transcripts that span more than 200 nucleotides in length and have limited protein-coding ability (10). Several studies have shown that lncRNAs can directly act as tumor suppressors or oncogenes or play a role in the regulation of tumor suppressors or oncogenes at the transcriptional or post-transcriptional levels (11). Many studies have confirmed that lncRNAs play an important role in the occurrence and development of CRC (12–15). Recently, a concern has been raised that lncRNAs regulate cancer progression via participating in the lipid metabolism. For example, LNMICC promotes cervical cancer metastasis via reprogramming fatty acid metabolism. Furthermore, TINCR promotes nasopharyngeal carcinoma (NPC) proliferation and metastasis by upregulating acetyl-CoA levels, and ultimately promoting lipid biosynthesis (16).

It is reported that EGFR is overexpressed in many types of cancers, and activates various downstream signaling pathways including the phosphatidylinositol 3-kinase (PI3K)/Akt pathway (17). The epidermal growth factor receptor (EGFR)/PI3K/Akt/nuclear factor κB (NF-κB) signaling pathway plays an important role in the occurrence and development of tumors, especially in the proliferation, invasion, and metastasis of tumor cells (18–21). Moreover, EGFR/PI3K/Akt has been demonstrated to activate SREBP1 cleavage and up-regulates ACC1 and FASN, leading to enhanced lipid metabolism (22, 23). The accumulate evidences inspired us to explore the role of lncRNAs in the link between lipid metabolism and CRC.

In the present study, we aimed to profile the expression patterns and dysregulation of lncRNAs in CRC by analysing Gene Expression Omnibus (GEO) data sets (GSE21510, GSE22598, GSE23878, GSE32323, and GES39582). We focused on the lncRNA DNAJC3-AS1, the expression of which was markedly overexpressed and was correlated with BMI, poor patient prognosis. Further study demonstrated that DNAJC3-AS1 could promote CRC proliferation, metastasis, invasion, and lipid accumulation. In addition, we found that DNAJC3-AS1 regulated the EGFR/PI3K/AKT/NF-κB/SREBP signaling pathway and correlated with the expression of key fatty acid synthesis enzymes, including ACC1 and FASN.



Materials and Methods


Data Set Analysis

The original CRC gene expression profile data and related clinical data of six independent gene chips GSE21510, GSE22598, GSE23878, GSE32323, and GES39582 were obtained from the GEO database. GSE21510 contains 104 tumor and 44 normal tissues, GSE22598 contains 17 tumor and 17 normal tissues, GSE23878 contains 35 tumor and 24 normal tissues, GSE32323 contains 17 tumor and 17 normal tissues, and GES39582 contains 233 tumor and 19 normal tissues. Significant Analysis of Microarray software was used to analyze the expression differences of lncRNAs in normal colorectal mucosal and CRC tissue samples from the two groups (Supplementary Table 2).



Clinical Samples

Tumor tissues paired with normal colorectal mucosal tissues were obtained from 36 patients with CRC diagnosed and operated on at the Hunan Cancer Hospital from 2017 to 2019. After collection, the tissue specimens were immediately frozen in liquid nitrogen. In addition, in situ hybridization assays were performed on 53 patients who underwent surgery at the Human Provincial Cancer Hospital from 2010 to 2013. 10 normal samples were obtained from adjacent tissues. All specimens were obtained from surgically removed tissue specimens from patients with preoperatively confirmed CRC who had not received radiation or chemotherapy. This study was approved by the ethics committee of the Hunan Cancer Hospital, and written informed consent was obtained from all patients.



In Situ Hybridization (ISH)

Tissue samples from 53 patients with CRC were fixed with 4% paraformaldehyde, embedded in paraffin, and sliced. The expression of DNAJC3-AS1 in CRC tissues was measured with an oligonucleotide probe. The following oligonucleotide probes were purchased from BOSTER Company (Wuhan, China): 5′-TGAAT TATAA ATAGC ATAGT GAATT TGTGA TTCCC TGAAG-3′, 5′-TCCCT CCTTC CTTGA GTGTG GGCTG GACTT AGTGA CTAAC-3′, 5′-TTGGG ACCTC CCTGT ATTAT CCTTA TGCCC TTACT TGAAA-3′, and 5′-labeled with a digoxigenin-deoxyuridine triphosphate tag. The experiment was conducted according to the manufacturer’s protocol using a sensitive, enhanced ISH kit (Boster, Wuhan, China). A semi-quantitative scoring standard was used to record the staining intensity and positive area of the slice. The scoring was graded as 0 (negative), 1 (<10% positive), 2 (10%–50% positive), or 3 (>50% positive) in accordance with the staining proportion and intensity. The final scores were regarded as low expression (0–1) and high expression (2–3). All sections were evaluated blindly by two pathologists.



In Situ Hybridization Evaluation Criteria

Two pathologists scored the results according to the following criteria: (1) staining intensity: no observed cell staining was scored as 0; cells with light-brown cell staining as 1; cells stained brown with no background staining, or dark-brown stained cells with light-brown background staining were recorded as moderately positive, as 2; dark-brown stained cells with no background staining were recorded as strongly positive, as 3. (2) number of positive cells: no positive cells were scored as 0; less than 25% of positive cells as 1; between 25 and 50% positive cells as 2; positive cells over 50% recorded as strongly positive, as 3. The final scores were obtained by multiplying the two scores. The results were as follows: 0 was considered as negative expression, and the final score was 0; 1−2, as weakly positive, and the final score was 1; 3 to 4, as moderately positive, and the final score was 2; 6 to 9 as strong positive, and the final score was 3.

