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Editorial on the Research Topic 
Clinical Therapeutic Development Against Cancers Resistant to Targeted Therapies

INTRODUCTION
Cancer is one of the primary causes of death that can affect any organ of the body. Cancer originates from transforming normal cells to tumour cells that often rapidly propagate and invade into adjoining tissues. Cancer cells spreading into other tissues are so called metastases, which is highly associated with death in humans. As to the World Health Organization, lung, colon and liver cancers are among the top ranked cancer types with high mortalities in recent years. The burden of cancer can be largely reduced with proper prevention, early diagnosis, effective treatment, and appropriate palliative care. Cancer treatment remains challenging, largely due to the complexity of its etiology and frequent occurrence of drug resistance.
Targeted therapies are preferably adopted in cancer treatment for years. Such treatment alone or in combination with conventional chemotherapies have improved the survival of many cancer patients including those with tumours considered as incurable. Although clinical successes have been achieved in many cases, the failure rate of cancer targeted therapies remains disappointingly high. This is possibly due to the misapplication of therapies targeting pan-essential genes, the dysfunction of which leads to dose-limiting toxicities and/or the compromised therapeutic efficacy resulted from drug resistance.
Drug resistance is either early intrinsic or late acquired (Groenendijk and Bernards, 2014). The versatility of tumours to therapies as well as the heterogeneity of patients and tumours contribute to the fast adaptivity of tumours to treatment and evolution of resistant tumour mutations. Literature showed that the close crosstalk among signalling pathways is one of the primary leads to cancer drug resistance, for example that of the ER and HER2 pathways in breast cancer (Gu et al., 2016). Although simultaneously acting on multiple signalling is a preferred approach in cancer treatment, target desensitization and recurrent variants have been widely detected in cancer patients, which significantly hinder the progress of anti-cancer drug development. Therefore, understanding the mechanisms of cancer drug resistance can provide guidance to optimise existing targeted therapies, identify therapeutic targets valuable to the discovery of new and improved agents as well as form the basis of therapeutic advance in cancer treatment. The possible solutions to overcome drug resistance in confronting cancers not sensitive to existing targeted therapies include combinational and/or personalised therapies, novel drug delivery as well as new agents acting on new therapeutic targets.
Identification of New Anti-Cancer Therapeutic Targets
Drug resistance is the primary obstacle to achieve satisfactory clinical outcomes in carcer targeted therapies as numerous patients are inherently or adaptively resistant to existing regimens. Furthermore, there are deadly cancers without effective systemic therapies at present, like human uveal melanoma (Wang et al., 2021a) and gastroesophageal cancer (Kasper and Schuler, 2014). Identifying novel therapeutic targets in these cancers is urgently required to develop life-saving regimens.
Proteins that play essential roles in cell division, cell cycle progression and/or cell death continue to be valid therapeutic targets in cancer treatment. For instance, histone deacetylases (HDACs) that are enzymes responsible for removing acetyl groups from proteins, are widely involved in cellular processes. Their inhibitors have shown clinical potentials against specific malignancies and are under pre-clinical and clinical evaluations to treat various cancers (Manzotti et al., 2019).
As to gastroesophageal cancer (ie., gastric cancer and cancers of the distal oesophagus and gastroesophageal junction), targeted therapies against EGFR/HER signalling have been extensively evaluated. Despite the reduced side effects compared to that of conventional chemotherapies, a panel of tyrosine kinase inhibitors (TKIs) downregulating EGFR/HER signalling yielded unsatisfactory outcomes in clinical trials. Thus, emerging drug targets like the store-operated Ca2+ entry (SOCE) (Cui et al., 2017), attract the attentions of researchers endeavoured in drug development for this type of cancer. Besides EGFR/HER signalling, other receptor tyrosine kinase (RTK) families like the fibroblast growth factor (FGF) receptors (Kommalapati et al., 2021) and PI3K/AKT/mTOR signalling (Alzahrani, 2019) that are involved in tumorigenesis and cell proliferation, come under the spotlight in cancer drug development. Small molecules modulating these signallings demonstrate potency in treating various types of cancers and are promising therapeutic options for further evaluation.
Research Advance in Adjuvant Cancer Regimens
Drug resistance pronouncedly compromises the clinical effectiveness of cancer therapies; there are multiple mechanisms contribute to such therapeutic defect. ATP binding cassette (ABC) transporters are important membrane proteins responsible for cellular efflux of substances including many commonly used drugs. Overexpression of ABCs has been widely observed in tumour cells, which notably leads to clinical failure of cancer targeted therapies (Wang et al., 2021b). One of the preferred strategies to overcome this problem is the co-administration of ABC modulators with standard anti-cancer drugs.
In colorectal cancer, irinotecan is clinically used in treating its metastatic disease. It is known that ABCG2/BCRP-mediated drug resistance remarkedly impacts on the pharmacokinetic performance of irinotecan and consequently, limits the clinical applications of this agent (Nielsen et al., 2017). The inevitable development of resistance largely impacts on treatment efficacy and contributes to the high incidence and mortality rate of this disease. It is expected that co-administering agents that can potently sensitise ABCG2 overexpressing colorectal tumours to clinically adopted targeted therapies, would greatly improve the treatment outcome of this top-ranked deadly cancer.
Empirical approaches and in silico analysis have both been adopted to design adjuvant cancer regimens. Overexpressed oncogenes and common biological processes like ubiquitination are preferable targets for adjuvant therapies. Computer modelling-facilitated chemical modification has been widely applied in designing combined therapies in addition to traditional chemotherapies such as cisplatin and doxorubicin with severe side effects. The pre-clinical tests regarding these adjuvant regiments are often conducted on malignant cell lines and tumour xenograft models. However, clinical predictions based on these studies may be suboptimal due to the loss of tumour characteristics in immortalised cell lines and expected species differences between human and animals. Therefore, it is highly desired that confirmative evaluation can be performed on tumour tissue-derived primary cell lines, which better preserve tumour characteristics and genetic variations.
One emerging area in cancer drug research is the incorporation of machine learning algorithms with the advance of artificial intelligence (Tanoli et al., 2021). With the rapidly increased quantity and improved quality of cases archived in databases capturing both patient and treatment information, therapeutic response prediction facilitates the optimisation of cancer treatment with reduced drug resistance and enhanced efficacy (Rafique et al., 2021). However, lack of clinically proven pharmacogenomic data remains one of the primary challenges in this area.
Development of Novel Drug Delivery Route in Cancer Treatment
It is thought that novel drug delivery carriers can greatly improve effectiveness, safety and targetability of agents. Research has widely investigated unconjugated or conjugated liposomes, polymeric micelles, microspheres and nanoparticles in delivering cancer targeted therapies. The advance in drug delivery technology adds credits to existing cancer targeted therapies with enhanced stability and biocompatibility, improved targeting as well as reduced drug resistance (Yao et al., 2020; Raj et al., 2021). The drawbacks of this approach include unwanted penetration into the brain, potential harmful accumulation in human bodies and possible dangers to the environment. Thus, the careful selection and cautious utilisation of novel drug delivery carriers in cancer treatment are highly desired.
Overall, the ongoing battle against drug resistance associated with cancer targeted therapies is a great challenge in biomedical research. Continuous efforts, multidisciplinary collaborations and long-term monitoring will be required to ensure the progress in this field.
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B lymphocytes play a critical role in humoral immunity. Abnormal B cell development and function cause a variety of hematological malignancies such as myeloma, B cell lymphoma, and leukemia. Histone deacetylase 6 (HDAC6) inhibitors alone or in combination with other drugs have shown efficacy in several hematological malignancies, including those resistant to targeted therapies. Mechanistically, HDAC6 inhibitors promote malignant tumor cell apoptosis by inhibiting protein degradation, reinvigorating anti-tumor immunity, and inhibiting cell survival signaling pathways. Due to their specificity, HDAC6 inhibitors represent a very promising and feasible new development pipeline for high-efficacy drugs with limited side effects. This article reviews recent progress in the mechanisms of action of HDAC6 inhibitors for the treatment of B cell-associated hematological malignancies, such as multiple myeloma and B cell non-Hodgkin lymphoma, which are often resistant to targeted therapies.
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Introduction

B lymphocytes are mainly produced by bone marrow hematopoietic stem cells (HSCs) and play a central role in the humoral immunity. Pro-B cells are the earliest B cell lineage population, developed from common lymphoid progenitors (CLPs). Through a series of cellular events including V(D)J recombination, pro-B cells develop into pre-B cells, immature B cells, and migrate to the secondary lymphoid organs after successfully expressing B cell surface receptors. Upon the stimulation by antigens, naive B cells undergo class-switch recombination, somatic hypermutation, and differentiate into plasma cells, which perform immune functions by producing antibodies (Monroe and Dorshkind, 2007; Abolhassani et al., 2014; Klanova and Klener, 2020). Some B cells develop into memory B cells and participate in secondary immunity (Corcoran and Tarlinton, 2016). Defects in B cell development or function cause a variety of diseases including recurrent bacterial infections, systemic lupus erythematosus, multiple myeloma (MM), and B cell lymphomas (Abolhassani et al., 2014; Choi et al., 2018; Ren et al., 2019; Zhou et al., 2019). Several classes of drugs have been investigated for these diseases, among which histone deacetylase (HDAC) inhibitors have been a popular avenue of investigation, especially for hematological malignancies resistant to targeted therapies.

HDACs are enzymes that remove acetyl groups from proteins to alter their stability and function. The HDAC superfamily includes 18 members and can be divided into 4 classes based on the structural homology with the deacetylase in yeast. Class I members and Rpd3 in yeast are homologous. They are mainly localized in the nucleus, including HDAC1, 2, 3, and 8. Class II members and yeast Hda1 are homologous, which are localized in the nucleus and cytoplasm. Among them, the Class IIa subfamily includes HDAC4, 5, 7, and 9, and the Class IIb subfamily includes HDAC6 and 10. Class IIb members contain two deacetylase domains, of which both catalytic domains of HDAC6 are active. The catalytic activity of Class III family members are NAD+ dependent, including SIRT1-7. Class IV has only one member, HDAC11. All 18 HDAC members except Class III are Zn2+-dependent deacetylases. HDACs are associated with multiple biological processes, such as cell cycle progression, apoptosis, and immunity (Ropero and Esteller, 2007; Lemoine and Younes, 2010). While HDAC inhibitors have been studied for the treatment of a variety of diseases, pan-HDAC inhibitors and class I-selective HDAC inhibitors are often cytotoxic and cause adverse reactions in patients, including thrombocytopenia, neutropenia, gastrointestinal reactions, neurotoxicity, and cardiac arrhythmias (Bruserud et al., 2007). However, Hdac6 knockout mice can survive and grow normally, suggesting that HDAC6 inhibitors may have fewer side effects (Zhang et al., 2008). These findings promote further investigation of the utility of HDAC6 inhibitors in several disease including hematological malignancies (Zhang et al., 2016; Ran and Zhou, 2019).

HDAC6 is mainly located in the cytoplasm such that its substrates tend to be cytoplasmic proteins such as α-tubulin, Hsp90, β-catenin, and cortactin (Hubbert et al., 2002; Zhang et al., 2003; Zhang et al., 2007; Liu et al., 2015; Zhang et al., 2015). HDAC6 participates in various biological processes including cell motility, cell survival, protein degradation, immunoregulation, and it has little effect on the expression of cell cycle-related genes (Haggarty et al., 2003; Kawaguchi et al., 2003; Zhang et al., 2007; Li et al., 2011; Riolo et al., 2012; Li et al., 2014; Yang et al., 2014; Lienlaf et al., 2016; Zhang et al., 2016; Keremu et al., 2019). Several studies have shown that abnormal expression or activity of HDAC6 is associated with a variety of diseases, including B cell-associated hematological malignancies (Conley et al., 2005; Marquard et al., 2009; Wang et al., 2011; Lwin et al., 2013; Mithraprabhu et al., 2014; Yan et al., 2017; Maharaj et al., 2018; Yan et al., 2018; Ran et al., 2020). Here we discuss the clinical therapeutic development of HDAC6 inhibitors against B cell-associated hematological malignancies, including those resistant to targeted therapies, and summarized HDAC6 inhibitors used in preclinical or clinical investigations (Table 1).


Table 1 | HDAC6 inhibitors used in B cell-associated hematological malignancies.





Multiple Myeloma (MM)

MM is a plasma cell neoplasm and the second most common hematological malignancy (Figure 1A). MM is characterized by malignant plasma cells producing excessive specific immunoglobulin (Bird and Boyd, 2019). MM tends to have an indolent course, and the clinical manifestations include bone marrow failure, renal failure, repeated infection, bone pain and fracture (Medical Masterclass and Firth, 2019). Drugs currently used for clinical treatment of MM include proteasome inhibitors (bortezomib and carfilzomib), immunomodulatory drugs (pomalidomid), steroid drugs (dexamethasone), chemotherapy drugs (cyclophosphamid), and HDAC inhibitors (panobinostat) (Bird and Boyd, 2019). Although effective, these drugs can cause adverse reactions including anemia, neutropenia, infection, gastrointestinal reactions, and peripheral neuropathy (Cavenagh and Popat, 2018; Mushtaq et al., 2018). In recent years, rapid developments in MM treatments have improved outcomes for these patients, but MM is still an incurable disease. Studies on HDAC6-specific inhibitors have shown significant anti-MM activity when used alone or in combination with other drugs, with reduced drug resistance and side-effect profiles. There are three main mechanisms of action of HDAC6 inhibitors in the treatment of MM, as detailed below.




Figure 1 | Origin of B-cell-associated malignant tumors and the anti-tumor mechanisms of HDAC6 inhibitors. (A) B lymphocytes originate from HSCs in bone marrow. CLPs undergo Pro-B cells, Pre-B cells, immature B cells stages and then transfer to the secondary lymphoid tissues (lymph nodes) via blood vessel. Naive B cells continue to develop into plasma cells or memory B cells after antigen stimulation. Abnormalities in different stages of B cell development can lead to different malignant events. MCL, mantle cell lymphoma; BL, Burkitt lymphoma; GCB DLBCL, germinal center B cell-like diffuse large B cell lymphoma; ABC DLBCL, activated B cell–like diffuse large B cell lymphoma; FL, follicular lymphoma; MM, multiple myeloma. (B) HDAC6 can promote c-Myc expression by upregulating FOXO1 or β-catenin. At the same time c-Myc can promote HDAC6 expression, thereby promoting the survival of tumor cells. The simultaneous target of c-Myc and HDAC6 can effectively induce apoptosis of tumor cells. (C) HDAC6 is involved in the aggresomal pathway of protein degradation. HDAC6 inhibitors cause ER stress by inhibiting this pathway. In addition, HDAC6 can induce UPR by directly targeting GRP78, and ultimately induce apoptosis. (D) MM cells achieve immune escape through the PD-1/PD-L1 axis. HDAC6 inhibitors can inhibit the expression of PD-L1 and PD-1, thereby promoting tumor cell death. (E) Tumor cells can survive by upregulating cell survival signaling pathways such as NF-κB, MAPK, and PI3K/AKT pathways. HDAC6 inhibitors can promote apoptosis by inhibiting these signaling pathways.




