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Lipid metabolism appears to play significant roles in the development of cancer. Numerous studies have shown that the evolution of malignancies, including breast, prostate, and colorectal cancers, involves cholesterol in a profound manner. A crucial part in the intestinal absorption of cholesterol is played by Niemann–Pick C1-like 1 (NPC1L1), a cholesterol transporter protein that is widely expressed in the small intestine and liver. The importance of NPC1L1 in tumor prognosis has been demonstrated in investigations in the interim. NPC1L1 also has the potential to develop into a new therapeutic target and a cancer marker. There is, however, no comprehensive review that summarizes NPC1L1’s function in cancer. To this end, we outlined NPC1L1’s functions in carcinogenesis and treatment, along with resources that can be used to further comprehend the connection between NPC1L1 and tumors.
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1 INTRODUCTION
The body needs cholesterol for many functions, but too much cholesterol can create hypercholesterolemia, which can cause atherosclerosis, stroke, and coronary heart disease (Alonso et al., 2013). Due to the additional ways in which cholesterol encourages cell division, invasion, and proliferation, it is crucial to the growth and development of tumors. Studies have revealed that the upregulation of the cholesterol synthesis level, the rise in cholesterol absorption, and the abnormal accumulation of a large number of metabolites are the main manifestations of the improper regulation of cholesterol metabolism in tumor cells. This results in improved tumor cell growth, survival, invasion, metastasis, and tumor microenvironment adaption. Tumor occurrence and growth are further encouraged (Yoshioka et al., 2000).
Niemann–Pick type C1-like 1 (NPC1L1) is a protein that is essential for intestinal cholesterol absorption and plays vital roles in dietary cholesterol absorption and biliary cholesterol resorption. With remarkable specificity, NPC1L1 mediates cholesterol entrance into small intestinal absorptive cells. A vesicular endocytosis process, as demonstrated by the studies, mediated cholesterol absorption by the NPC1L1 protein. When the extracellular cholesterol concentration was high, the plasma membrane protein NPC1L1 would endocytose the extracellular cholesterol and transfer it to the endocytic cycle (Ge et al., 2008). (Figure 1) As a specific target of NPC1L1, ezetimibe is a small molecule compound that can effectively and specifically inhibit the absorption of intestinal cholesterol. It is a medication used to treat coronary heart disease and hypercholesterolemia. According to research, it can lower plasma cholesterol by 15–20% (Bays et al., 2001; Dujovne et al., 2002). It is also a medication used to treat dyslipidemia that does not respond to statin therapy (Betters and Yu, 2010).
[image: Figure 1]FIGURE 1 | (A) Diagram of the mechanism of action of NPC1L1 in cholesterol transport in the small intestine and liver. (B) Working model for NPC1L1-mediated cholesterol uptake. (FC) Free cholesterol; (BA) bile acids; (PL) phospholipids; (PM) plasma membrane.
Obesity, hyperlipidemia, lipid storage disorders, and vascular diseases are all brought on by an abnormal cholesterol metabolism. Changes in cholesterol metabolism can significantly impact how quickly cancer develops and spreads. The current research on the association between NPC1L1 and cancer in carcinogenesis and cancer therapy is of utmost importance since NPC1L1 is a crucial member of cholesterol in intestinal absorption. First, we detailed the structure, usage, and distribution of the NPC1L1 protein in this article. Then, using the studies that were accessible, we summarized the connection between NPC1L1 and cancer for the first time.
2 STRUCTURE AND FUNCTION OF NPC1L1
2.1 Structure of NPC1L1
NPC1L1 is a 1,332-amino acid membrane protein that is only found in primate hepatocyte tubular membranes and mammalian small intestinal brush membranes. The sequences of Niemann–Pick disease type C1 (NPC1) and NPC1L1 are comparable in 51 and 42 percent, respectively (Davies et al., 2000). A membrane protein called NPC1 performs a job in late endosomes and lysosomes (Pallottini and Pfrieger, 2020). As a homolog of NPC1, NPC1L1 likewise possesses a transmembrane domain with 13 cysteines and three major luminal structural domains in the extracellular area, the N-terminal domain (NTD), the middle domain (MLD), and the cysteine-rich domain (CTD). Thirteen molecules of membrane-embedded transmembrane helices (TM) make up the transmembrane domain (TMD) (Hu et al., 2021). The SSD domain is widely distributed in several regulatory protein substructures that are closely related to cholesterol metabolisms, such as NPC1, sterol regulatory element-binding protein cleavage activating protein (SCAP), and hydroxymethyl glutaryl-CoA reductase (HMG-CoA reductase) (Yang et al., 2012). (Figure 2)
[image: Figure 2]FIGURE 2 | Topological representation of NPC1L1. NTD: N-terminal domain; TMD: transmembrane domain; MLD: middle luminal domain; CTD: C-terminal luminal domain; SSD: sterol-sensing domain (Huang et al., 2020).