All the target cells of each tissue were counted under 10× magnification, and the counting was repeated twice. The average values obtained from the counting was used for statistical analysis. ISH scores of 1, 2, and 3 indicated high expression of DNAJC3-AS1, and IHC scores of 0 indicated low expression of DNAJC3-AS1. All the samples were scored independently by two experienced pathologists who were double-blinded.



RNA Isolation and Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent according to the manufacturer’s protocol (Invitrogen, USA). cDNA was synthesized using a reverse transcription kit (Bio-Rad, Hercules, CA, USA). qRT-PCR was performed using SYBR Green (Bio-rad, Hercules, CA, USA) with a LightCycler 480 RT-PCR detection system (Roche). β-actin was used as an internal control for normalization. The expression of DNAJC3-AS1 was normalized to the corresponding β-actin expression level. The following equation was used to calculate the relative expression: ΔCt = Ct (target gene) − Ct (β-actin), fold expression = 2 – [ΔCt (tumor) − ΔCt (normal)] divided by the Cq value. The primer sequences used in the experiment were as follows: DNAJC3-AS1: 5′-AGCGATTGTGGAAGACCCTG-3′, 5′-ATTTCCCCTGGTAAGCGCAA-3′ and β-actin: 5′-TCACCAACTGGGACGACATG-3′, 5′-GTCACCGGAGTCCATCACGAT-3′.



Cell Lines and Cell Transfection

The CRC cell lines HT29, HCT116, SW480, and SW620 and normal human colon tissue cells CCD-18Co were obtained from the Cancer Institute of Xiangya Medical College, Central South University. The CRC cell lines HT29 and SW620 were cultured in RPMI-1640 medium (BI) with 10% foetal bovine serum (FBS, ZETA) and maintained at 5% CO2 and 37°C. The colorectal cell line CCD-18CO and the CRC cell lines HCT116 and SW480 were cultured in DMEM (Gibco, Beijing, China) with 10% FBS (ZETA).

A small interfering RNA (siRNA) was used to interfere with the expression of DNAJC3-AS1 in cells. Cells were seeded in a 12-well plate in Opti-MEM medium (Invitrogen) and transfected with an siRNA targeting DNAJC3-AS1 or a scrambled control siRNA using Hiperfect (Takara). The sequences of the siRNA targeting DNAJC3-AS1 were as follows: siDNAJC3-AS1: sense 5′- GGAAGCACAGUCUCAACUUTT-3′ and antisense: 5′- AAGUUGAGACUGUGCUUCCTT-3′. The sequences of the scrambled control siRNA were provided by Sangon Biotech Company (Shanghai, China).



Cell Counting Kit (CCK)-8 and Colony Formation Assays

The proliferation ability of the cells was evaluated by CCK-8 and colony formation assays. In the CCK-8 assay, 100 µl of suspension containing 1 × 103 CRC cells was inoculated into each 96-well plate. Ten microliters of CCK-8 solution was added to each well, and the cells were incubated at 37°C for 4 h. The absorbance at 450 nm was measured at the indicated time points (24, 48, 72, and 96 h after transfection).

In the colony formation assay, 2 × 103 CRC cells per well were seeded in a 6-well plate, cultured in 2 mL DMEM containing 10% FBS and 2 mL of RPMI 1640 medium containing 10% FBS, and incubated at 37°C and 5% CO2 for 24 h. The medium was changed every 2 days, and the culture was terminated on the 12th day. The cells were immobilized with 4% paraformaldehyde for 30 min, purified twice with phosphate-buffered saline (PBS), and stained with 2.5% crystal violet. Subsequently, live colonies were counted.



Cell Migration and Invasion Assays

The migration ability of CRC cells was measured by wound healing assays. The cells were seeded in a 6-well plate and grown until 70% confluence. Vertical scratches in the cell monolayer were created using a 10-µl pipette tip, and the cells were washed three times with PBS to remove cell debris. The width of the wound was measured under a microscope at 0, 24, and 48 h after the scratch wound formation, and the wound area was calculated using Image J.

The invasion ability of CRC cells was evaluated by the Matrigel Transwell invasion assay. A total of 2 × 105 cells in 200 µl serum-free medium were added to the top of a Matrigel-coated Transwell cell culture chamber (8-μm pore size, BD Biosciences, New Jersey, USA), and cells in 600 µl of medium containing 20% FBS were added to the bottom of the chamber. Cells were then incubated at 37°C for 24 h. The cells that migrated or invaded the lower cavity were fixed with 4% paraformaldehyde and stained with 2.5% crystal violet. The cells on the upper surface of the chamber were gently wiped with a cotton swab. The number of invasive cells was counted from six randomly selected 100× fields under a microscope and displayed as the average value of each field.



Nile Red Staining

To visualize lipid droplets, cultured cells were fixed in 4% paraformaldehyde solution on the 6-well plates, stained with 0.05 μg/ml Nile red (Solarbio) for 10 min, washed with PBS, then stained with DAPI. The images were visualized by immunofluorescence microscopy.