HDAC6 inhibitors inhibit the expression of c-Myc, thereby suppressing MM cell proliferation and promoting apoptosis

The transcription factor c-Myc is highly expressed in ~70% of human tumors (Carew et al., 2019). Overexpression of c-Myc promotes MM progression. In addition, overexpression of c-Myc affects the transcription of target genes related to cell proliferation and apoptosis in MM, and further promotes the formation of aggregates by promoting protein synthesis (Nawrocki et al., 2008; Hideshima et al., 2015). Therefore, c-Myc is a promising target in MM. Studies have shown that HDAC6 can promote c-Myc expression by upregulating the tumor suppressor FOXO1, or deacetylating β-catenin to promote its stability and nuclear translocation (Li et al., 2008; Fu et al., 2019). At the same time, knocking down or inhibiting c-Myc in MM reduces HDAC6 expression (Nawrocki et al., 2008). This mutually reinforcing relationship makes the effect of inhibiting c-Myc alone significantly reduced. Therefore, the simultaneous targeting of c-Myc and HDAC6 using the bromodomain and extra terminal protein family members inhibitor JQ1 and the HDAC6 inhibitor ricolinostat (ACY-1215) can effectively induce apoptosis of MM tumor cells in xenograft mice and inhibit proliferation (Carew et al., 2019) (Figure 1B).



HDAC6 inhibitors induce endoplasmic reticulum (ER) stress by inhibiting the aggresomal pathway and promoting apoptosis

MM cells produce a large quantity of abnormal immunoglobulins and rely heavily on misfolded/unfolded protein degradation mechanisms. The two main intracellular protein degradation pathways are the proteasomal and aggresomal pathways. The proteasomal pathway is the main pathway for the degradation of intracellular proteins and acts by proteasomal degradation of polyubiquitinated proteins. A variety of proteasome inhibitors have been developed for clinical application including bortezomib, carfilzomib, and ixazomib (Scott et al., 2016; Richardson et al., 2018). Although they prolong patients survival, long-term use lead to drug resistance and most patients relapse. The aggresomal pathway degrades ubiquitinated proteins, with protein aggregates eventually cleared by lysosomal autophagy. HDAC6 plays an important role in this process by binding to polyubiquitinated proteins and recruiting protein cargoes to dynein, which are then transported along microtubules to aggregates (Mishima et al., 2015; Huang et al., 2019). The HDAC6 inhibitors ricolinostat and WT161 inhibited protein aggregate formation in vivo, and combined use with proteasome inhibitors further resulted in excessive accumulation of misfolded/unfolded proteins, ER stress, and caspase-dependent apoptosis (Santo et al., 2012; Hideshima et al., 2016; Vogl et al., 2017; Imai et al., 2019) (Figure 1C).



HDAC6 inhibitors promote immune-mediated MM cell death by reducing the expression of programmed cell death protein 1 (PD-1) and programmed cell death ligand 1 (PD-L1)

Immunotherapy has emerged as an effective new cancer treatment over recent years. Normally, when encountering pathogens, T cells are activated and initiate an adaptive immune response. To avoid over-response, activated T cells surface express PD-1 and bind to PD-L1 on the surface of antigen-presenting cells. The PD-1/PD-L1 axis then transmits negative regulatory signals that inhibit T cell proliferation and survival, thereby achieving immunosuppression. Similarly, tumor cells can suppress T cell activation and promote apoptosis by expressing PD-L1, thereby achieving immune escape. PD-1 or PD-L1 inhibitors abolish this immune escape and promote tumor cell killing by T cells (Annibali et al., 2018; Sun et al., 2018).

Compared with normal plasma cells, PD-L1 is highly expressed in MM cells of newly diagnosed and relapsed patients, and gradually increases as the disease progresses (Gorgun et al., 2015). In MM patients, MM cells and pDCs highly express PD-L1, and cytotoxic T lymphocytes (CTLs) and natural killer cells (NKs) highly express PD-1. Through the PD-1/PD-L1 axis, MM cells and pDCs suppress the action of CTLs and NKs, thereby promoting immune escape of MM cells (Iwai et al., 2002; Benson et al., 2010; Ray et al., 2018). Previous studies have shown that the HDAC6 inhibitor ACY-241 (citarinostat) can significantly reduce the expression of PD-L1 in MM cells, regulatory T cells, and pDCs, and the expression of PD-1 in CTLs, thereby downregulating the PD-1/PD-L1 signal and promoting anti-MM activity of CTLs and NKs (Figure 1D). The combination of ACY-241 and anti-PD-L1 antibodies further enhances MM cytotoxicity (Bae et al., 2018; Ray et al., 2018). HDAC6 may regulate the expression of PD-L1 through the transcription factor STAT3, but the molecular mechanism of how HDAC6 regulates PD-1 is still unclear (Lienlaf et al., 2016). In addition, ACY-241 can enhance anti-MM tumor immune activity by increasing the expression of surface antigens B7 and MHC on dendritic cells and MM cells, promoting the proliferation of CD4+/CD8+ T cells and reducing the number of MM cells, regulatory T cells, and myeloid-derived suppressor cells (Bae et al., 2018; Imai et al., 2019).

In addition to the above mechanisms, other studies have shown that the pan-HDAC inhibitor panobinostat or HDAC6 inhibitor ricolinostat can block the function of HSP90, leading to the degradation of PPP3CA (the catalytic subunit of calcineurin, a client protein of Hsp90) and further inactivation of NF-κB signaling, thereby inhibiting the survival ability of MM cells (Imai et al., 2016; Imai et al., 2019). Taken together, HDAC6 is an effective target for the treatment of MM and acts by inhibiting the proliferation/survival and promoting the death of MM cells in multiple ways.




B Cell Non-Hodgkin Lymphoma (B-NHL)

B lymphocyte development is strictly regulated, the V(D)J recombination occurring in BM and somatic hypermutation and class-switch recombination occurring in secondary lymph nodes are very important developmental nodes. These enable B lymphocytes to achieve a high degree of specificity and antigen affinity. These events are error-prone and can lead to malignancy, including B-NHL. B-NHL is a general term for a group of heterogeneous diseases that include diffuse large B-cell lymphoma (DLBCL), mantle cell lymphoma (MCL), Burkitt lymphoma (BL), and follicular lymphoma (FL) as the main types. These different types of B-NHL correspond to different stages of B cell development and have unique pathological and genetic features (Klanova and Klener, 2020) (Figure 1A). HDAC6 inhibitors have also been shown be useful in the treatment of B-NHL.

DLBCL is aggressive and is the most common malignant lymphoma, accounting for >40% of all B cell lymphomas. DLBCL is divided into three main subtypes: germinal center B cell-like (GCB) DLBCL, originating from centroblasts; activated B cell-like (ABC) DLBCL, originating from plasmablasts (Figure 1A); and primary mediastinal B cell lymphoma. DLBCL is characterized by constitutive activation of NF-κB signaling or the anti-apoptotic protein Bcl-2 (Nogai et al., 2011; Lee et al., 2014). DLBCL cells also overexpress HDAC6 (Marquard et al., 2009). A previous study has shown that in DLBCL cell lines, in addition to inhibiting the aggresomal pathway, HDAC6 inhibitors can also directly target the unfolded protein response (UPR) caused by excessive protein accumulation. Ricolinostat treatment increased the acetylation level of GRP78, a key regulator of UPR, and further promoted the release of UPR effectors including PERK, ultimately led to apoptosis (Figure 1C). The use of ricolinostat in combination with proteasome inhibitors can further increase cytotoxicity. It is important that this treatment is ineffective against normal peripheral blood B cells (PMBCs) (Amengual et al., 2015). Other works have shown that HDAC6 inhibition can inhibit MET/PI3K/AKT signaling by up-regulating micro(mi)RNA-27b (Liu et al., 2018) or down-regulating HR23B (Liu et al., 2018), thereby inhibiting the viability and proliferation of DLBCL cells and promoting apoptosis (Figure 1E).

MCL is an uncommon B-cell lymphoma, but it is also invasive. MCL usually presents with infiltration of bone marrow and peripheral blood, in addition, organs such as the gastrointestinal tract may also be invaded. MCL originates from naive B cells (Figure 1A) and is characterized by dysregulation of cyclin D1 and DNA damage response pathways (Nogai et al., 2011). p53 and cyclin D1 mutations and activation of the PI3K or NF-κB pathway lead to recurrence (Vekaria et al., 2019). The current clinical treatment of MCL is prone to drug resistance. It has recently been shown that combined treatment with ricolinostat and the P97 inhibitor CB-5083 leads to accumulation of ubiquitinated protein aggregates, ER stress (Figure 1C), and increases DNA damage, ultimately resulting in apoptosis (Vekaria et al., 2019). In addition, the interaction between MCL or other NHL cells and their microenvironment confers tumor cell drug resistance and clonogenicity. Adhesion of tumor cells to stromal cells was shown to trigger a c-Myc/miR-548m positive feedback loop, resulting in continuous c-Myc activation and miR-548m downregulation. miR-548m then promoted HDAC6 expression and the consequent resistance, survival, and clone-forming ability of lymphoma cells. Therefore, the combination of HDAC6 inhibitors and c-Myc inhibitors may be an effective method (Lwin et al., 2013).

BL is highly invasive and originates from centroblasts (Nogai et al., 2011) (Figure 1A). It usually occurs in children and immunodeficient patients but is rare in adults. BL can be divided into three main subtypes: endemic, sporadic, and immunodeficiency-associated. BL is characterized by MYC translocations, resulting in very rapid tumor growth, and tumor cells can quickly spread outside the lymph nodes including the central nervous system and bone marrow. Because BL is sensitive to chemotherapies, patients who can withstand high-intensity chemotherapy can get more effective treatments. However, they also face the risk of serious side effects such as infertility and cognitive dysfunction, so new treatment options are needed (Galicier et al., 2007; Gastwirt and Roschewski, 2018). Previous studies have shown that SDF-1α can induce BL cell motility, and knockdown of HDAC6 or treatment with HDAC6 inhibitors tubacin and niltubacin can significantly impair SDF-1α-induced cell migration and invasion (Ding et al., 2014). Therefore, targeting HDAC6 may be a potential therapeutic strategy for metastatic BL.

In addition to these aggressive B-NHL, HDAC6 inhibitors have also been studied in FL. FL is the most common indolent B-NHL, but it is still incurable. FL originates from lymph node centrocytes (Figure 1A) and is characterized by chromosomal translocations that result in constitutive expression of Bcl-2 (Nogai et al., 2011). In addition, FL cells have epigenetic abnormalities, dysregulated cell survival signaling pathways (NF-κB, MAPK, PI3K/AKT), and active immune escape mechanisms (Huet et al., 2018). Inert features make FL insensitive to chemotherapirs, so new treatment strategies are needed. A recent study showed that combining the HDAC6 inhibitor A452 and the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib can inhibit FL cells growth and promote apoptosis by down-regulating c-Myc (Figure 1B) and inactivating AKT and ERK1/2 (Figure 1E), in addition to increased DNA damage (Lee et al., 2019). In summary, targeting HDAC6 may be an effective strategy for the treatment of B-NHL.



Concluding Remarks

The discovery that HDAC6 is a potential therapeutic target has prompted a flurry of research into its therapeutic exploitation (Zhang et al., 2003). Here we discuss the therapeutic effects of HDAC6 inhibitors in B cell-associated hematological malignancies, such as MM and B-NHL, which are resistant to many targeted therapies. It should be noted, however, that HDAC6 inhibitors can also be used for the treatment of systemic lupus erythematosus, a B cell-associated immune system disease, by correcting abnormal cell metabolism and reducing the inflammatory environment (Choi et al., 2018; Ren et al., 2019). They may also be useful in the treatment of various myeloid and lymphoid leukemias (Aldana-Masangkay et al., 2011; Chao et al., 2015; Tu et al., 2018). HDAC6 therefore appears to have extensive uses in the treatment of B cell-associated diseases resistant to targeted therapies. Furthermore, HDAC6 inhibitors have also been tested in solid organ malignancies, autoimmune diseases, and neurodegenerative diseases.

HDAC6 inhibitors may act through several different mechanisms. First, HDAC6 inhibitors inhibit the expression of c-Myc oncoprotein, thus inhibiting tumor cells proliferation and promoting apoptosis. Second, HDAC6 inhibitors inhibit the transport of misfolded/unfolded proteins along microtubules to the centrosome in the aggresomal pathway, thereby inhibiting protein degradation, causing excessive ER stress, UPR, and promoting apoptosis. Third, by inhibiting the expression of PD-1/PD-L1, HDAC6 inhibitors reinvigorate immune cell function, thereby promoting the killing of cancer cells by immune cells. Finally, HDAC6 inhibitors can inhibit cell proliferation and promote apoptosis by targeting cell survival signaling pathways such as NF-κB, MAPK, and PI3K/AKT. In addition to being used alone, the combined use of HDAC6 inhibitors with other drugs such as proteasome inhibitors, PD-1/PD-L1 inhibitors, and c-Myc inhibitors seems to be more effective in promoting apoptosis in B cell tumors, thereby potentially reducing drug resistance and other side effects. Whether HDAC6 inhibitors act via other mechanisms needs further exploration.

Although HDAC6 performs multiple biological functions, it is interesting that Hdac6 knockout mice are healthy and fertile without obvious defects (Zhang et al., 2008). While this article discusses the role of HDAC6 in B cell-associated hematological malignancies, there are few reports of HDAC6 participating in the development or function of normal B cells. Whether this suggests that HDAC6 actually plays a more important role in disease progression rather than normal physiology remains to be determined. Nevertheless, this disease specificity makes HDAC6 inhibitors a very promising and feasible new drug development pipeline with potential high efficacy and low off-target effects.
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Gastric cancer is a common digestive tract tumor and the second most prevalent cancer. The prognosis of advanced gastric cancer is poor. Conversion therapy can reduce tumor burden, downgrade tumor, and increase the possibility of complete resection, thus prolonging the survival time of patients with gastric cancer. In conversion therapy, chemotherapy and targeted therapy are the main methods of medical treatment, which can control tumor growth and recurrence. As an antiangiogenic targeted drug, apatinib is widely used in the third-line treatment of advanced gastric cancer. Recent studies have shown that it may be of great help in rapid reduction of tumor stage and improvement of prognosis in conversion therapy. This study reported three cases of gastric cancer complicated with multiple abdominal and retroperitoneal lymph node metastases. After receiving apatinib combined with SOX regimen for four cycles, computed tomography showed that the focus and lymph node metastasis were reduced after treatment, and primary tumors were resected. Postoperative pathology result showed that the patients got R0 resection. After radical surgery, the maintenance therapy including apatinib was given. The progression-free survival time was more than 10 months. Apatinib combined with SOX regimen as a conversion therapy for advanced gastric adenocarcinoma increases the possibility of successful surgical resection, which might prolong the survival time of patients.
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Introduction

According to the latest Estimating the global cancer incidence and mortality in 2018, the incidence of gastric cancer ranks sixth and mortality ranks second (Ferlay et al., 2019). Many patients are already in the advanced stage of tumor when they are diagnosed for the first time, and the prognosis of patients with advanced tumor is poor (An et al., 2009). The median survival time of untreated advanced gastric cancer is less than 1 year. For metastatic gastric cancer, many studies are exploring possible posterior line treatment regimen to improve the survival rate of patients (Yoshida et al., 2006; Koizumi et al., 2008; Bang et al., 2010; Tanabe et al., 2010; Koizumi et al., 2014), However, the survival time of the patients is still short. In order to prolong the survival time of patients and improve their quality of life, the research on new treatment schemes still needs to be accelerated (Shen et al., 2013). The transformation therapy of gastric cancer is a hot topic recently, and its purpose is to achieve R0 resection after comprehensive treatment of tumors that are unresectable or slightly resectable for technical or oncological reasons (Yoshida et al., 2016).