2.2 Distribution of NPC1L1
NPC1L1 is tissue-specific in its distribution and is highly expressed in tissues connected to the digestive system. Currently, NPC1L1 is being investigated more in rodents and humans, and it has been discovered that there are small species differences in the distribution of NPC1L1 in vivo. The human liver and small intestine are the tissues with the highest levels of the NPC1L1 expression, followed by the stomach, ovary, lung tissues, and even minimal amounts in the brain tissues (Davies et al., 2000). However, the NPC1L1 expression in all tissues is less than 10% of that in the intestine (Davies et al., 2000). Further studies showed that NPC1L1 in small intestine tissues was mainly located in jejunal epithelial cells rather than in ileal epithelial cells. It was previously thought that the NPC1L1 protein was only expressed in cell membranes, especially in the cell membranes of the epithelial layer of the intestinal villi folds. Moreover, it was shown that NPC1L1 was dispersed in the cytoplasm and on the cell membrane (Yu et al., 2006). In rodents, NPC1L1 is highly expressed, especially in the small intestine, with minimal expression in liver tissues. Additionally, mouse testes and gallbladder tissues also showed high levels of the NPC1L1 expression (Cui et al., 2010; Wang and Song, 2012). The variety of NPC1L1 distribution among species is currently thought to be related to the degree of species evolution or possibly the outcome of long-term selection as a result of various survival settings. Cryo-EM structures of NPC1L1 were reported sequentially by three distinct research teams in the years 2020 and 2021. C.S. Huang et al. studied the structure of NPC1L1 derived from Rattus. Miao Qinghu et al. (Hu et al., 2021) and Long et al. (2021) studied the structure of human-derived NPC1L1. Their findings demonstrated a general similarity between the three-dimensional architecture of mouse and human NPC1L1.
2.3 Functions of NPC1L1
In humans, cholesterol is absorbed mainly in the proximal jejunum of the small intestine, where both dietary and biliary cholesterol types are absorbed (Reboul et al., 2012). Clinical investigations have demonstrated decreased membrane absorption and the subsequent transport of various lipids, as well as a 69 percent reduction in cholesterol uptake in NPC1L1-knockout mice (Iyer et al., 2005). Mice lacking NPC1L1 are resistant to hypercholesterolemia induced by a high-fat diet. Another study indicated that normal mice did not experience any significant changes in NPC1L1 or an increase in cholesterol absorption when bile acid and bile salt secretion and excretion were reduced while consuming a high-cholesterol diet (Alrefai et al., 2007). It is hypothesized that NPC1L1 may only work in the presence of diets high in cholesterol and bile acid salts.
3 Tumor suppression by NPC1L1 in cancer
3.1 Colorectal cancer
Colorectal cancer (CRC) is a malignant tumor of the colon and rectum. It is also the third most common cancer and the fourth leading cause of cancer-related deaths worldwide (Brenner et al., 2014). Due to the changes in dietary habits, the incidence of CRC is rapidly increasing in many countries, including those in Eastern Europe, South America, and Asia (Arnold et al., 2017). Age, family history, inflammatory bowel disease, hereditary colorectal cancer, obesity, and diabetes are known as the risk factors for colorectal cancer.