Western Blotting

Total protein was extracted from the cells using RIPA buffer (Boster, China) containing a phosphatase inhibitor and quantified using the bicinchoninic acid protein detection kit (Invitrogen, USA) according to the manufacturer’s instructions. After denaturation, 20 mg of protein samples were loaded into a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel for electrophoresis. After transfer of protein bands, the polyvinylidene fluoride membrane (Invitrogen, USA) was blocked with bovine serum albumin (Invitrogen, USA) at 25°C for 1 h and incubated with the following primary antibodies overnight at 4°C: anti-phospho-EGFR (1:1,000, Abclone), anti-phosphorylated PI3K (1:1,000, Abclone), anti-phosphorylated AKT (1:1,000, Abclone), anti-phosphorylated NF-κB (1:1,000, Abclone), anti-SREBP1 (1:1,000, Abcam), anti-ACC1 (1:1000, Proteintech), anti-FASN (1:1,000, Proteintech), and β-actin (1:1,000, Abclone). After washing with Tris-buffered saline with 0.1% Tween® 20 (TBS-T), the membrane was incubated with an anti-rabbit secondary antibody for 2 h at room temperature. After another washing with TBS-T, protein bands were visualized using an enhanced chemiluminescent substrate kit (Obsen, Beijing). Experiments were performed in triplicate.



Statistical Analysis

All assays were performed independently at least three times. All statistical analyses were performed using Microsoft Excel 2007 version (Microsoft, USA) and GraphPad Prism version 5.0 (GraphPad Software Inc., San Diego, CA, USA) software. Data are expressed as the mean ± standard error of the mean. Differences between two independent groups were assessed by Student’s t-test, and the differences in multiple comparisons were assessed by one-way analysis of variance. Kaplan–Meier analysis was used to plot survival curves, and log-rank test was used for analysis. Comparisons among categorical variables were performed using χ2 or Fisher’s exact tests. A two-tailed P-value of 0.05 or less was considered statistically significant.




Results


DNAJC3-AS1 Is Upregulated in CRC and Predicts Poor Prognosis

Reanalysis of the GEO datasets (GSE21510, GSE22598, GSE23878, GSE32323, and GES39582) showed that DNAJC3-AS1 was significantly upregulated in CRC tissues compared with that in non-tumor tissues (Figures 1A–E).




Figure 1 | DNAJC3-AS1 is highly expressed in CRC. (A–E) DNAJC3-AS1 expression, obtained from the Gene Expression Omnibus (GEO) database, is upregulated in CRC tissues compared with that in normal colorectal tissues in GSE21510, GSE22598, GSE23878, GSE32323, and GES39582 datasets. (F) DNAJC3-AS1 expression is higher in CRC tissue samples (n = 36) than in adjacent normal tissues (n = 36). (G) DNAJC3-AS1 expression is significantly higher in the CRC cell lines HT29, HCT116, SW480, and SW620 than in the normal colon cell line CCD-18Co. (**P < 0.01 and ***P < 0.001).



To verify the results of the datasets, we collected 36 CRC tissues paired with normal tissues and detected the expression of DNAJC3-AS1 by qRT-PCR. The expression of DNAJC3-AS1 in CRC tissues was significantly increased compared with that in the corresponding normal tissues (Figure 1F). In addition, DNAJC3-AS1 was significantly upregulated in the four CRC cell lines HT29, HCT116, SW480, and SW620 compared with that in the normal colon cell line CCD-18Co (Figure 1G).

We further verified the expression of DNAJC3-AS1 in CRC tissues and its correlation with clinicpathological parameters of patients with CRC using ISH. DNAJC3-AS1 was highly expressed in the cancer nests of colorectal cancer tissues compared with that in the adjacent normal colorectal tissues (Figure 2A). We analyzed the relationship between DNAJC3-AS1 expression and clinicopathological parameters, such as the level of local invasion (T stage), lymphatic invasion (N stage), and BMI. The data showed that DNAJC3-AS1 expression was positively correlated with local invasion (T stage), I–IV stage, and BMI (Figures 2B, C, Supplementary Table S1). High expression of DNAJC3-AS1 was also associated with shortened overall survival of patients with CRC, suggesting that upregulation of DNAJC3-AS1 is a predictor of poor prognosis (Figure 2D). The above results indicated that the high expression of DNAJC3-AS1 in CRC is associated with higher local infiltration, TNM stage, BMI, and poor prognosis.




Figure 2 | High expression of DNAJC3-AS1 is associated with poor prognosis of patients with CRC. (A) DNAJC3-AS1 expression measured by in situ hybridization in paraffin-embedded CRC biopsy samples. Upper panel: magnification = 20×; lower panel: magnification = 40×. (B, C) DNAJC3-AS1 expression is associated with TNM staging. (D) Highly expression of DNAJC3-AS1 is correlated with shorter overall survival. (*P < 0.05, **P < 0.01).





DNAJC3-AS1 Can Promote the Proliferation of CRC Cells

To further analyze the biological function of DNAJC3-AS1 in CRC, HCT116 and SW480 cells were transfected with siRNA to knock down the expression of DNAC3 AS1 in CRC cells. The transfection effect was detected by qRT-PCR. The results showed that after siRNA transfection, the expression of DNAJC3-AS1 in HCT116 and SW480 cells was significantly inhibited (Figure 3A). CCK-8 assays revealed that knockdown of DNAJC3-AS1 significantly inhibited the proliferation of HCT116 and SW480 cells (Figure 3B). Results of the colony formation assay were consistent with those of the CCK-8 assay; the knockdown of DNAJC3-AS1 significantly reduced the number of clone colonies (Figure 3C).