In recent years, studies by Sato Y et al. and Yamaguchi K et al. have shown that conversion therapy can achieve a relatively high remission rate and surgical conversion rate, and improve the long-term survival of patients (Sato et al., 2017; Yamaguchi et al., 2018). Studies by Fukuchi et al. and Einama et al. also suggest that conversion therapy can improve the survival of patients with initial unresectable gastric cancer (Einama et al., 2017; Fukuchi et al., 2017). Multiple studies have shown that the treatment effect of advanced gastric cancer has not been significantly improved. The median survival time has been hovering between 10 and 14 months (Koizumi et al., 2008; Bang et al., 2010; Ito et al., 2017). In conversion therapy, the choice of drugs and treatment is equally critical. In the past clinical studies, the fluorouracil, platinum, and paclitaxel drugs were used for conversion therapy in advanced gastric cancer. On this basis, a combination of different drugs was carried out. Some retrospective clinical research results suggest that S-1 based combination chemotherapy benefits patients during the conversion treatment phase. A small sample clinical study involving 18 patients showed that the combined treatment with paclitaxel and S-1 resulted in a median survival of 64 months, with an R0 resection rate of 72% (Ishigami et al., 2008). Another study on cisplatin combined with S-1 showed that the conversion therapy gave patients a median survival of 53 months (Fukuchi et al., 2015). Apatinib [AiTan™ (China); Rivoceranib® (global)] is a novel small molecular inhibitor that selectively acts on VEGFR-2 tyrosine kinase (Scott, 2018). It is the second antiangiogenic targeted drug approved by China for the treatment of advanced metastatic gastric cancer, mainly used in third-line therapy (Aoyama and Yoshikawa, 2016). Pharmacology shows that apatinib combined with commonly used chemotherapeutic drugs (such as oxaliplatin, 5-fluorouracil, paclitaxel, etc.) can inhibit the growth of several human tumors (including lung cancer, gastric cancer, colorectal cancer, etc.) in a dose-dependent manner. The anti-tumor effect of combined therapy is stronger than that of any single drug (Tian et al., 2011). The efficacy of oral apatinib in adult patients with advanced or metastatic gastric cancer or GEA who failed with two or more chemotherapy regimens was evaluated in a double-blind, multicenter, phase II trial (Li et al., 2013) and a randomized, double-blind, multicenter, phase III trial (Li et al., 2016). The evaluation showed that apatinib significantly prolonged the median of PFS and OS compared with placebo. At the 91st Annual Meeting of the Japan Gastric Cancer Society (JGCA 2019) held in Shizuoka, Japan on February 28, 2019, a study retrospectively analyzed 33 patients with advanced unresectable advanced gastric cancer who received treatment from 2017 to 2018. Clinical results. The report results suggest that apatinib combined with dual drugs (S-1 combined with oxaliplatin or paclitaxel) is safe and effective for the treatment of inoperable advanced gastric cancer, and the conversion rate of R0 surgery reaches 63.6% (Yang et al., 2019).

Based on the above research results and the status of transformational therapy in gastric cancer, we explore whether apatinib can be used in the stage of transformational therapy, so as to achieve the purpose of rapid tumor retraction. In this study, apatinib combined with S-1 and oxaliplatin (SOX) regimen was performed before operation, the tumor was resected at R0, and good clinical results were achieved. This study was approved by the ethical committee at Zhejiang Provincial People’s Hospital (No. 2017KY012). The written informed consent of the patient was obtained, and any accompanying images will be published.



Case Reports


Case 1

A 56-year-old woman was admitted to the people’s Hospital of Zhejiang Province, who complained of dull pain in her upper abdomen for more than 3 months. Tumor marker results suggested that carbohydrate antigen 125 (CA12-5) was 35.2 U/ml and the carbohydrate antigen 199 (CA19-9) was 1,522 U/ml. Enhanced CT of the whole abdomen and pelvis in July 2017 suggested diffuse thickening of the gastric wall, considering the leather stomach with lymph node metastasis in the hepatogastric space (Figure 1A). PET-CT showed obvious thickening of gastric fundus and enlarged lymph nodes in the lesser curvature of the stomach. Gastroscopic pathology revealed adenocarcinoma of the gastric body and Helicobacter pylori (+) (Figure 1B). Clinical stage is T3N3M0 (Washington, 2010). MDT believes that the patient is in local advanced stage and there is no indication of operation, so it is suggested that conversion treatment should be given first. The patient received a combination of SOX regimen and apatinib. The SOX regimen included oxaliplatin 130 mg/m2 intravenous injection on the first day and tigio 40 mg/m2 twice a day for oral administration from the first to 14 days, repeated every 3 weeks. Apatinib 500 mg is taken orally once a day. Grade 1 neutropenia and grade 1 vomiting were observed based on the Common Terminology Criteria for Adverse Events (Chen et al., 2012). When the patient completed four cycles of combined chemotherapy, abdominal CT and PET-CT scans were performed to observe the treatment. Imaging showed that the scope of gastric malignant tumor was significantly smaller than that at the first diagnosis (Figure 1C), and the gastric minor curvature and hepatogastric interspace lymph nodes were significantly smaller than those at the first diagnosis. PET-CT suggested that the gastric wall of the lesser curvature of the stomach was thickened, the metabolism of FDG was increased, the scope of the lesion was significantly smaller than before, and the metabolism of FDG was decreased. The lymph nodes of the lesser curvature of the stomach were significantly reduced, and the metabolism of FDG of lymph nodes was decreased. The level of CA19-9 was 59.7U/ml and the CA125 was in normal level. Because the patient was evaluated for acceptable radical surgery, the patient was instructed to stop apatinib for 3 weeks. The patient then underwent total gastrectomy, D2 lymph node dissection, and Roux-en-Y anastomosis in November 2017. Postoperative pathology revealed diffuse poorly differentiated adenocarcinoma of the gastric body, 6 × 4 cm in size, invading the subserosa, upper and lower margin was negative with pericardial lymph nodes (1/14), lesser curved gastric lymph nodes (7/13), and suprapyloric lymph nodes (1/1) (Figure 1D). The pathological stage was ypT2N2M0 (Washington, 2010). Four weeks after operation, the patient received four cycles of apatinib combined with SOX at the same dose as before. After the treatment was stopped, the patients were followed up every 3 months, the last follow-up was in April 2020, and the PFS was 32 months.




Figure 1 | Pathology and imaging data of patient 1. (A) The CT of the patient at the first examination; (B) The gastroscopic pathology that suggested adenocarcinoma of the gastric body. (C) The CT of the patient after four cycles of combined chemotherapy. (D) Postoperative pathology of the patient.





Case 2

A 68-year-old woman was admitted to the people’s Hospital of Zhejiang Province, who complained of dysphagia for half a year and aggravated for 10 days. Carcino-embryonic antigen (CEA) value was 13.2 μg/L. Enhanced CT of the whole abdomen and pelvis in April 2018 revealed thickening of the cardia and stomach floor, multiple enlarged lymph nodes around the abdominal trunk, and consideration of gastric cancer (Figure 2A). The pathological diagnosis was gastric poorly differentiated adenocarcinoma with abdominal lymph node metastasis (Figure 2B). MDT believed that the patient was in the advanced stage of gastric cancer and there was no indication of operation, so it was suggested that conversion therapy should be performed first. The patient received the combination of SOX regimen and apatinib, which was the same as before. Grade 2 neutropenia and Grade 2 vomiting were observed during treatment. When the patient completed four cycles of combined chemotherapy, a PET-CT scan was performed to observe the treatment (Figure 2C). PET-CT showed thicker local gastric wall of gastric cardia and fundus, no focal increase in FDG metabolism, and no increase in FDG metabolism of small perigastric lymph nodes. The complete inactivation of clinical tumor was considered and post-treatment evaluation reached CR. The CEA value was in normal level. Because the patient was evaluated for acceptable radical surgery, the patient was instructed to stop apatinib for 3 weeks. A total gastrectomy, D2 lymph node dissection, and Roux-en-Y anastomosis were performed in September 2018. Postoperative pathology showed that there was a superficial ulcerative lesion in the lesser curvature of the gastric fundus, the size was 1.7 × 1 cm, multiple intravascular tumor thrombus could be seen in the submucosa and serous layer, the subgastric resection margin was negative, and no metastasis was found in gastric lymph nodes and hepatoduodenal lymph nodes. The pathological stage was ypT2N0M0 (Washington, 2010) (Figure 2D). Four weeks after operation, the patient received four cycles of apatinib combined with SOX at the same dose as before. The patient developed renal insufficiency in January 2019, so she stopped treatment and was followed up closely. The last follow-up period was February 2020, and PFS was 22 months.




Figure 2 | Pathology and imaging data of patient 2. (A) The CT of the patient at the first examination; (B) The gastroscopic pathology that suggested gastric poorly differentiated adenocarcinoma with abdominal lymph node metastasis; (C) PET-CT after four cycles of combined chemotherapy showed no focal increase in FDG in local gastric wall of gastric cardia and fundus; (D) Postoperative pathology of the patient.





Case 3

A 61-year-old man was admitted to the people’s Hospital of Zhejiang Province, who complained of abdominal pain for 2 months and aggravated for 1 week. The CA19-9 level was 91.6 U/ml. The enhancement CT of whole abdomen and pelvis in March 2017 showed that the local gastric wall of the gastric body was thickened, about 13 mm at the thickest point, with obvious enhancement, and lymph nodes seemed to be shown around it (Figure 3A). PET-CT showed thickening of lesser curvature and antrum, active metabolism of FDG, scattered lymphoid shadow in left sternal area, right parasternal region, septal angle, lesser curvature and retroabdominal membrane, multiple omental opacity, patchy active area of FDG metabolism, and peritoneal metastasis with malignant peritoneal effusion. Pathology revealed adenocarcinoma of the lesser curvature of the gastric body (Figure 3B). The clinical stage is T4N3M1 (Washington, 2010). Multi-Disciplinary Treatment (MDT) suggests that the patient with gastric cancer has systemic metastasis and has no chance of operation, so palliative chemotherapy or conversion treatment is recommended. The patient received the combination of SOX regimen and apatinib, which was the same as before. Grade 2 neutropenia and Grade 1 vomiting were observed during treatment. When the patient completed four cycles of combined chemotherapy, an enhanced CT scan was performed to observe the treatment (Figure 3C), suggesting that the tumor was further smaller than the third cycle, and the efficacy evaluation was PR. Thus it was suggested that the chemotherapy was continued. PET-CT examination at the end of the fifth cycle suggested no significant thickening of gastric wall and increased FDG metabolism, and no lymph node metastasis. Clinical tumor complete inactivation was considered and post-treatment evaluation reached CR. The CA19-9 level decreased to the normal level. Because the patient was evaluated for acceptable radical surgery, the patient was instructed to stop apatinib for 3 weeks. In August 2017, total gastrectomy, D2 lymph node dissection, and Roux-en-Y anastomosis were performed. The postoperative pathology showed that there was an ulcer on the lesser curved side of the gastric body, the size was about 0.8 × 0.3cm, which microscopically showed the hyperplasia of local mucous membrane, submucosa, and lamina propria myenteric fibrous tissue, the infiltration multiple lymphocyte, and no residual cancer tissue. The upper and lower cut edges were negative. Cancer cells were found in the lymph nodes of the greater curvature of the stomach (1/2), but no metastasis was found in the rest of the lymph nodes. The pathological stage is ypT1N1M0 (Washington, 2010) (Figure 3D). Four weeks after operation, the patient received apatinib combined with tigio maintenance treatment at the same dose as before. The patient’s ascites worsened in August 2018 and adenocarcinoma cells were found by ascites biopsy. The time of death was September 2018, 12 months for PFS and 17 months for OS.




Figure 3 | Pathology and imaging data of patient 3. (A) The CT of the patient at the first examination; (B) The gastroscopic pathology that adenocarcinoma of the lesser curvature of the gastric body; (C) Enhanced CT scan was performed, suggesting that the tumor was further smaller than first examination; (D) Postoperative pathology of the patient.






Discussion

Gastric cancer has become the top four malignant tumors in the world, with a high incidence in China, South Korea, Japan, and other countries (Rahman et al., 2014). Compared with Japan, China’s awareness of prevention and screening for gastric cancer is relatively weak, resulting in the majority of patients with gastric cancer often at a more advanced stage when they are diagnosed for the first time (Chen et al., 2015).

Palliative surgery, chemotherapy, radiotherapy, gastric stent, and bypass are still the main methods for the treatment of advanced gastric cancer (Izuishi and Mori, 2016). According to Japanese gastric cancer treatment guidelines 2018, For gastric cancer patients with liver or peritoneal metastasis without bleeding obstruction and other complications, tumor reduction surgery is strongly not recommended (Japanese Gastric Cancer, 2020). In contrast, ESMO Clinical Practice Guidelines suggests that gastrectomy should be considered for patients with a good response to systemic chemotherapy (Smyth et al., 2016). Previous other studies have shown that resection of primary tumors after chemotherapy is beneficial for advanced patients (Kim et al., 2011; Sougioultzis et al., 2011). Kim SW reported that after conversion therapy for the patients with gastric cancer and peritoneal implantation, the 3-year survival rate of those who can be completely resectable can reach 50% (Kim, 2014). In the clinical study of Fukuchi M et al., 40 patients with gastric cancer received conversion therapy. The 5-year survival rate of patients who received conversion therapy was 43%, and the 5-year survival rate of patients without conversion therapy was less than 1% (Fukuchi et al., 2015). In the near future, conversion therapy may become one of the main methods for the treatment of advanced gastric cancer.

Although good results have been achieved in conversion therapy, the standard of conversion therapy has not been determined. Nakajima et al. reported that the condition of patients with liver and peritoneal metastases was difficult to control after conversion treatment (Nakajima et al., 1997). Kanda et al. found that the prognosis of patients with lymph node metastasis was improved after conversion therapy, while the prognosis of patients with peritoneal metastasis was poor after conversion therapy (Kanda et al., 2012). After classifying advanced gastric cancer, Yoshida et al. believe that patients with potential resectable metastasis but no peritoneal diffusion are the best candidates for conversion therapy (Yoshida et al., 2016). In addition, the cycle of conversion therapy and the means of post-treatment evaluation are still being explored. This study showed that after four or five cycles of conversion therapy, the patients had a better chance of operation, and all the patients were evaluated by PET-CT after conversion therapy, and the metabolic level of the lesions changed, which better supported the efficacy of chemotherapy, and R0 resection was reached after operation. In the future, the exploration of the conversion therapy and the application of PET-CT in the evaluation of efficacy are another meaningful research direction.

Some case reports have indicated the successful use of targeted drugs (such as trastuzumab) in conversion therapy of patients with gastric cancer (Choda et al., 2014; Yamamoto et al., 2014). The efficacy and safety of apatinib in palliative treatment of advanced gastric cancer have been supported by previous studies (Li et al., 2013; Li et al., 2016). A small number of clinical and preclinical studies have shown that antivascular drug combined with chemotherapy can significantly reduce the stage of solid tumors (Li and Wang, 2017; Zheng et al., 2018; Zhao et al., 2020). There is not a lot of literature reference about apatinib combined with chemotherapy in the treatment of advanced gastric cancer. In the patients evaluated in this study, with the combination of targeted therapy and chemotherapy, the tumor was significantly controlled, the tumor stage was decreased, and the progression-free survival time was prolonged after conversion surgery, thus prolonging the average survival time of patients. However, this study still has some limitations. Firstly, the study only included three patients in a single center. In order to verify the effect of the conversion therapy, more rigorous clinical studies are needed to be carried out. Secondly, the apatinib is currently only used in the third-line treatment of gastric cancer. This article lacks research on the mechanism of apatinib combined with SOX as a conversion therapy. In the future, we will carry out more basic research to illustrate in most cases

This study provides a new idea for the treatment of advanced gastric cancer. The efficacy of targeted therapy combined with chemotherapy in patients with advanced gastric cancer still needs a large sample and multi-level randomized control study.
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Celecoxib has potential as an effective antineoplastic agent, but it may exhibit side effects. Given the glucose-addicted properties of tumor cells, metformin is recognized for its inhibitory effect on oxidative phosphorylation. In the present study, we aimed to combine low dose of celecoxib with metformin to alleviate the side effects of nonsteroidal anti-inflammatory drugs (NSAIDs) and overcome potential drug resistance. We found that celecoxib combined with metformin obviously suppressed cell migration and proliferation and induced cell apoptosis. Most importantly, in vivo experiments revealed the superior antitumor efficacy of combination treatment with a low dosage of celecoxib (25 mg/kg/day) without apparent toxicity. Further study of the underlying mechanism revealed that the two drugs in combination caused ROS aggregation in NSCLC cells, leading to DNA double-strand breaks and increased expression of the tumor suppressor factor p53. Elevated p53 subsequently caused cell cycle arrest and cell proliferation inhibition. The presence of metformin also sensitized NSCLC cells to celecoxib-induced apoptosis by activating caspase-9, -8, -3, and -7, upregulating the pro-apoptotic proteins Bad and Bax, and downregulating the antiapoptotic proteins Bcl-xl and Bcl-2. Moreover, the superior anticancer effect of combined therapy was also due to suppression of Raf-MEK-ERK cascades and PI3K-AKT signaling, which is conducive to overcoming drug resistance. In addition, either celecoxib alone or in combination with metformin suppressed NSCLC cell migration and invasion by inhibiting FAK, N-cadherin, and matrix metalloproteinase-9 activities. Together, our study provided a rational combination strategy with a low dosage of celecoxib and metformin for preclinical cancer application.