The development and prognosis of colorectal cancer have been shown to be associated with an altered lipid metabolism. High cholesterol intake is associated with an increased risk of colorectal cancer. Elevated serum cholesterol levels are associated with the risk of developing colorectal cancer (Jarvinen et al., 2001). Ryuk et al. (Kwon et al., 2021) explored whether alterations in the NPC1L1 expression are associated with the development and prognosis of human colorectal cancer. In comparison to normal tissues, CRC tissues showed considerably greater levels of the NPC1L1 expression (normal: mean 7.00, CRC: mean 130.09, and p 0.05) (Figure 3). This study determined whether the NPC1L1 expression had an impact on CRC patients’ prognoses. NPC1L1 has an impact on colorectal cancer patients’ overall survival, with patients in the NPC1L1 high-expression group having a worse OS than NPC1L1 patients, according to a KM analysis of the NPC1L1 low-expression group and the NPC1L1 high-expression group on OS (Figure 4). It was revealed that NPC1L1 has value as a standalone prognostic factor for colorectal cancer, and it was found that the NPC1L1 expression was highly correlated with the prognosis of the disease. NPC1L1, along with other known prognostic markers, can be independent prognostic markers for colorectal cancer. Jianming H et al. (He et al., 2015) explored the role of NPC1L1 in colorectal carcinogenesis in vivo using transgenic mice. Their findings have shown that NPC1L1 deletion in mice reduced carcinogenesis linked to colitis. Although only expressed in the small intestine of mice, NPC1L1 mRNA was substantially elevated in the liver and small intestine of humans. Its mRNA was also present in the colon but at a very low level (Chen et al., 2018). Therefore, it is unlikely that the NPC1L1 knockdown inhibits the growth of malignancies linked to colitis. In the small intestine and liver, NPC1L1 primarily functions as a sterol transporter protein that controls lipid homeostasis. Plasma lipids, particularly cholesterol, are closely linked to colon cancer and, through inflammation, cause animals to develop tumors associated with colitis (Vinson et al., 2016). Cholesterol was evidently decreased by NPC1L1 knockdown. Additionally, the inflammatory markers pc-Jun, p-ERK, and caspase-1 p20 in colorectal cancers were considerably decreased by NPC1L1 knockdown (Figures 5, 6). Therefore, NPC1L1 knockdown decreases carcinogenesis associated with colitis, which may be brought on by the decrease in plasma lipids, particularly cholesterol, brought on by its knockdown, which lessens the sensitivity to inflammatory stimuli.
[image: Figure 3]FIGURE 3 | NPC1L1 expression in normal and CRC tissues. (A) NPC1L1 expression is higher in most CRC tissues than in normal tissues. The mean value of the NPC1L1 expression in normal tissues (blue box) is 7.00, and in CRC tissues (red box), it is 130.09. (B) Mean value of the NPC1L1 expression in normal tissues (blue box) is 22.69, and in CRC tissues (red box), it is 81.35 compared to normal tissues (GSE9348) (Kwon et al., 2021).
[image: Figure 4]FIGURE 4 | OS of CRC patients with a high NPC1L1 expression was significantly lower than that of CRC patients with a low NPC1L1 expression. The results of the two datasets (GSE17536 and GSE129451) collated in the CRC patients stratified into NPC1L1-low and NPC1L1-high groups also showed results consistent with those obtained from the analysis of TCGA dataset (Kwon et al., 2021).
[image: Figure 5]FIGURE 5 | NPC1L1-knockout mice have significantly lower intestinal inflammation scores than wild-type mice (He et al., 2015).
[image: Figure 6]FIGURE 6 | pc-Jun, p-ERK, and caspase-1 p20 protein expressions in tumors measured by protein blotting. pc-Jun, p-ERK and caspase-1 p20 were significantly reduced by NPC1L1 knockdown. pc-Jun, p-ERK, and caspase-1 p20 were also reduced by NPC1L1 knockdown (He et al., 2015).
3.2 Head and neck squamous cell carcinoma
With more than 550,000 new cases and 300,000 fatalities each year, head and neck squamous cell carcinoma (HNSCC), which comprises oral cavity cancer (OC) and oropharyngeal cancer (OPC), is the sixth most prevalent cancer worldwide (Saba et al., 2011). Despite advances in HNSCC treatment, the 10-year survival rate only varies from 19 to 59 percent, and recurrence rates remain significant. Patients frequently endure a combination of radiation, chemotherapy, and surgery, which can cause severe morbidity. Smoking, drinking, and the human papillomavirus (HPV), which is primarily linked to oropharyngeal cancer (Gormley et al., 2021), have all been identified as risk factors (Warnakulasuriya, 2009).
According to several observational studies, statin use is associated negatively with cancer survival and HNSCC risk. Other research studies, however, have shown scant evidence of any impact. Using two-sample Mendelian randomization (MR), the relationship between the targets of genetically proxied cholesterol-lowering drugs and other circulating lipid profiles with OC and OPC risks was evaluated. Germline genetic variations in the genes for HMGCR, NPC1L1, CETP, PCSK9, and LDLR were utilized to simulate the effects of low-density lipoprotein cholesterol-lowering treatments in the initial analysis. There is scant evidence that inherited NPC1L1 increases the chance of developing OC and OPC (Gormley et al., 2021).