Figure 3 | DNAJC3-AS1 can promote the proliferation of CRC cells. (A) Following siRNA transfection, the expression of DNAJC3-AS1 in HCT116 and SW480 cells is significantly inhibited (P = 0.007, P = 0.003). (B) CCK-8 assay shows that knockdown of DNAJC3-AS1 significantly inhibits the proliferation of HCT116 and SW480 cells (P < 0.001, P < 0.001). (C) Colony formation assay shows that knockdown of DNAJC3-AS1 significantly reduces the number of cancer cell colonies (*P < 0.05, **P < 0.01 and ***P < 0.001).





DNAJC3-AS1 Can Promote the Migration and Invasion and Lipid Accumulation of CRC Cells

We performed a wound-healing assay to analyze the influence of DNAJC3-AS1 on the migration ability of CRC cells. The results showed that knockdown of DNAJC3-AS1 can significantly reduce the migration ability of HCT116 and SW480 cells (Figure 4A). Finally, we used the Transwell assays to analyze the effect of DNAJC3-AS1 on the invasion ability of CRC cells. The results showed that knockdown of DNAJC3-AS1 significantly inhibited the invasion ability of HCT116 and SW480 cells (Figure 4B). Therefore, the above results confirmed that DNAJC3-AS1 knockdown was effective in CRC cells and could inhibit the migration and invasion abilities of CRC cells. Therefore, the high expression of DNAJC3-AS1 serves as an oncogene in CRC.




Figure 4 | DNAJC3-AS1 can promote the migration and invasion of CRC cells. (A) Wound healing assay shows that knockdown of DNAJC3-AS1 can significantly reduce the migration ability of HCT116 and SW480 cells (P < 0.001, P < 0.001). (B) Transwell assays show that knockdown of DNAJC3-AS1 significantly inhibits the invasion ability of HCT116 and SW480 cells. (C) Cellular neutral lipids were measured in SW480 cells expressing NC, si-DNAJC3-AS1 by Nile red staining. magnification = 40×. (**P < 0.01 and ***P < 0.001).



Based on our previous finding that the higher DNAJC3-AS1expression level correlated with BMI (P=0.038) (Supplementary Table S1). We further evaluate the effects of DNAJC3-AS1 on lipid content in CRC cell lines SW480. Our data demonstrated that DNAJC3-AS1 knockdown induced decreased levels of lipid accumulation (Nile red staining) in SW480 (Figure 4C).



DNAJC3-AS1 Regulates the Expression of ACC1/FASN Via EGFR/PI3K/AKT/NF-Kb/SREBP1 Signaling Pathway in CRC

To provide further evidence, we measured the expression of FFA metabolic enzymes and related signaling pathway. In our study, western blotting showed that knockdown of DNAJC3-AS1 significantly reduced the expression levels of P-EGFR, P-PI3K, P-Akt, P-NF-κB, and SREBP1 in HCT116 and SW480 cells (Figure 5). The EGFR/PI3K/AKT/sterol regulatory element-binding protein (SREBP1) signaling pathway is closely related to lipid metabolism. Through western blotting, we found that knockdown of the DNAJC3-AS1 gene decreased the expression levels of ACC1 and FASN in HCT116 and SW480 cells (Figure 5). Therefore, DNAJC3-AS1 may regulate the expression of ACC1/FASN via the EGFR/PI3K/AKT/NF-Kb/SREBP1 pathway to promote the progression of CRC.




Figure 5 | DNAJC3-AS1 regulates the expression of fatty acid synthase via EGFR/PI3K/AKT/NF-κB signaling pathway. Expression of EGFR/PI3K/AKT/NF-κB pathway-associated proteins and their corresponding phosphorylated levels are detected by western blotting in HCT116 and SW480 cells transfected with NC or DNAJC3-AS1 siRNA. β-actin is used as an internal control.






Discussion

CRC is one of the most common cancers and the second leading cause of cancer-related deaths (3). Therefore, there is an urgent need to understand the mechanism of CRC progression. In recent years, an increasing number of studies have shown that lncRNAs are closely related to the reprogramming of lipid metabolism and the occurrence and development of malignant tumors (12, 24–27). In this study, we mainly discussed the function and mechanism of lncRNA DNAJC3-AS1 in CRC.

First, we selected lncRNAs that were differentially expressed in CRC from the GEO database and verified them using qRT-PCR to screen out lncRNA DNAJC3-AS1 that was significantly highly expressed in CRC tissues and cells. Moreover, ISH assays confirmed that the expression of DNAJC3-AS1 is associated with local infiltration of CRC, TNM staging, and poor prognosis of patients. These results suggest that the expression of DNAJC3-AS1 is closely related to the occurrence of CRC. Next, we found through in vitro experiments that knockdown of DNAJC3-AS1 can significantly inhibit the proliferation, migration, and invasion of CRC cells, confirming that DNAJC3-AS1 acts as an oncogene in the development of CRC. To our knowledge, this study is the first to reveal the role of DNAJC3-AS1 in promoting the growth and metastasis of CRC cells. Western blotting further showed that DNAJC3-AS1 is closely related to the EGFR/NF-κB pathway.