Keywords: non-small cell lung cancer, p53, extracellular regulated protein kinases, protein kinase B, preclinical



Introduction

Lung cancer is the leading cause of cancer-related death in the world, accounting for 1.6 million deaths each year (Bray et al., 2018; Herbst et al., 2018). Based on its biology, treatment, and prognosis, the World Health Organization (WHO) divides lung cancer into two categories: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC accounts for more than 80% of all lung cancer cases. Chemotherapy is still the most dominant and effective treatment, and the use of small molecule tyrosine kinase inhibitors (TKIs) and immunotherapy has led to unprecedented survival benefits in selected patients. However, traditional single drug chemotherapy is often prone to drug resistance and side effects (Gilligan et al., 2007). With the increase in the number of smokers and the aggravation of environmental pollution, the incidence of lung cancer has increased significantly, and the mortality rate is still high. Therefore, continued research into new drugs and combination therapies is required to expand the clinical benefit to a broader patient population and to improve outcomes of NSCLC.

Celecoxib is a selective inhibitor of cyclooxygenase-2 (COX-2) that is clinically used to relieve inflammatory symptoms caused by rheumatoid arthritis. Recent studies have shown that COX-2 is overactivated in a variety of human malignant cancers, and high expression of COX-2 is positively correlated with tumorigenesis, growth, and metastasis (Attiga et al., 2000; Okamoto et al., 2008; Allaj et al., 2013). Therefore, COX-2 inhibitors, including celecoxib, have been used as potential anticancer agents in preclinical trials (Koki and Masferrer, 2002; Quinones and Pierre, 2019). Celecoxib shows excellent anticancer effects in a variety of cancer animal models (Harris et al., 2000; Koki and Masferrer, 2002). At the same time, celecoxib remains the only FDA-approved nonsteroidal anti-inflammatory drug (NSAID) for patients with familial adenomatous polyposis (FAP) (Rayburn et al., 2009). Recent studies have shown that celecoxib is a feasible and clinically active regimen for the prevention and treatment of lung cancer (Lee et al., 2007; Afsharimani et al., 2014). Due to the side effects of NSAIDs, especially cardiotoxicity, most COX-2-specific agents, such as rooxinb (Vioxx®) and valdecoxib (Bextra®) (as well as etoricoxib and parecoxib) have been discontinued (Rayburn et al., 2009). Inhibition of COX-2 and inhibition of prostaglandins with crucial physiological functions may result in severe gastrointestinal, renal, and cardiovascular side effects (Gong et al., 2012; Gurpinar et al., 2014). In addition, the chemopreventive efficacy of NSAIDs is controversial, and it is unclear whether this deficiency is caused by dose limiting or resistance factors (Allaj et al., 2013). Therefore, the development of a suitable combination of drugs to relieve the side effects of NSAIDs is conducive to boosting the clinical application of celecoxib.

Metformin is the first-line treatment for type 2 diabetes (T2D) mellitus due to its superior safety profile (Pryor and Cabreiro, 2015). Several studies have reported a protective effect against NSCLC in diabetic patients treated with metformin (Libby et al., 2009; Tsai et al., 2014). Aside from the protective effect, metformin can also exert an anticancer effect on patients without metabolic disorders, which was revealed by a randomized phase II study testing in postmenopausal breast cancer patients without insulin resistance and with normal baseline insulin serum levels (Campagnoli et al., 2012). Tumor cells have the characteristic of depleting glucose, while metformin can inhibit oxidative phosphorylation and improve the tumor microenvironment (Ding et al., 2019; Elgendy et al., 2019). In addition to the possibility of a direct antitumor activity of metformin as a single agent in specific contexts, metformin could be used in rational combinations with targeted therapies, in consideration of their limited success. Enhanced antitumor efficacy after combination treatment with metformin has been reported. Shi et al. reported that metformin can enhance lymphoma cell sensitivity to the anticancer agent doxorubicin and mTOR inhibitor temsirolimus (Shi et al., 2012). Storozhuk et al. also found that metformin sensitized NSCLC cells to radiation through the ATM-AMPK-p53/p21 and mTOR-eIF4E axes (Storozhuk et al., 2013). Another report showed that metformin enhanced the response of NSCLC to an EGFR-TKI chemotherapeutic agent (Li et al., 2014).

Based on the superior anticancer effect of celecoxib and the safety profile of metformin, as well as the enhanced sensitivity to celecoxib when combined with metformin, this study verified the anticancer potency of combination therapy with celecoxib and metformin for the first time and explored the mechanisms of tumor inhibition at the cellular level. The experimental results showed that the combination drug treatment has a synergistic inhibitory effect on cell migration, proliferation, and apoptosis, which is attributed to the DNA damage caused by reactive oxygen species (ROS) aggregation, followed by an increase in the expression of the tumor suppressor p53. These tumor inhibitory effects are not only mediated by p53; ERK and PI3K-AKT signaling pathways are also involved. In vivo experiments showed that combination therapy inhibits tumor growth in A549 xenograft-bearing nude mice more effectively than metformin and celecoxib alone. This study provides an effective combination treatment strategy for patients with NSCLC.



Materials and Methods


Materials

A549 and H1299 cells were purchased from the American Type Culture Collection (ATCC, Philadelphia, PA, USA). Antibodies used for WB are listed as following: β-actin (Abgent, San Diego, USA), N-Cadherin, p-FAK, FAK, MMP-9, Cleaved PARP, Cleaved caspase-9, Cleaved caspase-8, Cleaved caspase-7, Cleaved caspase-3, Bcl-2, Bcl-xl, Bad, Bax, Cyto-c, γ-H2AX, p53, p21, Cdc25A, p-Raf, Raf, p-MEK, MEK, p-ERK, ERK, p-PI3P, PI3P, p-AKT, AKT (Cell Signaling Technology, Beverly, MA, USA), p-ATM, p-CHK2, CDK2 (Abcam Inc., Cambridge, MA). Celecoxib(≥98%,HPLC), metformin(purity: > 99.9%), and pifithrin-α were purchased from Sigma (St. Louis, USA).



Cell Culture

A549 and H1299 cells were grown in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA). All cells were cultured in a humidified CO2 incubator at 37°C.



Cell Viability Assays

Cells were digested and counted by an automated cell counter (Invitrogen, Carlsbad, CA, USA), and 100 μl of 5,000 cells were added to each well in a 96-well plate. Cells were incubated for 12 h and cultured in the incubator to form monolayers. The 96-well plate was changed to cell culture medium with different drug concentrations (metformin: 4 mM, 8 mM, 10 mM, 12 mM, 16 mM; celecoxib: 4 μM, 8 μM, 10 μM, 12 μM, 16 μM), and then incubated for an additional 24 or 48 h. Cell viability was determined by the CCK-8 kit (Beyotime Inst Biotech, China). The absorbance was measured at 450 nm by a TECAN Safire Fluorescence Absorbance and Luminescence Reader (Vienna, VA, USA).

Cells were seeded in a 12-well plate and incubated for 48 h. EdU assay was performed using the BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 488 (Beyotime Inst Biotech, China). Briefly, cells were incubated with EdU working solution for 1.5 h. Then, cells were fixed with 4% (v/v) paraformaldehyde for 20 min at room temperature. Next, cells were permeabilized with 0.3% (v/v) Triton X-100 in PBS for 15 min at room temperature after washing with 3% (m/v) BSA PBS solution. Then, the cells were incubated with Click Reaction Buffer for 30 min at room temperature in the dark. Hoechst 33342 was added to each well and incubated for 10 min in the dark at room temperature. Finally, cells were photographed by fluorescence microscope (Zeiss, Jena, Germany).



Transwell Assay

Cell invasion was detected using transwell chambers (8-μm pore size; Millipore). In brief, 600 μl of complete medium was added to the bottom chamber, and 4 × 104 cells suspended in 200 μl culture media with 10 mM metformin and 25 μM celecoxib alone or in combination were placed in the upper chamber. A cotton swab was used to softly remove cells on the top surface of the membrane after 24 h. The upper chamber was washed twice with PBS and then fixed in 4% (v/v) paraformaldehyde and stained in 0.1% (m/v) crystal violet solution for 30 min. Cells adhering to the bottom surface of the membrane were counted in five randomly selected areas under a 100× microscope field. All data were normalized with a control chamber that contained cells with no treatment.



Wound Scratch Assay

Cells were plated in 12-well culture plates to form a cell monolayer (near 70% confluence). After serum starvation for 12 h, a wound was made with a sterile P-200 micropipette to scrape off the cells. The wells were then washed three times with PBS to remove nonadherent cells and incubated in medium containing 10% FBS with metformin and/or celecoxib for 24 h. The progress of wound closure was monitored with microphotographs of 10× magnification taken with a light microscope (Carl Zeiss Axioplan 2) at the beginning and end of the experiments after washing with PBS.



Measurement of ROS

Cells were treated with metformin and/or celecoxib in a 6-well plate for 48 h. Then, cells were incubated with 1 mL 10 μM DCFH-DA (Beyotime Inst Biotech, China) which was diluted with DMEM at 37 °C for 20 min. Cells were washed three times with DMEM before being subjected to flow cytometry analysis (BD Biosciences, CA, USA).



Mitochondrial Membrane Potential Assay

Detection of mitochondrial membrane potential was performed by Mitochondrial Membrane Potential Assay Kit with JC-1 (Beyotime Inst Biotech, China). NSCLC cells were treated with 10 mM metformin and/or 25 μM celecoxib for 48 h. Cells were digested and collected in cell culture media, and then JC-1 staining solution was added in the dark, and discarded after incubation for 20 to 30 min at 37°C. Cells were washed for three times. Sample was analyzed by flow cytometry (BD Biosciences, CA, USA). Quantification of mitochondrial membrane potential was analyzed by CellQuest software (BD Biosciences, CA, USA).



Cytotoxicity Assay

Detection of cytotoxicity was performed by LDH Cytotoxicity Assay Kit (Beyotime Inst Biotech, China). Cells were seeded in 96-well plates and treated with 10 mM metformin and/or 25 μM celecoxib for 48 h. 10% (v/v) LDH release reagent was added in each well and cells were incubated for additional 1 h. Supernatant was collected in a new 96-well plate after centrifuging at 400×g for 6 min. 33.3% (v/v) LDH test solution was added in supernatant and the supernatant was incubated for 30 min in the dark. The absorbance was measured at 490 nm by TECAN Safire Fluorescence Absorbance and Luminescence Reader (Vienna, VA, USA).



TUNEL Assay and Immunofluorescence Assay

NSCLC cells were treated with 10 mM metformin and/or 25 μM celecoxib for 48 h. Cells were washed twice with PBS and then fixed in 4% (v/v) paraformaldehyde and permeabilized with 0.2% (v/v) Triton X-100 in PBS for 5 min. The TUNEL assay was performed by using a One Step TUNEL Apoptosis Assay Kit (Beyotime Inst Biotech, China). In brief, TUNEL detection solution was added to each sample and incubated at 37°C for 60 min. Then, the genomic DNA of apoptotic cells was broken, and the exposed 3′-OH was catalyzed by terminal deoxynucleotidyl transferase (TdT) to add dUTP labeled by FITC. After washing with PBS, the cells were restained with propidium iodide (PI). The fluorescent photos of the cells were captured by a fluorescence microscope (Zeiss, Jena, Germany). For immunofluorescence staining, antibodies against γ-H2AX (1:500 dilutions; Cell Signaling Technology, MA, USA) were used and then conjugated with Alexa Fluro® 488 goat anti-rabbit IgG (1:2000 dilutions; Invitrogen, Carlsbad, CA). The fluorescent photos of the cells were captured by a fluorescence microscope (Zeiss, Jena, Germany).



Cell Cycle Analysis

Cells were seeded in 6-well plates. After 48 h of incubation in full growth media with 10 mM metformin and 25 μM celecoxib alone or in combination, the old medium was collected, and cells were washed twice with PBS before being digested by trypsin. Then, the cells were collected gently with old medium after digestion, washed twice with cold PBS and collected by centrifugation at 1000×g for 5 min at 4°C. Ethanol (70%, v/v) was used to fix cells overnight at 4°C. Fixed cells were washed and stained with propidium iodide (PI; 2 mg/mL) in PBS with RNase A (0.1 mg/mL) for 30 min at room temperature in the dark. The distribution of cells with differing DNA content was analyzed on a FACSCalibur flow cytometer with CellQuest software (BD Biosciences, CA, USA) at an excitation wavelength of 530 nm. Fluorescence emission was measured using a 620 nm bandpass filter.



Detection of Apoptotic Cell Death

Phosphatidylserine on the external surface and propidium iodide uptake were quantified by annexin V-FITC & propidium iodide (PI). Cells were cultured in 6-well plates for 48 h in full growth media in the presence or absence of 10 mM metformin and 25 μM celecoxib alone or in combination. Old medium was removed, and cells were washed twice with cold PBS. Next, cells were collected after digestion with 200 μl trypsin and then softly washed with cold PBS. The cell pellets were resuspended in HEPES buffer and incubated on ice for 20 min with annexin V-FITC (1 mg/mL). Propidium iodide (20 μg/mL) was added before flow cytometry analysis (BD Biosciences, CA, USA). Quantification of apoptotic cells was performed with CellQuest software (BD Biosciences, CA, USA).



Protein Extraction and Western Blotting

Whole cell lysate was prepared with RIPA buffer (Beyotime Inst Biotech, China) containing protease inhibitors, PMSF and orthovanadate. Total protein was denatured by heating and separated on an SDS-PAGE gel. After transferring to nitrocellulose membrane and blocking with 5% milk in TBS buffer, the protein of interest was immunoplexed with the indicated primary antibody and corresponding secondary antibody. Bound antibodies were then visualized with ECL plus Western blotting detection reagents (GE Healthcare). Signal intensity was quantified by densitometry using Image J software (NIH, Bethesda, MD). All experiments were performed at least three times independently.



Animals

Athymic nude mice (6–8 weeks of age) were obtained from Shanghai Laboratory Animal Center (Shanghai, China) and housed under germfree conditions. All animals received human care according to Chinese legal requirements. The experiments were approved by Nanjing University Animal Care and Use Committee, and we strictly followed these rules during our experiments.