3.3 Ovarian cancer
One of the world’s most dangerous malignant tumors is ovarian cancer due to the early stages of ovarian cancer’s lack of visible signs. The so-called “silent killer” is frequently identified in advanced stages in patients. Based on the genetic alterations and the cell shape of epithelial ovarian cancer, type I and type II ovarian tumors can be distinguished. Low-grade plasmacytomas, endometrioid carcinomas, clear cell carcinomas, and mucinous carcinomas are examples of type I tumors. High-grade plasmacytomas and undifferentiated carcinomas are examples of type II tumors (He et al., 2021). High-grade plasmacytomas and undifferentiated carcinomas are the two main type II tumors.
When the analysis was limited to the general population or BRCA1/2 mutation carriers, there was no significant association between genetically close NPC1L1 or PCSK9 inhibition or low-density lipoprotein cholesterol levels and epithelial ovarian cancer in the Mendelian randomized analysis of 22,406 women with invasive epithelial ovarian cancer and 40,941 control individuals (Yarmolinsky et al., 2020). It is possible that circulating cholesterol is not the cause of the observed relationship between HMG-CoA reductase inhibition and ovarian cancer due to the lack of genetically close inhibition between NPC1L1 and PCSK9 inhibition and genetically close LDL cholesterol levels (Yarmolinsky et al., 2020).
3.4 Hepatocellular carcinoma
Liver cancer accounts for 8.2% of all cancer deaths globally, ranking sixth in cancer incidence. Additionally, it ranks third in the world for cancer-related fatalities (Siegel, Miller, and Jemal). Intrahepatic cholangiocarcinoma, hepatocellular carcinoma (HCC), fibrous lamellar carcinoma, and hepatoblastoma are several types of primary liver cancer. These classifications differ significantly in terms of their molecular, histological, and pathological traits. Of the instances of liver cancer, 85 to 90 percent are caused by HCC alone (Sia et al., 2017). Tumor removal, liver transplantation, and ablation are all forms of treatment for HCC (Llovet et al., 2004). Tumor removal, liver transplantation, and ablation are all forms of treatment for HCC. Only patients with early disease diagnoses can, however, get this treatment. Additionally, recent research has revealed that only 20% of patients receive an early diagnosis (Farinati et al., 2009).
Chen et al. (2018) investigated the prognostic value of NPC1L1 in human primary hepatocellular carcinoma (HCC). According to the findings, NPC1L1 and NPC2 are not as highly expressed in the HCC liver tissue as in the peritumoral liver tissue. There is also less NPC1L1 mRNA expression in the HCC tissue than in the peritumoral tissue (Figure 7). NPC1L1 inhibition has previously been demonstrated to protect against metabolic diseases such as fatty liver disease, obesity, diabetes, and atherosclerosis (Park, 2013). This is the first study to discuss NPC1L1’s function in HCC. When matched peritumoral liver tissues were compared to HCC, NPC1L1 was shown to be lower in the latter. In postoperative HCC patients, a low NPC1L1 protein expression may be a predictor of worse OS and TTR. The expressions of NPC1L1 and NPC2 in HCC tumor tissues were often lower than those in peritumor tissues, according to the patterns of expression in tumor and peritumor tissues (Figure 8). The NPC1L1/NPC2 combination was also discovered as a separate prognostic factor for OS and TTR in postoperative HCC patients, and this study was the first to reveal the prognostic usefulness of NPC1L1 in HCC. Therefore, determining the levels of NPC1L1 and NPC2 expressions in the tissues of HCC patients may give doctors information about the risk of postoperative OS and TTR in HCC patients and may aid in the investigation of the mechanism behind the association between cholesterol and HCC disease.
[image: Figure 7]FIGURE 7 | (A) NPC1L1 and NPC2 expressions were detected in 10 pairs of HCC tissues (T) and peritumoral tissues (p) by Western blot analysis. The expressions of NPC1L1 and NPC2 were significantly decreased in HCC tissues. Meanwhile, the mRNA expressions of NPC1L1 and NPC2 expression levels were also decreased in HCC tissues compared with peritumoral tissues. (B) Quantitation of proteins from Western blot analyses shows that both NPC1L1 and NPC2 expressions were significantly reduced in the HCC tissue (T) (Chen et al., 2018).