EGFR, a cell-surface transmembrane receptor of tyrosine kinases, is a member of the ErbB family and plays an important role in the progression of CRC (28, 29). The binding of EGF to its receptor EGFR can initiate autophosphorylation of intracellular domains through tyrosine kinase activity and activate multiple downstream signal transduction pathways, including the PI3K/AKT pathway. The PI3K/AKT signal transduction pathway is a widely recognized carcinogenic pathway that plays a key role in a variety of tumors, including lung cancer (30), gastric cancer (31) and liver cancer (32). Moreover, several studies have shown that the PI3K/AKT signaling pathway is activated in CRC and plays a crucial role in regulating cell proliferation and maintaining the biological characteristics of malignant cells (33, 34). PI3K can generate phosphatidylinositol 3,4,5-trisphosphate in the plasma membrane, which then interacts with the PH domain of AKT to cause AKT aggregation. Subsequently, the increase in AKT expression or activity is recognized as the first step in the progression of various types of tumors (35). In addition, the PI3K/AKT signaling pathway is stimulated by a variety of oncogenes and growth factor receptors, such as insulin receptor tyrosine kinase, insulin-like growth factor 1 receptor, EGFR, and platelet-derived growth factor receptor (36). The abnormal regulation of NF-κB and the signaling pathways that control its activity are associated with the development and maintenance of cancer (37). Generally, NF-κB activity is regulated by its interaction with the inhibitory IκB (the nuclear localization signal of a given NF-κB dimer that interferes with DNA binding). Phosphorylation activates the IκB kinase (IκK) complex, which degrades the IκB proteasome, thereby activating NF-κB. The activation of IκK induces the phosphorylation of IκB and facilitates its degradation by the proteasome. At the same time, NF-κB enters the nucleus and activates the corresponding target gene (38). Studies have shown that PI3K can regulate the expression of NF-κB through phosphorylation and activation of AKT, thereby affecting cell survival, proliferation, metastasis, and other biological processes (39).

Many studies have reported that the EGFR/NF-κB signaling pathway is closely related to lipid metabolism. Lipid metabolism changes, especially FA synthesis (FAS) and fatty acid oxidation, are considered to be important metabolic reprogramming phenomena in tumor cells (40). ACC is a rate-limiting enzyme that catalyses the FAS pathway. There are two main isoforms of this protein. Cytoplasmic ACC1 exists in adipogenic tissues, and ACC2 bound to the outer mitochondrial membrane exists in lipids (41). Studies have shown that the high expression of ACC1 is associated with vascular invasion and disease recurrence in patients with hepatocellular carcinoma (42). FASN is a multi-enzyme protein complex that catalyses the biosynthesis of saturated fatty acids. Several studies have shown that FASN is overexpressed in a variety of cancers, such as breast cancer, prostate cancer, ovarian cancer, and CRC (43, 44). Studies have shown that the EGFR/PI3K/AKT/SREBP-1 signaling pathway can promote the progression of glioblastoma (22).

Therefore, in this study, we observed that DNAJC3-AS1 plays a role in the activation of the PI3K/AKT signaling pathway and regulates the expression of FASN in CRC cells. The expression of DNAJC3-AS1 was positively correlated with the expression levels of p-EGFR, p-PI3K, p-AKT, p-NF-κB, ACC1, and FASN. Therefore, we believe that the role of lncRNA DNAJC3-AS1 in the occurrence of CRC is partly mediated by the activation of the EGFR/PI3K/AKT/NF-κB/ACC1 and FASN signaling pathways. These findings indicate that DNAJC3-AS1 can regulate FASN via the EGFR/PI3K/AKT/NF-κB pathway to promote the progression of CRC and thus can be a candidate for molecular targeted therapy for CRC.



Data Availability Statement

The data sets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article.



Ethics Statement

This study was approved by the Ethics Committee of Hunan Cancer Hospital, and written informed consent was signed.



Author Contributions

YT, RT, and MT wrote the manuscript and did the experiments. PH and ZL revised the manuscript. JZ, LZ, MS, PC, JJ, YH, YZ, QL, ZZ, and WX helped in the revision of the manuscript. JC and SN revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (82002873, 81972636, 81872281, 81472595), Natural Science Foundation of Hunan Province (2018JJ3634, 2019JJ40175, 2019JJ40183, 2018JJ1013), Research Projects of Health Commission of Hunan Province (20201772, B2019082, B20180400, B20180582), Research Projects of Health Department of Hunan Province (B2013-096), Changsha Science and Technology Project (kq2004139, kq1901071, kq1901072, kq1706045, kq1706043), and Ascend Foundation of National Cancer Centre (NCC2018b68).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.604534/full#supplementary-material



References

1. Jung, G, Hernandez-Illan, E, Moreira, L, Balaguer, F, and Goel, A. Epigenetics of colorectal cancer: biomarker and therapeutic potential. Nat Rev Gastroenterol Hepatol (2020) 17(2):111–30. doi: 10.1038/s41575-019-0230-y

2. Cross, AJ, Robbins, EC, Pack, K, Stenson, I, Kirby, PL, Patel, B, et al. Long-term colorectal cancer incidence after adenoma removal and the effects of surveillance on incidence: a multicentre, retrospective, cohort study. Gut (2020) 69(9):1645–58. doi: 10.1136/gutjnl-2019-320036