In Vivo Xenograft Tumor Model of Human NSCLC

A549 cells (5×106 cells in 100 μl) were injected subcutaneously into the dorsal flanks of mice. When the tumor volume reached approximately 100 mm3, mice with similar tumor volumes were randomly divided into 4 groups with at least 8 mice in each group. The mice were then gastrointestinal administrated with metformin (150 mg/kg/mouse) once a day, intraperitoneally (i.p.) injected with celecoxib (25 mg/kg/mouse) every two days, or administered with both drugs for a total of three weeks. Control mice were i.p. injected with PBS. The antitumor activity of the treatments was evaluated by assessing tumor growth inhibition. The formula tumor volume = length × width2 × 0.52 was used to represent the tumor volume. At the end of the study, the tumors were collected and weighed. Body weight was also examined to evaluate the toxicity of different treatments in vivo.

In a parallel animal assay (a total of 4 groups, and 3 mice per group), the tumor establishment and drug treatment were the same as described above. After the mice were euthanized, the tumors were collected, fixed with 4% formaldehyde, and embedded in paraffin. Hematoxylin-eosin (H&E) staining was performed according to standard histological procedures. Apoptotic cells in tumor sections (two sections per mouse, three mice in total) were visualized by the TUNEL technique according to the manufacturer’s instructions (Vazyme, Nanjing, China). Moreover, the paraffin sections (two sections per mouse, three mice in total) of tumors in nude mice were immumohistochemically stained with anti-Cleaved caspase-3 antibody (1:500 dilutions; Cell Signaling Technology, MA, USA) for 2 h. Bound antibody was detected with polymerized HRP anti-rabbit IgG (Maixin, Fuzhou, China) using diaminobenzidine tetrahydrochloride (DAB) as the substrate.



Statistical Analysis

Statistical analysis was carried out using the SPSS software (version 11.0; SPSS, Chicago, IL). Data were expressed as the mean ± standard deviations (SD). For paired data, statistical analyses were performed using two-tailed Student’s t-tests. For multiple comparisons, statistical analyses were performed using one-way analysis of variance (ANOVA) with a Tukey post-test. For all analyses, P < 0.05 was considered statistically significant.




Results


Screening of Cell Lines and Combination Conditions

CCK-8 analysis was performed to determine the suitable cell line and drug concentration that metformin can apply before combining with celecoxib. As shown in Figure 1A, different concentrations of metformin have different effects on the cell viability of different cell lines. Low doses of metformin (4 mM) only inhibited the cell viability of some cell lines, such as H446, HEPG-2, A549, and H1299, while high dose of metformin (16 mM) inhibited the cell viability of SPC-A1, HCT-116, A549, and H1299. In general, the cell viability of A549 and H1299 cells in NSCLC decreased the most significantly. Therefore, A549 and H1299 cell lines were selected as the subsequent research objects in our study.




Figure 1 | Screening of cell lines and combination conditions. (A) Effects of metformin on cell vitality of different cancer cell lines. (B) A549 cells and H1299 cells were treated with metformin at different concentrations (0, 4, 8, 12, 16 mM) for 24 h, and the cell viability was assessed by CCK8 assay. (C) A549 cells and H1299 cells were treated with celecoxib at different concentrations (0, 10, 20, 40, 80 μM) for 24 h and the cell viability was assessed by CCK8 assay. (D) A549 cells and H1299 cells were treated with 10 mM metformin and/or 25 μM celecoxib under different time (24 h or 48 h), and the cell viability was assessed by CCK8 assay. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Before combined treatment, A549 and H1299 10cells were treated with a certain concentration gradient of metformin or celecoxib for 24 h. As shown in Figures 1B, C, the inhibitory effect of metformin or celecoxib on cell viability was concentration dependent. Higher concentrations of metformin or celecoxib resulted in lower survival rates of A549 and H1299 cells. Excessive use of metformin or celecoxib may increase side effects, which is not conducive to the actual use of drugs. Therefore, low doses of drugs, metformin (10 mM) and celecoxib (25 µM), were then selected as the concentration of combination to further explore their synergistic effects on cell viability. As shown in Figure 1D, the inhibition of cell viability by celecoxib combined with metformin was better than celecoxib or metformin alone in A549 and H1299 cells, whether at 24 h or 48 h. With the increase in treatment time, the cell viability of metformin alone did not decrease significantly, while that of celecoxib alone decreased significantly, but the decrease was less than that of combination therapy. These results suggest that the inhibition of cell proliferation can be further strengthened by increasing the combination time. Therefore, in the subsequent study, these doses of metformin (10 mM) and celecoxib (25 µM) and the time of drug action for 48 h were selected for combined treatment.



Combined Effect of Celecoxib and Metformin on the Growth of NSCLC Cells

To detect the effect of celecoxib combined with metformin on cell proliferation, DNA proliferation was first detected by EdU fluorescence. After 48 h of drug treatment, EdU was added to detect the proliferation rate of DNA. As shown in Figure 2A, compared with the control group, the EdU fluorescence of A549 and H1299 cells treated with metformin or celecoxib alone decreased significantly, suggesting that both drugs could inhibit the synthesis of cell DNA, thereby reducing the cell proliferation rate. Compared with either drug alone, the EdU fluorescence intensity of cells treated with metformin and celecoxib in combination was even lower, indicating that the combined treatment further hindered the synthesis of DNA and significantly decreased the proliferation of cells. Next, cytotoxicity was detected by lactate dehydrogenase release assay (LDH). After 48 h of drug action, the cytotoxic activity was determined by detecting LDH secreted by cells, which indirectly reflected the cell proliferation ability. As shown in Figure 2B, celecoxib and metformin can increase cytotoxic activity either alone or in combination. The cytotoxicity of celecoxib was higher than that of metformin in both A549 and H1299 cells. The cytotoxic activity was further increased after the combination of drugs, indicating that the combination of these two drugs inhibited the proliferation of NSCLC cells more significantly.




Figure 2 | Effect of celecoxib and metformin on the growth of NSCLC cells in vitro. (A) Detection of DNA proliferation rate in A549 and H1299 cells treated with 10 mM metformin and/or 25 μM celecoxib by Edu. (B) Detection of cytotoxicity of A549 and H1299 cells treated with10 mM metformin and/or 25 μM celecoxib by LDH. Data are represented as mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001.





Combined Effect of Celecoxib and Metformin on NSCLC Cell Apoptosis

To determine whether tumor cellular viability decreased with metformin and celecoxib via apoptosis, we next performed a TUNEL assay. Though the TUNEL fluorescence of cells treated with metformin or celecoxib alone increased, the fluorescence intensity of TUNEL further increased in both A549 and H1299 cells when celecoxib and metformin were used in combination (Figure 3A). When cell apoptosis occurs in the early stage, the mitochondrial membrane potential (MMP) decreases; thus, MMP can reflect early apoptosis to a certain extent. After 48 h of drug treatment, JC-1 was added to detect MMP. We observed that MMP was decreased significantly in A549 and H1299 cells treated with celecoxib and metformin in combination compared to those treated with either drug alone (Figure 3B), which indicated that celecoxib combined with metformin can promote the early apoptosis of A549 and H1299 cells.




Figure 3 | Apoptosis of NSCLC cells induced by celecoxib combined with metformin. (A) Detection of apoptosis in A549 and H1299 cells treated with 10 mM metformin and/or 25 μM celecoxib for 48 h by TUNEL assay. (B) Detection of MMP in A549 and H1299 cells treated with 10 mM metformin and/or 25 μM celecoxib for 48 h by JC-1. (C) Activation of PARP, caspase-9, caspase-8, caspase-7, and caspase-3 was detected by WB analysis in A549 cells under different treatment conditions. All gels run under the same experimental conditions and the representative images of three different experiments were cropped and shown. Band intensity was quantified by Image J software. (D) Expressions of the Bcl-2 family proteins, Bcl-2, Bcl-xl, Bad, Bax, and Cyto-c in A549 cells under different treatment conditions were detected by WB analysis. All gels run under the same experimental conditions and the representative images of three different experiments were cropped and shown. Band intensity was quantified by Image J software. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To further explore the mechanisms of metformin and celecoxib-induced apoptosis in NSCLC cells, the activation of caspase family proteins was detected by Western blotting analysis. We found that metformin alone did not activate the caspase family proteins significantly, while celecoxib alone slightly upregulated the levels of cleaved caspase-9, cleaved caspase-8, cleaved caspase-7, and cleaved caspase-3 (Figure 3C). However, the expression of cleaved caspase-9, cleaved caspase-8, cleaved caspase-7, and cleaved caspase-3 increased significantly in cells receiving combination treatment (Figure 3C). In addition, metformin or celecoxib alone only caused a small amount of PARP cleavage, and cleaved PARP expression was significantly increased after the combination of celecoxib and metformin (Figure 3C). Next, we studied the effects of celecoxib and metformin on anti-apoptotic (Bcl-xl and Bcl-2) proteins and pro-apoptotic (Bad and Bax) proteins of the Bcl-2 family in A549 cells. The results showed that both drugs alone or in combination decreased the expression of Bcl-xl and Bcl-2 and increased the expression of Bad and Bax, especially in the combined group (Figure 3D). These data suggest that celecoxib combined with metformin can activate both exogenous and endogenous apoptosis signaling pathways to induce apoptosis in NSCLC cells.



The Combination of Metformin and Celecoxib Increases ROS and DNA Damage in NSCLC Cells

To further explore the changes in intracellular metabolism, ROS were detected in A549 and H1299 cells after 48 h of treatment with celecoxib and metformin alone or in combination. We observed that either drug alone or in combination could increase the green fluorescence of A549 and H1299 cells (Figures 4A, B), indicating that the level of intracellular ROS increased after drug treatment. Compared with single drug treatment, celecoxib combined with metformin further enhanced the green fluorescence (Figures 4A, B), indicating that the combination of metformin and celecoxib significantly increased the level of ROS in cells. Excessive active oxygen can induce DNA damage and double-strand breaks (DSBs) of DNA. γ-H2AX is a marker of DSBs. DSB of DNA was then detected by immunofluorescence. We observed that either drug alone or in combination could enhance the fluorescence of γ-H2AX in A549 cells (Figure 4C), indicating that both drugs could cause DSBs. Compared with the single drug alone, the expression level of γ-H2AX increased significantly in cells receiving combined treatment (Figure 4C), indicating that celecoxib combined with metformin can increase DNA damage in A549 cells. To further test the DNA damage of cells, changes in DNA damage-related proteins were also detected by immunoblotting assay. The expression level of γ-H2AX was consistent with that of immunofluorescence (Figure 4D), indicating that celecoxib combined with metformin can facilitate DSBs and cause injury. DNA injury can upregulate the expression of p-ATM, p-CHK2, and p53. In our study, though either drug alone or in combination upregulated the expression of p-ATM, p-CHK2, and p53, the upregulation of p-ATM, p-CHK2, and p53 was the most significant in the combined treatment group (Figure 4D), which indicated that the combination of these two drugs could activate the signal pathway of DNA damage better than that of either drug alone.




Figure 4 | Combined treatment with celecoxib and metformin increases reactive oxygen species and DNA damage in NSCLC cells. (A) Detection of ROS accumulation in A549 and H1299 cells by fluorescent probe DCFH-DA. The change of fluorescence intensity was observed by flow Cytometry. (B) Detection of ROS accumulation in A549 and H1299 cells by fluorescent probe DCFH-DA. The change of fluorescence intensity was observed by Fluorescence microscope. (C) Immunofluorescence staining of γ-H2AX in A549 cells treated with 10 mM metformin and/or 25 μM celecoxib. (D) Effects of celecoxib and metformin on γ-H2AX, p-ATM, p-CHK2, and p53 protein expression. A549 cells were treated with 10 mM metformin and/or 25 μM celecoxib for 48 h, and then harvested for WB analysis using indicated antibodies. The level of actin served as the loading control. Band intensities were calculated using software Image J. Relative intensities are also shown. Data represent mean values of triplicate samples. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Combined Celecoxib and Metformin Treatment Arrests the Cell Cycle at the G1 Phase Through Regulation of p53

Celecoxib has been reported to have the ability to inhibit cell proliferation to execute its antitumor effect. Therefore, we next detected the effect of celecoxib, metformin or their combination on cell cycle distribution. As shown in Figure 5A upper panel, both metformin and celecoxib treatment alone could cause arrest of the cell cycle at the G1 phase, while arrest at the G1 phase was more obvious under combination drug treatment, and the number of cells increased by nearly 20% compared with the control group without any drug treatment. The tumor suppressor p53 is critical for the DNA damage-induced checkpoint, which coordinates cell cycle progression with DNA repair. To explore whether cell cycle arrest caused by combination drug treatment was mediated via p53, a p53 inhibitor (pifithrin-α, PFT) was then used. As shown in the low panel of Figure 5A, the addition of PFT slightly alleviated G1 phase arrest in cells treated with either drug alone; however, there was a significant decrease in the proportion of cells in G1 phase in the combination group, which reveals that combination treatment with celecoxib and metformin might arrest the cell cycle in G1 phase through the p53 pathway. In addition, the changes in proteins related to p53 and G1/S regulation were further examined by Western blotting analysis in the presence or absence of PFT. As shown in Figure 5B, in the absence of PFT, a single drug alone or the combination treatment upregulated the protein levels of p53 and p21. Moreover, the expression of Cdc2 and CDK2 decreased after the combination treatment. The effect of this regulation was the most significant in the combination group, which was consistent with the results of the cell cycle analysis. However, after the addition of PFT, there was relatively less upregulation of p53 and its downstream target p21 in the combined group, and the downregulation of CDK2 was also attennuated (Figure 5C), indicating that PFT can inhibit the drug combination-induced protein changes related to the G1 phase. These results solidified the previous conclusion that the combination of metformin and celecoxib blocked the cell cycle in G1 phase through the p53 pathway.




Figure 5 | Combined treatment with celecoxib and metformin acts on p53 to arrest cell cycle in the G1 phase and enhance antiproliferative response. (A) Cell cycle analysis of A549 treated with 10 mM metformin and/or 25 μM celecoxib for 48 h with the absence or presence of 5 μM PFT. Quantification of the proportion of the cells in the G1 phase was shown in the right panel. (B) Western blotting analysis of p53, p21, Cdc25A, CDK2 protein levels of A549 cells treated with 10 mM metformin and/or 25 μM celecoxib for 48 h. Band intensity was quantified by Image J software. (C) Western blot analysis of p53, p21, Cdc25A, CDK2 protein levels of A549 cells treated with 10 mM metformin and/or 25 μM celecoxib for 48 h in the presence of 5 μM PFT. Band intensity was quantified by Image J software. (D) Cell viability analysis of A549 cells treated with 10 mM metformin and/or 25 μM celecoxib for 48 h in the absence or presence of 5 μM PFT. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Due to the correlation between G1 phase arrest and anti-proliferation, further experiments were performed to explore whether the anti-proliferation effect in the combination group was also mediated via p53 using the CCK-8 assay. Compared with the group without the addition of PFT, the group cotreated with PFT exhibited restored cell viability to some extent, and the reversal effect was the most obvious in the combination group, indicating that metformin combined with celecoxib enhanced antiproliferative response through the p53 pathway (Figure 5D).



Celecoxib and Metformin Combined Therapy Induces Apoptosis by Inhibiting the ERK and PI3K/AKT Signaling Pathways

Combined treatment with the two drugs upregulated p53 protein expression in A549 cells. Then, to examine whether apoptosis induced by combination treatment was also related to upregulated p53, we further detected the apoptotic state of A549 cells with or without PFT addition. As shown in Figure 6A, metformin or celecoxib treatment alone led to less than 10% apoptosis, and the ratio of apoptotic cells increased significantly in the combination group, which is consistent with the previous TUNEL and MMP results. In addition, we found that there were no significant changes in the apoptosis rate of the cells in the single or combined drug treatment groups after the addition of PFT, indicating that the apoptosis of A549 cells induced by metformin combined with celecoxib was not mediated by p53.