[image: Figure 8]FIGURE 8 | Scatter plot showing paired peritumor tissues shows that NPC1L1 and NPC2 expressions in HCC tumor tissues are usually lower than those in peritumor tissues (NPC1L1 p < 0.0001; NPC2 p = 0.0001) (Chen et al., 2018).
3.5 Pancreatic cancer
As one of the 14 most prevalent malignancies worldwide, pancreatic cancer is the seventh most common cause of cancer-related deaths (Rawla et al., 2019). Pancreatic cancer often has a terrible prognosis, with a 5-year survival rate of fewer than 5% on average (Carter et al., 2021). More than 90% of the instances of pancreatic cancer are pancreatic ductal adenocarcinoma (PDAC). It is distinguished by an aberrant expression of mucin and nucleoside transporter proteins, as well as extensive pro-fibroproliferative stromal growth near the malignant tissue (Murthy et al., 2018). As antecedents of PDAC, three different pancreatic ductal precancerous lesions—pancreatic intraepithelial neoplasia, mucinous cystic neoplasm, and intraductal papillary mucinous neoplasm—have been found (Suh et al., 2017). The respectability of the main tumor—defined as the lack of distant metastases and topographical contacts that permit R0 resection—determines the pancreatic cancer treatment plans. In addition to chemotherapy, surgical resection is the primary treatment option for individuals who are suitable for it for curable pancreatic cancer. However, around 90% of patients have cancers that are either locally progressed or metastatic at the time of diagnosis, making them unsuitable for surgical excision. Jaundice treatment, systemic control, palliative radiation, and chemotherapy are the sole alternatives for these individuals.
Guillaumond et al. (2015) proposed that an abnormal cholesterol uptake is associated with the proliferation and survival of pancreatic cancer cells. In contrast, an overexpression of the intestinal cholesterol uptake regulator NPC1L1 is associated with extensive hypomethylation. Ezetimibe, a clinically available drug approved for FAD, is a competitor to cholesterol. Nicolle et al. (2017) investigated the specificity of NPC1L1 inhibition on PDAC survival. The outcomes demonstrated a significant impact of ezetimibe therapy on PDAC growth, following NPC1L1 knockdown, including modifications in cell viability and volume (Figure 9). It showed that NPC1L1 is a productive therapeutic target for the ezetimibe therapy of PDAC. Additionally, their findings showed that ezetimibe treatment had no impact on gemcitabine’s cytotoxicity, indicating that patients could get treated with NPC1L1 transporter protein inhibitors in addition to traditional anti-cancer medications without jeopardizing the efficacy of either. Preclinical studies have demonstrated, among other things, that the use of the particular inhibitor ezetimibe or a deletion strategy dramatically impacted PDAC survivability. These lend credence to the idea that NPC1L1 might work well as a therapeutic target for pancreatic cancer.
[image: Figure 9]FIGURE 9 | (A) Representative image of the PDAC012T-derived spheroids treated with ezetimibe (50 µM) or vehicle after 3 days. (B) Cell viability of spheroids was measured by CellTiter-Glo and expressed as a percentage of the vehicle-treated spheroids (∗∗p < 0.01) (Nicolle et al., 2017).
4 CONCLUSION AND OUTLOOK
Cholesterol aids in the proliferation, invasion, and subduction of cells and is crucial for the development and growth of tumors. As a crucial protein in intestinal cholesterol absorption, NPC1L1 plays vital functions in the development and spread of tumors. The most recent research indicates that NPC1L1 can be employed as a standalone prognostic marker in colorectal cancer. Additionally, it proved to be a reliable prognostic factor for hepatocellular carcinoma. Additionally, NPC1L1 may be a valuable therapeutic target for pancreatic cancer. The association between NPC1L1 and other malignancies has not been proven by recent investigations. The significance of NPC1L1 in carcinogenesis and cancer therapy, however, merits additional research to offer new therapeutic avenues for clinical cancers due to the role of cholesterol in tumorigenesis and development.
Overall, the current studies on the connection between NPC1L1 and cancers are deficient, however, due to the function of NPC1L1 in cholesterol uptake and the link between cholesterol and cancer. Future research examining this connection might reveal other targets to impede the progression of cholesterol-dependent cancer.
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