3. Siegel, RL, Miller, KD, Goding Sauer, A, Fedewa, SA, Butterly, LF, Anderson, JC, et al. Colorectal cancer statistics, 2020. CA Cancer J Clin (2020) 70(3):145–64. doi: 10.3322/caac.21601

4. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2018. CA Cancer J Clin (2018) 68(1):7–30. doi: 10.3322/caac.21442

5. Li, R, Grimm, SA, Mav, D, Gu, H, Djukovic, D, Shah, R, et al. Transcriptome and DNA Methylome Analysis in a Mouse Model of Diet-Induced Obesity Predicts Increased Risk of Colorectal Cancer. Cell Rep (2018) 22(3):624–37. doi: 10.1016/j.celrep.2017.12.071

6. Cheng, X, Li, J, and Guo, D. SCAP/SREBPs are Central Players in Lipid Metabolism and Novel Metabolic Targets in Cancer Therapy. Curr Top Med Chem (2018) 18(6):484–93. doi: 10.2174/1568026618666180523104541

7. Nieman, KM, Kenny, HA, Penicka, CV, Ladanyi, A, Buell-Gutbrod, R, Zillhardt, MR, et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat Med (2011) 17(11):1498–503. doi: 10.1038/nm.2492

8. Faubert, B, Solmonson, A, and DeBerardinis, RJ. Metabolic reprogramming and cancer progression. Science (2020) 368(6487):152-+. doi: 10.1126/science.aaw5473

9. Gong, J, Lin, Y, Zhang, H, Liu, C, Cheng, Z, Yang, X, et al. Reprogramming of lipid metabolism in cancer-associated fibroblasts potentiates migration of colorectal cancer cells. Cell Death Dis (2020) 11(4):267. doi: 10.1038/s41419-020-2434-z

10. Nagano, T, and Fraser, P. No-nonsense functions for long noncoding RNAs. Cell (2011) 145(2):178–81. doi: 10.1016/j.cell.2011.03.014

11. Huarte, M, Guttman, M, Feldser, D, Garber, M, Koziol, MJ, Kenzelmann-Broz, D, et al. A large intergenic noncoding RNA induced by p53 mediates global gene repression in the p53 response. Cell (2010) 142(3):409–19. doi: 10.1016/j.cell.2010.06.040

12. Ma, Y, Yang, Y, Wang, F, Moyer, MP, Wei, Q, Zhang, P, et al. Long non-coding RNA CCAL regulates colorectal cancer progression by activating Wnt/beta-catenin signalling pathway via suppression of activator protein 2alpha. Gut (2016) 65(9):1494–504. doi: 10.1136/gutjnl-2014-308392

13. Zhang, Y, Sun, J, Qi, Y, Wang, Y, Ding, Y, Wang, K, et al. Long non-coding RNA TPT1-AS1 promotes angiogenesis and metastasis of colorectal cancer through TPT1-AS1/NF90/VEGFA signaling pathway. Aging (Albany NY) (2020) 12(7):6191–205. doi: 10.18632/aging.103016

14. Shen, X, Hu, X, Mao, J, Wu, Y, Liu, H, Shen, J, et al. The long noncoding RNA TUG1 is required for TGF-beta/TWIST1/EMT-mediated metastasis in colorectal cancer cells. Cell Death Dis (2020) 11(1):65. doi: 10.1038/s41419-020-2254-1

15. Jiang, L, Zhao, XH, Mao, YL, Wang, JF, Zheng, HJ, and You, QS. Long non-coding RNA RP11-468E2.5 curtails colorectal cancer cell proliferation and stimulates apoptosis via the JAK/STAT signaling pathway by targeting STAT5 and STAT6. J Exp Clin Cancer Res (2019) 38(1):465. doi: 10.1186/s13046-019-1428-0

16. Zheng, ZQ, Li, ZX, Guan, JL, Liu, X, Li, JY, Chen, Y, et al. Long non-coding RNA TINCR-mediated regulation of acetyl-CoA metabolism promotes nasopharyngeal carcinoma progression and chemoresistance. Cancer Res (2020) 80(23):5174–88. doi: 10.1158/0008-5472.CAN-19-3626

17. Zhou, J, Qu, G, Zhang, G, Wu, Z, Liu, J, Yang, D, et al. Glycerol kinase 5 confers gefitinib resistance through SREBP1/SCD1 signaling pathway. J Exp Clin Cancer Res CR (2019) 38(1):96. doi: 10.1186/s13046-019-1057-7

18. Murugan, AK. Special issue: PI3K/Akt signaling in human cancer. Semin Cancer Biol (2019) 59:1–2. doi: 10.1016/j.semcancer.2019.10.022

19. Zhang, Y, Kwok-Shing Ng, P, Kucherlapati, M, Chen, F, Liu, Y, Tsang, YH, et al. A Pan-Cancer Proteogenomic Atlas of PI3K/AKT/mTOR Pathway Alterations. Cancer Cell (2017) 31(6):820–32 e3. doi: 10.1016/j.ccell.2017.04.013

20. Xu, J, Xiao, Y, Liu, B, Pan, S, Liu, Q, Shan, Y, et al. Exosomal MALAT1 sponges miR-26a/26b to promote the invasion and metastasis of colorectal cancer via FUT4 enhanced fucosylation and PI3K/Akt pathway. J Exp Clin Cancer Res (2020) 39(1):54. doi: 10.1186/s13046-020-01562-6