Figure 6 | Combined treatment with metformin and celecoxib may induce apoptosis by inhibiting ERK and PI3K/AKT signaling pathways. (A) Cell apoptosis analysis of A549 cells treated with 10 mM metformin and/or 25 μM celecoxib for 48 h in the absence or presence of 5 μM PFT. Quantification of the proportion of the apoptotic cells was shown in the right panel. (B) Western blot analysis was used to detect the phosphorylation state of Raf, MEK, ERK after treatment with 10 mM metformin and/or 25 μM celecoxib for 48 h. Band intensity was quantified by Image J software. (C) Western blot analysis was used to detect the phosphorylation state of PI3K and AKT after treatment with 10 mM metformin and/or 25 μM celecoxib for 48 h. Band intensity was quantified by Image J software. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Previous results showed that the protein levels of Bad, a proapoptotic member of the Bcl-2 family, increased and the expression of Bcl-2 and Bcl-xl diminished in the drug treatment group, particularly in the combination group. We further investigated the changes in related proteins involved in ERK signaling and the PI3K/AKT axis, which are upstream signaling pathways of Bad. The data showed that metformin or celecoxib alone can slightly inhibit the phosphorylation of Raf, MEK, PI3K, and AKT. However, combined treatment with two drugs markedly enhanced this inhibitory effect. Interestingly, we noticed that celecoxib alone had no apparent effect on the level of p-ERK, while metformin alone could suppress the phosphorylation of ERK, indicating its specific role in ERK signaling. Based on these results, we thus hypothesized that metformin combined with celecoxib might act on ERK signaling and the PI3K/AKT axis to regulate Bad protein expression (Figures 6B, C).



The Combined Effect of Celecoxib and Metformin on the Migration of NSCLC Cells

The effects of celecoxib combined with metformin on the invasion and migration of NSCLC cells were further investigated by transwell and scratch experiments. Either drug alone only partially reduced the number of A549 and H1299 cells passing through the migration chamber, while the combination of celecoxib and metformin significantly inhibited the passage of A549 and H1299 cells through the chamber (Figure 7A), indicating that the invasive ability of cells decreased significantly in response to celecoxib combined with metformin. In addition, we also noticed that the area of scratch wound healing of A549 and H1299 cells was significantly reduced (Figure 7B) when celecoxib was combined with metformin, indicating that the migration ability of the cells was suppressed.




Figure 7 | Effect of celecoxib and metformin in combination on NSCLC cell migration. (A) Transwell assay. A549 and H1299 cells were treated with 10 mM metformin and/or 25 μM celecoxib. After 12 h pretreatment and 12 h incubation in the upper chamber, the cells migrating to the lower membrane were stained and counted in five fields with a magnification of × 100. The experiments were carried out in triplicate and representative data are shown. (B) Wound healing assay. A549 and H1299 cells were treated with 10 mM metformin and/or 25 μM celecoxib. Photographs were taken immediately and after 24 h of creating the scratch. Images shown are representative of three independent experiments. (C) Effects of metformin and celecoxib on N-Cadherin, FAK, p-FAK, and MMP-9 protein expression. A549 cells were treated with 10 mM metformin and/or 25 μM celecoxib for 48 h, and then harvested for Western blotting analysis using indicated antibodies. The level of actin served as the loading control. Band intensities were calculated using software Image J. Relative intensities are also shown. Data represent mean values of triplicate samples. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Several proteins, such as N-cadherin, FAK, and MMP-9, were reported to play important roles in cell migration and metastatic potential. Western blotting analysis showed that metformin and celecoxib in combination could significantly reduce the expression of N-cadherin protein and the level of FAK phosphorylation in NSCLC cells; however, the total FAK protein remained unchanged (Figure 7C). In contrast, metformin or celecoxib alone had no significant effect on FAK phosphorylation. Compared with celecoxib or metformin single treatment, the expression of MMP-9 in cells treated with celecoxib and metformin in combination markedly decreased (Figure 7C). In general, these results suggest that celecoxib combined with metformin can antagonize the activation of N-cadherin, p-FAK, and MMP-9 in A549 cells, thus better inhibiting cell migration and invasion.



The Combination of Celecoxib and Metformin Suppresses the Development of Lung Cancer Xenografts in Nude Mice

To evaluate the in vivo efficacy of the drug combination treatment with celecoxib and metformin on NSCLC, nude mice were subcutaneously inoculated with A549 cells. Celecoxib and metformin were administered alone or in combination for 20 days when the tumor grew to approximately 100 mm3. The results are shown in Figure 8. We found that the tumor volume after combination treatment for 20 days was obviously smaller than that after single drug treatment with metform15in or celecoxib, suggesting that celecoxib combined with metformin therapy has excellent tumor inhibition efficacy when compared with single drug therapy (Figures 8A, B). Moreover, the tumor weight of the combination group was significantly lighter than that of the metformin or celecoxib monotherapy group (Figure 8C). Analysis of tumor doubling time and tumor inhibition rate showed that the tumor doubling time of the combination group was significantly elongated, nearly twice that of the control group and monotherapy group (Figure 8D), and the tumor inhibition rate reached nearly 75% (Figure 8E). In addition, there was no significant change in the body weight of nude mice throughout the whole therapy progress (Figure 8F), indicating that metformin or celecoxib at this dose had no significant toxic side effects in nude mice.




Figure 8 | Combined treatment with celecoxib and metformin inhibits tumor growth in A549 tumor-bearing nude mice. A549 cells were injected subcutaneously into the dorsal flanks of athymic nude mice. When tumors reached a size of approximately 100 mm3, mice were gastrointestinal administrated with metformin (150 mg/kg/mouse) or intraperitoneally (i.p.) injected with celecoxib (25 mg/kg/mouse) or the combination of two drugs for a total of 20 days. (A) Representative images of the excised tumors from each therapeutic group were shown. (B) The tumor growth inhibitory effects of different treatments were compared. (C) At the end of the study, the excised tumors from each group were weighed. (D) Tumor doubling time of each therapeutic group. (E) Tumor inhibition rate of each therapeutic group. (F) Body weight change during treatment. (G) The necrosis changes of tumors receiving different treatments were observed by H&E staining. (H) TUNEL staining was applied to detect the apoptotic state of tumors receiving different treatments. (I) The amounts of cleaved caspase-3 were measured by immunohistochemistry. Quantification was followed by Image-J. Data are represented as mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001.



HE staining was used to detect necrosis of tumor tissue. The results showed that combination therapy contributed to more serious tumor necrosis due to the increased necrotic area in the combination group compared with the monotherapy group (Figure 8G). To observe the apoptosis of tumor tissue, paraffin sections of tumor tissue were followed by TUNEL staining and immunohistochemistry. We observed that the apoptotic area was more obvious in the combination group than in the single drug treatment group according to the TUNEL staining results (Figure 8H). Further immunohistochemical staining with anti-cleaved caspase-3 antibody also revealed that the expression of cleaved caspase-3 was upregulated after combination therapy, which was more significant than the single drug therapy group (Figure 8I). Taken together, the results indicated that celecoxib combined with metformin can increase tumor tissue apoptosis in vivo, thus suppressing the development of lung cancer xenografts.




Discussion

Lung cancer remains the leading cause of cancer-related mortality worldwide, and NSCLC is the predominant type of lung cancer. With the drug discovery and disease diagnosis approaches, an increasing number of targeted drugs are being applied in NSCLC. However, the presence of multiple resistance factors, such as intrinsic resistance, adaptive resistance and acquired resistance, results in a temporary response to the targeted drug. Clinical trials of combination therapy with mainstream targeted agents on NSCLC, such as epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) and anaplastic lymphoma kinase tyrosine kinase inhibitors (ALK-TKIs) were also suspended due to the limited therapeutic effects of the drugs (Rotow and Bivona, 2017). Therefore, it is important to find an effective treatment with low toxicity and few side effects that can be applied to NSCLC.

A review has shown the potential and rationale for COX-2 inhibitors in lung cancer (Krysan et al., 2006). Moreover, the efficacy profile of NSAIDs for treating NSCLC has been reported in clinical trials (Chen et al., 2014; Hou et al., 2016). Celecoxib is beneficial in the treatment of advanced cancers but with an increased risk of cardiovascular events (Chen et al., 2014). Given the possible side effects of high dose NSAIDs which may lead to the failure of clinical trials, we expected to use a lower dose of celecoxib in this research. Tai et al. found that high concentrations of celecoxib from 50 μM to 70 μM can significantly cause G1 phase arrest in two liver cancer cells, Bel7402 cells and HepG2 cells (Tai et al., 2019). In this study, a low dose of 25 μM celecoxib in combination with metformin significantly induced cell cycle arrest. At the same time, in vivo experiments also demonstrated the superiority of celecoxib combined with metformin in tumor treatment. Tsutsumi et al. showed that 100 mg/kg celecoxib can significantly inhibit tumor growth in MKN-45 cell xenografted tumor nude mice (Tsutsumi et al., 2006). Another study executed on mice bearing A549 tumors by Zhang et al. also displayed superior antitumor effects through oral administration of celecoxib at a dosage of 200 mg/kg/day (Zhang et al., 2017), which is eight times that of 25 mg/kg/day, the dosage that was used in this current study. Generally, a lower dosage of celecoxib was applied in our study, which implies a lower risk of toxic effects in future clinical research.

The occurrence and development of tumors is the result of tumor cell proliferation, apoptosis, and migration, which are affected by multiple conditions. The antiproliferation, proapoptosis, and antimigration effects of celecoxib have been reported in a variety of tumor cells (Jendrossek, 2013; Tai et al., 2019; Tian et al., 2019). Metformin has also been reported to slightly inhibit tumor cell growth (Cheng et al., 2019; Lee et al., 2019), which is consistent with the data in this study. Our study demonstrates that celecoxib combined with metformin can effectively inhibit the proliferation of A549 cells. Next, we explored the mechanism by which celecoxib combined with metformin inhibits cancer cell proliferation and induces apoptosis and cell cycle arrest.

Celecoxib combined with metformin activates the extrinsic and intrinsic apoptosis signaling pathways. The inherent pathway of apoptosis is often unregulated in cancer. Our data suggested that celecoxib combined with metformin activates caspase family proteins which are necessary for the morphological and biochemical characteristics of apoptosis (Mrozik et al., 2018). There are three subfamilies of Bcl-2 proteins: anti-apoptotic Bcl-2 proteins (such as Bcl-2 or Bcl-xl), pro-apoptotic BH3-only proteins (including PUMA (also known as BBC3), Bid and Bim (also known as Bcl2L11)) and pro-apoptotic effector proteins (Bax, Bak, and Bok) (Vandooren et al., 2013). Here, the combined use of drugs further decreased the expression of Bcl-xl and Bcl-2, and increased the expression of Bad and Bax, suggesting that metformin combined with celecoxib also activated the endogenous apoptosis signaling pathway.

In addition, our data suggest that metformin combined with celecoxib led to significant G1 arrest, and this blockade is due to ROS accumulation after drug treatment. ROS are toxic to the cell which results in oxidation of proteins, lipids, and DNA (Vanderauwera et al., 2011). ROS-derived DNA oxidation damages the normal functional bases and sugar residues, leading to DNA single- and double-strand breaks (Amor et al., 1998), (Roldan-Arjona and Ariza, 2009). γ-H2AX, the phosphorylated form of histone H2AX, is a marker of DNA damage, which accumulates near the DNA break site and is rapidly phosphorylated by members of the phosphatidylinositol 3-kinase-associated kinase family, including ATM, ATR, and DNA-activated protein kinases, when DSBs occur (Sone et al., 2014). The DNA damage response (DDR) follows the DSB. The transducer kinases in the DDR are activated and phosphorylate a subset of effectors such as p53, Chk1, and Chk2, that are involved in the initiation of cell cycle checkpoints and apoptosis (Hammond et al., 2007). Our results showed that there is a significant increase in activated ATM in the combination group which results in the accumulation of phosphorylated H2AX followed by the upregulation of p53 and phosphorylated CHK2, which is the subset effector in DDR.

The transcription factor p53 is a vital tumor suppressor that is associated with a wide range of functional genes regulating cell cycle arrest and apoptosis in response to DNA damage (Khoo et al., 2014). Next, we investigated the regulatory effect of p53 on the antimigration, antiproliferation, and proapoptosis effects induced by drug treatment. The results of the cell cycle and apoptosis assays revealed that p53 is a major mediator in cell cycle arrest during the combination treatment with celecoxib and metformin, while the apoptosis caused by the combination treatment is not mediated through p53. Kracikova et al. proved that cells expressing a high level of p53 to overcome the apoptotic threshold, which is determined by the expression level of p53 and its downstream targets in the cellular context (Kracikova et al., 2013), can trigger the apoptosis cascade. Moreover, mutant p53E177R abolishes apoptotic functions due to its inability to bind to DNA caused by the altered quaternary structure of the p53 tetramer (Schlereth et al., 2010; Timofeev et al., 2013). Our results showed that p53 does not mediate the regulation of apoptosis by either drug alone or by the combined treatment, which is inconsistent with previous reports. Therefore, whether elevated p53 is still below the apoptotic threshold or whether a functional mutation in p53 occurs in A549 cells leading to the results obtained in our research needs to be further explored.

Due to the limited regulatory effect of p53, we assumed that the superior antineoplastic efficacy of combination treatment might be due to multitarget effects. Mitogen-activated protein kinase (MAPK) cascades are an evolutionarily conserved signaling pathway in which ERK is a downstream module that is activated by the MAPK/ERK kinase (MEK)1/2 dual-specificity protein kinases regulated by Raf serine/threonine kinases (Roberts and Der, 2007). Our results indicate that both metformin and celecoxib can act on Raf-MEK-ERK cascades. Metformin or celecoxib alone can inhibit the phosphorylation of Raf, MEK, and ERK, and metformin inhibits ERK phosphorylation more thoroughly, which increases the potency of combination treatment with celecoxib. The RAS-RAF-MEK-ERK pathway has been reported to be engaged in the regulation of normal cell proliferation, survival, and differentiation (Samatar and Poulikakos, 2014). We hypothesize that the apoptosis caused by single or combination treatment might be due to the inhibition of ERK signaling. Moreover, the inhibition of ERK signaling may also contribute to the anti proliferative potency due to only partial reversion of A549 vitality after the inhibition of p53 signaling with PFT. Many cancers exhibit deregulated activation of ERK1/2 signaling and an enhanced dependency on ERK1/2 signaling (Caunt et al., 2015). Many inhibitors targeting ERK signaling have been exploited. The level of phosphorylated ERK is usually monitored to reflect the efficacy of RAF or MEK inhibitors on cancer therapy targeting RAS-ERK signaling, and near-complete and long-lasting inhibition of ERK signaling is a reliable guarantee of durable responses (Samatar and Poulikakos, 2014). Since the superior inhibition efficacy of phosphorylated ERK by metformin and this inhibitory effect have been reported by many studies (Wu et al., 2013; Chai et al., 2015; Peng et al., 2016; Yue et al., 2019), it might suggest a potential strategy to help overcome the resistance of ERK signaling inhibitors. We believe that further study on how metformin inhibits ERK signaling without causing unacceptable toxicities can help overcome the challenges in the clinical application of ERK signaling inhibitors.