21. Li, Y, Zeng, C, Hu, J, Pan, Y, Shan, Y, Liu, B, et al. Long non-coding RNA-SNHG7 acts as a target of miR-34a to increase GALNT7 level and regulate PI3K/Akt/mTOR pathway in colorectal cancer progression. J Hematol Oncol (2018) 11(1):89. doi: 10.1186/s13045-018-0632-2

22. Guo, D, Reinitz, F, Youssef, M, Hong, C, Nathanson, D, Akhavan, D, et al. An LXR agonist promotes glioblastoma cell death through inhibition of an EGFR/AKT/SREBP-1/LDLR-dependent pathway. Cancer Discovery (2011) 1(5):442–56. doi: 10.1158/2159-8290.CD-11-0102

23. Zhang, J, Song, F, Zhao, X, Jiang, H, Wu, X, Wang, B, et al. EGFR modulates monounsaturated fatty acid synthesis through phosphorylation of SCD1 in lung cancer. Mol Cancer (2017) 16(1):127. doi: 10.1186/s12943-017-0704-x

24. Mo, JS, Park, WC, Choi, SC, Yun, KJ, and Chae, SC. MicroRNA 452 Regulates Cell Proliferation, Cell Migration, and Angiogenesis in Colorectal Cancer by Suppressing VEGFA Expression. Cancers (Basel) (2019) 11(10). doi: 10.3390/cancers11101613

25. Mukohyama, J, Isobe, T, Hu, Q, Hayashi, T, Watanabe, T, Maeda, M, et al. miR-221 Targets QKI to Enhance the Tumorigenic Capacity of Human Colorectal Cancer Stem Cells. Cancer Res (2019) 79(20):5151–8. doi: 10.1158/0008-5472.CAN-18-3544

26. Wang, X, Yu, H, Sun, W, Kong, J, Zhang, L, Tang, J, et al. The long non-coding RNA CYTOR drives colorectal cancer progression by interacting with NCL and Sam68. Mol Cancer (2018) 17(1):110. doi: 10.1186/s12943-018-0860-7

27. Tang, R, Chen, J, Tang, M, Liao, Z, Zhou, L, Jiang, J, et al. LncRNA SLCO4A1-AS1 predicts poor prognosis and promotes proliferation and metastasis via the EGFR/MAPK pathway in colorectal cancer. Int J Biol Sci (2019) 15(13):2885–96. doi: 10.7150/ijbs.38041

28. Spano, JP, Lagorce, C, Atlan, D, Milano, G, Domont, J, Benamouzig, R, et al. Impact of EGFR expression on colorectal cancer patient prognosis and survival. Ann Oncol (2005) 16(1):102–8. doi: 10.1093/annonc/mdi006

29. Koustas, E, Karamouzis, MV, Mihailidou, C, Schizas, D, and Papavassiliou, AG. Co-targeting of EGFR and autophagy signaling is an emerging treatment strategy in metastatic colorectal cancer. Cancer Lett (2017) 396:94–102. doi: 10.1016/j.canlet.2017.03.023

30. Jiang, J, Xu, Y, Ren, H, Wudu, M, Wang, Q, Song, X, et al. MKRN2 inhibits migration and invasion of non-small-cell lung cancer by negatively regulating the PI3K/Akt pathway. J Exp Clin Cancer Res (2018) 37(1):189. doi: 10.1186/s13046-018-0855-7

31. Kim, BK, Cheong, JH, Im, JY, Ban, HS, Kim, SK, Kang, MJ, et al. PI3K/AKT/beta-Catenin Signaling Regulates Vestigial-Like 1 Which Predicts Poor Prognosis and Enhances Malignant Phenotype in Gastric Cancer. Cancers (Basel) (2019) 11(12). doi: 10.3390/cancers11121923

32. Chen, L, Liu, D, Yi, X, Qi, L, Tian, X, Sun, B, et al. The novel miR-1269b-regulated protein SVEP1 induces hepatocellular carcinoma proliferation and metastasis likely through the PI3K/Akt pathway. Cell Death Dis (2020) 11(5):320. doi: 10.1038/s41419-020-2535-8

33. Bian, ZQ, Luo, Y, Guo, F, Huang, YZ, Zhong, M, and Cao, H. Overexpressed ACP5 has prognostic value in colorectal cancer and promotes cell proliferation and tumorigenesis via FAK/PI3K/AKT signaling pathway. Am J Cancer Res (2019) 9(1):22–35.

34. Duan, S, Huang, W, Liu, X, Liu, X, Chen, N, Xu, Q, et al. IMPDH2 promotes colorectal cancer progression through activation of the PI3K/AKT/mTOR and PI3K/AKT/FOXO1 signaling pathways. J Exp Clin Cancer Res (2018) 37(1):304. doi: 10.1186/s13046-018-0980-3

35. Noorolyai, S, Shajari, N, Baghbani, E, Sadreddini, S, and Baradaran, B. The relation between PI3K/AKT signalling pathway and cancer. Gene (2019) 698:120–8. doi: 10.1016/j.gene.2019.02.076

36. Fruman, DA, Chiu, H, Hopkins, BD, Bagrodia, S, Cantley, LC, and Abraham, RT. The PI3K Pathway in Human Disease. Cell (2017) 170(4):605–35. doi: 10.1016/j.cell.2017.07.029

37. Sakamoto, K, Maeda, S, Hikiba, Y, Nakagawa, H, Hayakawa, Y, Shibata, W, et al. Constitutive NF-kappaB activation in colorectal carcinoma plays a key role in angiogenesis, promoting tumor growth. Clin Cancer Res (2009) 15(7):2248–58. doi: 10.1158/1078-0432.CCR-08-1383

38. Gilmore, TD. Introduction to NF-kappaB: players, pathways, perspectives. Oncogene (2006) 25(51):6680–4. doi: 10.1038/sj.onc.1209954

39. Shankar, E, Weis, MC, Avva, J, Shukla, S, Shukla, M, Sreenath, SN, et al. Complex Systems Biology Approach in Connecting PI3K-Akt and NF-kappaB Pathways in Prostate Cancer. Cells (2019) 8(3). doi: 10.3390/cells8030201

40. Beloribi-Djefaflia, S, Vasseur, S, and Guillaumond, F. Lipid metabolic reprogramming in cancer cells. Oncogenesis (2016) 5:e189. doi: 10.1038/oncsis.2015.49

41. Maan, M, Peters, JM, Dutta, M, and Patterson, AD. Lipid metabolism and lipophagy in cancer. Biochem Biophys Res Commun (2018) 504(3):582–9. doi: 10.1016/j.bbrc.2018.02.097

42. Wang, MD, Wu, H, Fu, GB, Zhang, HL, Zhou, X, Tang, L, et al. Acetyl-coenzyme A carboxylase alpha promotion of glucose-mediated fatty acid synthesis enhances survival of hepatocellular carcinoma in mice and patients. Hepatology (2016) 63(4):1272–86. doi: 10.1002/hep.28415

43. Menendez, JA, and Lupu, R. Fatty acid synthase and the lipogenic phenotype in cancer pathogenesis. Nat Rev Cancer (2007) 7(10):763–77. doi: 10.1038/nrc2222

44. Chavarro, JE, Kenfield, SA, Stampfer, MJ, Loda, M, Campos, H, Sesso, HD, et al. Blood levels of saturated and monounsaturated fatty acids as markers of de novo lipogenesis and risk of prostate cancer. Am J Epidemiol (2013) 178(8):1246–55. doi: 10.1093/aje/kwt136



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 Tang, Tang, Tang, Huang, Liao, Zhou, Zhou, Su, Chen, Jiang, Hu, Zhou, Liao, Zeng, Xiong, Chen and Nie. 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.


OEBPS/Images/fonc-10-604534-g004.jpg
SDNAICEASY

ne i
i
H
sonAICLAS! i
s soMAIC3ASt
Hertte — -
|
; I
swso 3 i
c

e

SDNAICEAST






OEBPS/Images/fonc-10-604534-g002.jpg
A Colorectal cancer tissue (clinic stage)

H
£

o FrvsyeT——
w — ovcast
HE
H
— SR
= e maoz.

)
r— i)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        LncRNA DNAJC3-AS1 Regulates Fatty Acid Synthase via the EGFR Pathway to Promote the Progression of Colorectal Cancer

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Data Set Analysis

          



          		

            Clinical Samples

          



          		

            In Situ Hybridization (ISH)

          



          		

            In Situ Hybridization Evaluation Criteria

          



          		

            RNA Isolation and Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

          



          		

            Cell Lines and Cell Transfection

          



          		

            Cell Counting Kit (CCK)-8 and Colony Formation Assays

          



          		

            Cell Migration and Invasion Assays

          



          		

            Nile Red Staining

          



          		

            Western Blotting

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            DNAJC3-AS1 Is Upregulated in CRC and Predicts Poor Prognosis

          



          		

            DNAJC3-AS1 Can Promote the Proliferation of CRC Cells

          



          		

            DNAJC3-AS1 Can Promote the Migration and Invasion and Lipid Accumulation of CRC Cells

          



          		

            DNAJC3-AS1 Regulates the Expression of ACC1/FASN Via EGFR/PI3K/AKT/NF-Kb/SREBP1 Signaling Pathway in CRC

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-10-604534-g001.jpg
=+

o iveormaiussess

Gsessssz

P<oo0n
aen-
o

ﬁ 2

Vot
P
-
'CCOTICa Tz HOT1S SWita SWoz0

4 & B n e (une-gorpomeson)
isv-eorvng VoSS LSVEOrVNG
W Jouorssasixo pomEwON ©

o iormaemes " .
H] i
2 8
t 8
: 8 ls .
H 2 1
i ¥ it
¢
i FTRe——
JSvramg, (ugow-g o ps 1oN)
i Jouort e i emswon
R N T, ~ vt





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-10-604534-g005.jpg
PEGFR

PP

Akt

PNFES

SREBP1

acet

FASN

Pctin

HCT116

Swaso

NC_siONAJC3 AST

NG SiDNAJCTAST

i

SREDP1 | - -

Acct | M. —

FASH | d—

Bactn | S——






OEBPS/Images/fonc.2020.604534_cover.jpg
’ frontiers
in Oncology

LncRNA DNAJC3-AS1 Regulates
Fatty Acid Synthase via the EGFR
Pathway to Promote the Progression
of Colorectal Cancer





OEBPS/Images/fonc-10-604534-g003.jpg
HeTH16 Swaso.






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