The signaling network defined by phosphoinositide 3-kinase (PI3K), AKT, and mammalian target of rapamycin (mTOR) controls most hallmarks of cancer, including cell cycle progression, survival, metabolism, motility, and genomic instability (Engelman, 2009; Pal and Mandal, 2012; Fruman and Rommel, 2014). We also investigated the inhibitory effects of combination therapy with celecoxib and metformin on this crucial antineoplastic pathway. Our data revealed that both metformin and celecoxib inhibited PI3K/AKT signaling, among which celecoxib had a better inhibition efficacy than metformin. Combination treatment barely abolished the phosphorylation of AKT. Fruman et al. claimed that targeting the RAS-RAF-MEK-ERK cascade combined with PI3K-AKT-mTOR inhibitors is an attractive strategy for antitumor therapy (Fruman and Rommel, 2014). Both networks can promote cell proliferation and survival, and there is extensive crosstalk between the pathways. Our assumption that the efficient antitumor effect of celecoxib combined with metformin is due to the inhibition of multiple key pathways at the same time was thus proven.

Finally, we observed the effect of the drug combination on cell migration. According to our research, compared with the drug alone, two drugs in combination showed a higher inhibitory effect on migration, indicating that celecoxib combined with metformin can enhance the antitumor migration ability. In many types of solid tumors, the abnormal expression of the cell adhesion molecule N-cadherin is a sign of the transformation of epithelial cells into stromal cells, leading to the invasive phenotype of the tumor. This shift gives tumor cells the ability to escape from the limitations of the primary tumor and transfer to secondary sites (Taylor et al., 2008). Celecoxib plays a major role in inhibiting N-cadherin expression as compared to metformin. Integrin receptor-mediated cell migration accounts for a large part of cell migration. FAK has been proven to be a key regulator of integrin-mediated cell movement, which is phosphorylated when it is activated. In our study, single treatment with metformin or celecoxib had no significant effect on FAK phosphorylation; however, p-FAK decreased significantly when the two drugs were combined. In the past, many studies have confirmed that MMP-9 is involved in the invasion and metastasis of tumors and is related to the degree of malignancy and biological behavior of tumors (Ichim and Tait, 2016). The decrease in MMP-9 when two drugs were combined might contribute to the decreased migration ability of lung cancer cells in our experiment.

In conclusion, celecoxib combined with metformin inhibits tumor growth by inhibiting cancer cell migration and proliferation, inducing cell cycle arrest, and promoting apoptosis. The activation of the p53 signaling pathway and the inhibition of RAS-Raf-ERK and PI3K/AKT, which are crucial for the survival of tumor cells, might be the reason why celecoxib combined with metformin exerts a good antitumor effect in NSCLC (Figure 9). Xenograft A549 tumor-bearing nude mice in vivo experiments strongly show the excellent effect of celecoxib combined with metformin in the treatment of NSCLC. Our data provide an effective combination of drugs for the treatment of NSCLC. Currently, since MEK or PI3K inhibitors fail to induce cancer cell death and lead to the selection of compensatory pathways that maintain tumor growth, we believe that celecoxib and metformin in combination can help overcome the resistance caused by crosstalk and feedback between cell pathways.




Figure 9 | A working model for the synergistic effects of celecoxib and metformin on NSCLC cells. The purple arrow represents protein expression changes in response to metformin, the green arrow represents protein expression changes in response to celecoxib, and the red arrow represents protein expression changes in response to combination treatment with celecoxib and metformin.
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Background: Salivary duct carcinoma (SDC), an aggressive and rare malignancy with poor prognosis, is mostly associated with the overexpression of the androgen receptor (AR) and human epidermal growth factor receptor 2 (HER2). However, limited data are available for the targeting of both HER2 and AR in advanced/metastatic SDC.

Case Presentation: A 62-year-old man with advanced SDC accompanied by lung and lymph node metastasis showed disease progression after two lines of chemotherapy and endocrine therapy. Metastatic lesions from the lung biopsy were obtained, and immunohistochemistry (IHC) indicated the overexpression of AR and HER2 (3+). The patient was administered pyrotinib (a pan-ErbB receptor tyrosine kinase inhibitor) and bicalutamide (an androgen receptor antagonist) as a third-line treatment. During the ten months of follow-up, a durable partial response was achieved with this combination.

Conclusions: This is the first clinical study to report the successful application of pyrotinib in a patient with advanced SDC. We recommend that pyrotinib and bicalutamide be used as salvage therapy for AR and HER2-positive advanced metastases in SDC, given the favorable response and clinical benefit.

Keywords: salivary duct carcinoma, tyrosine kinase inhibitor, pyrotinib, HER2 positive, targeted


INTRODUCTION

Salivary duct carcinoma (SDC) is a rare malignancy, categorized into 22 subtypes with clearly different histological, genetic, and clinical characteristics (1). SDC is an uncommon type of salivary gland cancer (SGC), making up almost 1–3% of all SGCs (2). It is a disease with aggressive behavior and a tendency to recur and metastasize, usually in the lymph node, lungs, bone, or other visceral organs (3). Since SDC progresses rapidly, most patients die within three years of diagnosis (4). For resectable tumors, surgery with or without postoperative radiotherapy is the main treatment. However, in the case of metastatic SDC, systemic chemotherapy has had disappointing outcomes (5). Importantly, the diagnosis and treatment of different subtypes of SGC depend on clinicopathology, emphasizing the importance of pathological examination. HER2 overexpression, which occurs in 29–46% of patients with SDC, is associated with poor prognosis (6). The characteristics of SDC are similar to those of breast cancer in terms of morphology and gene expression patterns. HER2-targeted therapy has been established as the standard therapy for HER2-positive breast cancer. This suggests that HER2-targeted therapy may be an ideal choice for HER2-overexpressing SDC. Pyrotinib is an irreversible pan-ErbB receptor tyrosine kinase inhibitor (TKI) with anti-EGFR/HER1, HER2, and HER4 activities. In China, it has proven to be successful as a second-line treatment or post-treatment therapy in advanced or metastatic HER2-positive breast cancer and has shown a strong anti-tumor effect in clinical trials.

Here, we describe a case of a patient with overexpression of HER2 and advanced SDC who attained partial remission after third-line treatment with pyrotinib.



CASE REPORT

A 62-year-old man presented with a right parotid mass in February 2018. He complained of pain but denied fever and weight loss. The patient was referred to our hospital for further examination, and a follow-up computed tomography (CT) scan showed a mass with a diameter of 2.3 cm × 1.8 cm on the right parotid with dual cervical, supraclavicular lymph nodes, and lung metastasis. No other remote abnormal lesions were found in the body. Fine-needle aspiration biopsy of the right parotid mass and neck lymph node (right side) confirmed SDC with a metastatic lymph node, and immunohistochemistry (IHC) results were positive for the expression of CK18, CK5/6, EMA, AR, and Ki-67, but negative for that of P40 and EBER. Based on the CT scan findings and pathological and molecular results, the patient was diagnosed with SDC along with metastasis in the lymph nodes and lung. Based on the above pathological results and clinical description, combined with the 8th edition of the American Joint Committee on Cancer (AJCC), this patients tumor (T) lymph node (N) metastasis (M) staging is cT2N2M1 (stage IV).The patient had a family history of cancer and addiction to alcohol, but denied a history of hypertension, diabetes mellitus, or coronary heart disease, or addiction to tobacco. On admission, the patient appeared to be in a good clinical condition and the performance status (PS) was 0. Routine blood tests, such as complete blood count (CBC) and biochemical indices were all within normal ranges, an electrocardiogram (ECG) showed sinus rhythm, echocardiography displayed slight mitral regurgitation, and left ventricular ejection fraction was (LVEF) was 76%. There was no fever or difficulty in breathing. There were no relevant comorbidities and no concomitant medications were administered. The patient was an office employee who had no history of carcinoma or exposure to environmental risk factors. Figure 1 illustrates the complete treatment procedure and the corresponding changes in the lesions on CT.


[image: Figure 1]
FIGURE 1. Review of treatment process (from March 2018 to May 2020). Treatment process and effect evaluation of the patient. PFS, progression-free survival; TFP, docetaxel, fluorouracil, cisplatin; T, docetaxel; GP, gemcitabine/cisplatin; PR, partial response; SD, stable disease; PD, progressive disease; mo, months.


Radical surgery was not available. The patient was initially treated with TFP chemotherapy (46 mg cisplatin, 7,600 mg fluorouracil, and 140 mg docetaxel). CT examinations showed stable disease after two cycles in both the lungs and lymph nodes. After six cycles, the regimen was changed with docetaxel as maintenance therapy until December 2018, when a chest CT scan showed progressive lesions in the lung. At the end of the treatment, the neck lesions had receded, and the symptoms were completely relieved. After the six-month-long docetaxel maintenance treatment, the patient presented to the outpatient clinic for cough and fever evaluation in January 2019. The results of the chest CT scan showed recurrent disease in the neck lymph nodes and lung metastasis. Subsequently, we performed IHC on the primary lesion, which showed that the HER2 receptor was overexpressed (+3). The patient underwent a new second-line treatment with four cycles of chemotherapy (1.9 g gemcitabine and 45 mg cisplatin) followed by apatinib as maintenance therapy. However, seven months later it was found that the disease had progressed. The pulmonary metastases had increased dramatically as evaluated by CT scan (August, 2019), according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. In August 2019, CT-guided lung mass biopsy was performed for further histopathological diagnosis. HE staining combined with IHC of the biopsy tissues (Figure 2; positive for AR [40%], HER2 [3+], Ki-67 [80%], CK5/6, and EGFR, but negative for ER, PR, S-100, CD117, P53, TTF, and napsinA) confirmed that the parotid adenocarcinoma had metastasized to the lung.


[image: Figure 2]
FIGURE 2. (A) Cytological features of fine-needle aspiration biopsy of the right parotid mass: few poorly differentiated carcinomas with necrosis (×20 hematoxylin/eosin). (B) Histopathological features of CT-guided lung mass biopsy: cancer cells in the lung tissue grow invasively, with local necrosis (×20 hematoxylin/eosin) (C) Androgen receptor (AR) (+,40%) (×20 hematoxylin/eosin) (D) The human epidermal growth factor receptor-2(HER2) demonstrated 3+ reactivity to show positive (×20 hematoxylin/eosin) (E) NapsinA: cancer cells were negative, while remaining alveolar epithelial cells were positive (×20 hematoxylin/eosin) (F) TTF1: cancer cells were negative, while remaining alveolar epithelial cells were positive (×20 hematoxylin/eosin).


Based on the clinical history and pathological findings of the lung tissue, primary lung adenocarcinoma was excluded. The patient had a parotid ductal carcinoma with lung metastasis. It was determined that the patient would benefit from anti-HER2 therapy and endocrine therapy due to the overexpression of AR (+, 40%) and Her2 (3+). Thus, the patient received pyrotinib (400 mg QD) and bicalutamide (50 mg QD) from July 2019 to October 2019. The skin lesions on the neck disappeared after two cycles. CT scans performed after 3 months of treatment showed that the target pulmonary metastatic lesions completely disappeared, and the remaining lesions were significantly reduced, indicating a PR with a >30% decrease in the sum of the diameter compared with the previous examinations (Figure 3). The patient showed a significantly improved performance status and symptoms and never complained of cough and thoracalgia. The patient showed good compliance, took pyrotinib according to the instructions, and came to the hospital for review every 2 cycles. He tolerated the treatment with pyrotinib well. Grade 1 diarrhea with no additional adverse events was observed during the treatment with pyrotinib; this improved soon after the symptomatic treatment. The period of progression-free survival (PFS) was over 10.2 months.


[image: Figure 3]
FIGURE 3. CT scans show: (A) The first time of pulmonary metastasis; (B) after chemotherapy treatment; (C) CT of the chest showed a complete response after months of pyrotinib treatment.


Until the submission of this case draft, the patient has survived for over 27 months and now continues to receive the combination treatment of pyrotinib and bicalutamide; at the time of writing this case, the patient's condition was stable.

This study was approved by the Ethics Committee of Zhejiang Cancer Hospital, Hangzhou, China. Written informed consent was obtained from the participant for the publication of this case report and any potentially identifying images or information.



DISCUSSION

The treatment of SDC is different in various studies; however, most SDCs are surgically removed from the primary site by dissection, and the patient then undergoes adjuvant treatment (7). Traditionally, cyclophosphamide, doxorubicin, and cisplatin have been used in the treatment of recurrent or metastatic SGC (8), whereas HER-2 targeted therapy and androgen deprivation therapy have been documented in clinical studies of SDC. Our case study shows the excellent results of using pyrotinib in combination with bicalutamide in treating a patient with SDC who had lung metastasis with HER2- and AR-positivity.

SDC is a rare and highly aggressive type of salivary gland carcinoma that is associated with a high rate of local recurrence and metastasis; thus, treatment options have been to date rather limited. The response to standard management of the disease through systemic chemotherapy for metastatic SDC has been disappointing. SDC is similar to high-grade ductal breast carcinoma, both in morphologic and molecular features. In particular, several characteristic findings have been exploited wherein one-third of the patients with SDC demonstrated HER2 protein expression and/or ERBB2 amplification; thus, the treatment is guided by what is known about breast cancer with HER2 overexpression. In several studies the activity of various anti-HER2 drugs, alone or with chemotherapy, in individual patients with HER2-positive SDC has been investigated (9, 10). In a multi-center, nonrandom, open, multi-cohort basket trial of the Mypathway study (11), five patients with HER2-amplified SDC—four of which were PR, with an objective response rate (ORR) of 80% were effectively treated with trastuzumab plus pertuzumab. This is evidence that targeted therapy is effective for SDC. However, in another study, Chiosea et al. (12) pointed out that trastuzumab is used to treat patients with HER-2 overexpressing breast cancer, accompanied by PIK3CA mutation or PTEN deletion. The efficacy may be limited. Despite the progress in targeted therapy for SDC, it has not been standardized or clinically validated, and the inevitable drug resistance requires irreversible drug options.

In the present study, out of consideration of cost, toxic reactions, and ease of use, a new-generation, targeted drug, pyrotinib, was given to the patient, and this drug was still effective after two lines of treatment. Pyrotinib is an oral, irreversible, pan-ErbB TKI that potently blocks downstream pathways that are activated by EGFR/HER1, HER2, and HER4. Preclinical and phase I studies demonstrated that multiple HER receptors can inhibit HER2 overexpression both in vivo and in vitro (13). In a retrospective phase II study that included 128 patients with HER2-positive metastatic breast cancer treated with pyrotinib in combination with capecitabine, the ORR of the patients significantly increased (78.5 vs. 57.1%) and PFS was prolonged (18.1 vs. 7.0 months) compared to those treated with lapatinib in combination with capecitabine (14, 15). Furthermore, a phase III study (PHOEBE) showed that pyrotinib plus capecitabine significantly prolonged PFS by 5.7 months (12.5 vs. 6.8 months) compared with lapatinib plus capecitabine. Accordingly, pyrotinib was approved in China as a second-line standard regimen for metastatic HER2-positive breast cancer (16). In a clinical study in which the effectiveness of three anti-HER2 drugs—afatinib, T-DM1, and pyrotinib—were compared, it was found that all were able to significantly block HER2 downstream signaling pathways. Of the three drugs, pyrotinib had the best anti-tumor activity at a reasonable dose (17).

According to relevant literature (18, 19), pyrotinib also has an excellent effect on other HER2-positive overexpressing solid tumors. Gastric and breast cancers, especially the HER2-positive type, have a poor prognosis. For patients who have developed resistance to trastuzumab, pyrotinib is a promising new agent. In the case that we report here, the tumor shrank markedly with the combination therapy of bicalutamide and pyrotinib.

Good results have been obtained from the use of bicalutamide as an androgen deprivation drug, together with nilotinib. In one study in which 98% of SDC patients had AR expression, the researchers treated the AR-positive patients with androgen receptor antagonist, and the results showed that it was effective in ~50% of the patients (20). Patients with high AR expression have a better prognosis than AR-negative patients, whose 2-year disease-free survival (DFS) had significantly increased (59.0 vs. 28.6%) (21). Although the mechanism is not clear, it may be due to the activation of the downstream gene phosphatidylinositol-3-kinase (PI3K) of HER-2, which promotes the combination of AR and androgens downstream of the PI3K/mitogen-activated protein kinases (MAPK) pathway to form AR homodimers transferred to the nucleus. Therefore, AR homodimers binds to the cis-acting element of the upstream deoxyribonucleic acid (DNA) of the promoter and interacts with other co-activators to regulate the transcription function of genes, thereby inhibiting the proliferation of SDC tumors. In general, AR can regulate the transcription of multiple effector genes by binding to DNA or interacting with other transcription factors, and can inhibit the growth, differentiation, and survival of tumor cells.

As shown in this case study, HER2 amplification and/or HER2 overexpression testing should be considered in the diagnosis of advanced SDC, given that anti-HER2 therapy, such as pyrotinib, can promote good clinical outcomes. Additionally, in this case, the patient expressed AR (78–96% of the cases), which is a defining feature of SDC (22). However, in this study, the patient was not select for conventional targeted therapy of trastuzumab, so the effectiveness cannot be compared with targeted therapy with pyrotinib. This is the limitation of treatment in this case. For advanced tumors, treatment strategies need to be individualized, and a combination of IHC and imaging diagnosis can further confirm the diagnosis and prognosis as well as guide treatment. Multiple studies have shown that AR and HER-2 may be potential biomarkers of SDC, providing a molecular basis for individual stratification of SDC and new targeted multi-drug combination therapy.



CONCLUSION

To the best of our knowledge, this is the first case report describing the successful and efficacious use of pyrotinib combined with bicalutamide in an SDC patient with HER2 and AR overexpression. Because a favorable response to this therapy has been observed, other SGC patients with HER2 expression should be maintained on an HER2 blockade even after second-line progression.
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Background

Pancreatic cancer has a high incidence and mortality. Most patients are in an advanced stage at the time of initial diagnosis and cannot be cured by a single surgery. The ASCO clinical practice guideline emphasized the overall management and multidisciplinary comprehensive treatment which put forward the concept of conversion therapy. In this paper, the real-world observation and study were carried out to explore the conversion effect of chemotherapy in patients with advanced pancreatic cancer and their long-term survival.



Methods

The subjects of this study are advanced pancreatic cancer patients who visited the oncology department of Zhejiang Provincial People’s Hospital from 2015 to 2019. Collected and summarized the cases, and selected 5 representative patients for analysis, all of them received standard treatment (FOLFIRINOX, AS, AG, or GS). The progress, clinical evaluation, adverse reactions, and prognosis of these patients after conversion therapy were analyzed and discussed in conjunction with relevant literature.



Results

Five patients with advanced pancreatic cancer received conversion therapy with an average survival time of 29.8 months, two of them received surgical treatment, and postoperative evaluations were pathological complete response (pCR). The tolerance of chemotherapy was good in five patients, and no serious adverse reactions of grade 3 or 4 occurred.



Conclusion

Conversion therapy for patients with advanced pancreatic cancer strives for surgical opportunities of radical resection, prolongs survival and improves quality of life.





Keywords: conversion therapy, chemotherapy, advanced pancreatic cancer, surgery, positron emission tomography-computed tomography (PET-CT)



Introduction

Pancreatic cancer is one of the most malignant neoplasms of the digestive system. The incidence and mortality have been increasing in recent years worldwide. It is estimated that pancreatic cancer will become the second leading cause of cancer death in the United States by 2030 (Rahib et al., 2014). At present, pancreatic cancer is the seventh most common malignant tumor and the sixth most deadly in China (Jia et al., 2018). Due to the concealed early clinical manifestations, most patients were diagnosed with locally advanced or advanced stage at the initial diagnosis, which often lost the opportunity of radical surgery (Tempero et al., 2012; Ducreux et al., 2015). The five-year survival rates of advanced pancreatic cancer are only 2% to 6%, and the median survival time is 3 to 11 months (Rochefort et al., 2019). Comprehensive treatment is the key to improve the prognosis of pancreatic cancer.

Currently, the clinical treatments for advanced pancreatic cancer are limited. The ASCO clinical practice guideline-recommended FOLFIRINOX or gemcitabine plus albumin-bound paclitaxel as the first-line palliative chemotherapy for patients with ECOG PS 0 to 1, and gemcitabine alone for patients with ECOG PS 2 or with a comorbidity profile that precludes other regimens (Sohal et al., 2016; Sohal et al., 2018). In recent years, targeted therapy, immunotherapy, biotherapy, and so on have broadened the prospects for the treatment of advanced pancreatic cancer (Ko, 2015; Krantz et al., 2017). Such new therapies seemed to improve the survival to some extent, but the efficacy achieved so far is limited. It is urgent to explore new methods to treat advanced pancreatic cancer. Therefore, the concept of comprehensive treatment needs to be proposed here.

The concept of conversion therapy is an integral part of comprehensive treatment. For advanced pancreatic cancer, there is no chance of surgery at the time of initial diagnosis. However, conversion therapy can turn this impossible situation into a possible (Frigerio et al., 2017; Furuse et al., 2018). The purpose of conversion therapy is to reduce the size of the tumor using radiotherapy, chemotherapy, or targeted therapy. After several cycles of conversion therapy, the clinicians could reassess the lesion. At this time, it is possible for the lesion to obtain an opportunity for surgery and achieve R0 resection, and the survival time of the patient can be further extended. The improvement of the conversion rate depends on the standardized management of patients, the multidisciplinary diagnosis and treatment mode, and the tolerance of patients to treatment. The clinical efficacy of conversion therapy for advanced pancreatic cancer has not been fully studied. This paper mainly discusses the efficacy and prognosis of conversion therapy for advanced pancreatic cancer through case reports and literature review, to provide effective treatment options for patients with advanced pancreatic cancer.



Case Reports


Case 1

A 69-year-old female presented to a local hospital with upper abdominal pain combined with radiation pain in the lower back. Abdominal computed tomography (CT) suggested that there was a mass located in the tail of the pancreas. Then she was referred to our hospital in July 2017. Serum carbohydrate antigen 19-9(CA19-9) level was 5,362 U/ml. Positron emission tomography-computed tomography (PET-CT) revealed that low-density masses located in the tail of the pancreas and the right lobe of the liver, with unevenly increased FDG metabolism, several lymph node shadows were found in the abdominal aorta and the left common iliac artery of paravertebral (Figure 1A). The pathological result of laparoscopic biopsy suggested the adenocarcinoma (Figure 1B). The patient was diagnosed with pancreatic ductal adenocarcinoma, and the clinical stage of T4N1M1. According to the multidisciplinary treatment (MDT) discussion, the patient did not indicate operation. The AS regimen [albumin-bound paclitaxel 200 mg/m2 on days 1 and 8, S-1 60 mg twice daily on days 1–14, every 3 weeks] was selected for conversion therapy in July 2017. After eight cycles of AS regimen, serum CA19-9 dropped to the normal range. CT showed that the pancreatic tumor continued to shrink, and PET-CT revealed that the pancreatic tumor was suppressed (Figure 1C). Therefore, radical antegrade modular pancreatosplenectomy (RAMPS) was performed in March 2018. No cancer cells were found in the primary lesion and dissected lymph nodes (Figure 1D). The pathological stage was pT3N0M0, and the postoperative evaluation was pathological complete response (pCR). In July 2018, retroperitoneal lymph node metastasis occurred. Then the patient was given an AS regimen for palliative chemotherapy again. Until the end of the follow-up, the overall survival (OS) reached 31 months (Figure 1E).




Figure 1 | Changes in the condition after conversion therapy. (A) Positron emission tomography-computed tomography (PET-CT) showed increased FDG metabolism in the tail of the pancreas and the right lobe of the liver. (B) The histopathology of the pancreatic mass suggests adenocarcinoma. (C) PET-CT revealed a suppressed pancreatic tumor. (D) No malignant tumor cells were observed under the microscope. (E) The treatment process from the initial diagnosis to the end of follow-up. MR, magnetic resonance; M, metastasis; LN, lymph node; AS, albumin-bound paclitaxel plus S-1; GEM, gemcitabine; PD, progressive disease; PR, partial response; SD, stable disease.





Case 2

A 74-year-old male was admitted to the hospital in June 2016 with upper abdominal pain for 3 months. Serum CA19-9 level was 9.3 U/ml. Enhanced abdominal CT revealed a 41 mm*22 mm mass in the pancreatic body. The celiac artery (CA), superior mesenteric artery (SMA), and splenic artery (SA) showed encasement by direct tumor invasion and multiple slightly low-density nodules were found in the liver. An endoscopic ultrasound-guided biopsy of the pancreatic tail mass was arranged, and histology confirmed pancreatic adenocarcinoma. Based on these clinical findings, the patient was diagnosed with pancreatic ductal adenocarcinoma and the clinical stage of T4N1M1. Subsequently, the patient began to receive 9 cycles of GS regimen [gemcitabine 1,500 mg/m2 on days 1 and 8, S-1 60 mg twice daily on days 1–14, every 3 weeks]. After seven cycles, the pancreatic tumor size decreased to 21*12mm, and the efficacy was evaluated as a partial response (PR). Then, he was treated with S-1 alone to maintain chemotherapy, but the reexamination after two cycles suggested that the disease progressed. Thus, at the end of March 2017, the GS regimen was chosen again. During seven cycles of GS regimen, the size of the pancreatic tumor did not change much, and the efficacy evaluation was stable disease (SD). In June 2018, the patient underwent pancreatic cancer surgery and achieved R0 resection. PET-CT showed that the liver metastasis was completely inactivated. The postoperative stage was T3N1M0, and the evaluation was pCR. The patient received capecitabine monotherapy regularly after surgery and is still alive. Up to the end of follow-up, the OS was 46 months.



Case 3

A 69-year-old female was admitted to the hospital at the end of May 2017 with upper abdominal discomfort for 3months. PET-CT revealed that the neck and body of the pancreas were significantly thickened, and the fluorodeoxyglucose (FDG) metabolism was abnormally increased. Multiple metastases were found in the liver, abdominal cavity, pelvic cavity, and retroperitoneal lymph node. Pancreatic biopsy revealed adenocarcinoma. The patient was diagnosed with pancreatic ductal adenocarcinoma, and the clinical stage of T4N1M1. In June 2017, the patient began to receive an AG regimen [albumin-bound paclitaxel 200 mg/m2 on days 1, 8, 15; gemcitabine 1,400 mg/m2 on days 1 and 8, 15, every 4 weeks]. The curative effect was evaluated as SD after four cycles. However, the disease progressed after seven cycles, abdominal CT showed a 40*22mm solid-cystic lesion in the pelvic cavity. Consequently, the patient switched to the FOLFIRINOX regimen [oxaliplatin 85 mg/m2; irinotecan 180 mg/m2; 5-fluorouracil 400 mg/m2; 5-fluorouracil 2400 mg/m2] in December 2017. After 8 cycles, CT showed that the size of pelvic lesion decreased to 28*12mm, the efficacy was PR. After 18 cycles, S-1 was given oral monotherapy for maintenance. In March 2019, the disease progressed again, the pelvic metastases increased significantly compared with January 2019 (103*95mm VS 55*77mm). After that, the patient lost to follow up and the OS was 23 months.



Case 4

A 61-year-old male was admitted to the hospital in April 2016 with constipation. Enhanced hepatobiliary magnetic resonance (MR) suggested a cystic solid mass located in the body and tail of the pancreas with multiple abnormal enhancement foci in the liver and spine. The clinical diagnosis was pancreatic ductal adenocarcinoma with liver metastasis, the clinical stage of T4N0M1. At the end of April 2016, the patient was treated with 3 cycles of AG regimen [albumin-bound paclitaxel 200 mg/m2 on days 1, 8, 15; gemcitabine 1,700 mg/m2 on days 1 and 8,15, every 4 weeks]. After 2 cycles, MR showed that the largest mass in the liver was smaller than the initial one (26*27mm VS 30*40mm), the efficacy was PR. Subsequently, the patient received a GS regimen [gemcitabine 1,700 mg/m2 on days 1 and 8, S-1 60 mg twice daily on days 1–14, every 3 weeks]. After 2 cycles, the size of the largest lesion in the liver decreased to 25*20mm. However, the patient was intolerant, so the patient switched to gemcitabine monotherapy in September 2016. After seven cycles, the disease progressed. Then the patient tried several regimens, including gemcitabine plus capecitabine, Oxaliplatin plus capecitabine, and S-1 monotherapy. In September 2017, the secondary orbital metastasis of pancreatic cancer was diagnosed. The orbital metastasis was removed with gamma knife, and treated with two cycles of AS regimen. In November 2017, the patient was admitted to the hospital due to malignant pleural effusion, and received intraluminal injection of cisplatin and symptomatic support treatment. In December 2017, the patient and his family members asked to be discharged, the OS was 20 months.



Case 5

A 63-year-old male patient was admitted to the hospital at the end of December 2017 with epigastric distension and pain. Serum CA19-9 level was 417.0 U/ml. Abdominal CT revealed a 36*28mm mass between the body and tail of the pancreas, involving splenic artery and vein, and multiple hypodense lesions in the liver. PET-CT showed that FDG metabolism was increased in the density focus of soft tissue in the body of the pancreas, multiple intrahepatic lesions, and some retroperitoneal lymph nodes (Figure 2A). The pathological biopsy of intrahepatic masses suggested poorly differentiated adenocarcinoma (Figure 2B). The patient was diagnosed with pancreatic ductal adenocarcinoma, the clinical stage of T4N1M1. Subsequently, the patient was treated with AG regimen [albumin-bound paclitaxel 200 mg/m2 on days 1, 8, 15; gemcitabine 1,600 mg/m2 on days 1 and 8, 15, every 4 weeks] in January 2018. After 2 cycles, the tumor marker CA19-9 was reduced to 29.8 U/ml. CT showed that the size of the pancreatic lump decreased to 17*19mm, the liver lesions were unclear. After four cycles, PET-CT showed that there was no significant increase in FDG metabolism in the pancreas and liver, so tumors were considered to be completely inactivated (Figure 2C). After seven cycles, pancreatic and liver lesions were unclear after reexamination of CT scan. The curative effect evaluation was complete response (CR). In December 2019, serum CA19-9 level was 164.1 U/ml and gradually increased. Therefore, the patient switched to the original AG regimen to continue chemotherapy in December 2019, and serum CA19-9 dropped to 67.8 U/ml after one cycle. The patient is still undergoing an AG regimen for chemotherapy. The OS at the end of this follow-up was 29 months (Figure 2D).




Figure 2 | Changes in the condition after conversion therapy. (A) Fluorodeoxyglucose (FDG) metabolism increased in the body of the pancreas and liver. (B) The histopathology of the liver mass suggests adenocarcinoma. (C) Positron emission tomography-computed tomography (PET-CT) showed that tumors were completely inactivated. (D) The treatment process from the initial diagnosis to the end of follow-up. M, metastasis; PR, partial response; CR, complete response; SD, stable disease; AG, albumin-bound paclitaxel plus gemcitabine.






Discussion

The early detection rate of pancreatic cancer is low and it is easy to metastasize, which brings a great challenge to the treatment of pancreatic cancer (Andersson, 2017; Moore and Donahue, 2019). With the continuous updating of clinical research data, the diagnosis and treatment of advanced pancreatic cancer are also continuously improved. Before the emergence of gemcitabine, fluorouracil was the cornerstone of palliative treatment of advanced pancreatic cancer, then gemcitabine replaced fluorouracil as the treatment standard for advanced pancreatic cancer (Thota et al., 2014; Vaccaro et al., 2015). In the latest guidance, FOLFIRINOX and gemcitabine plus albumin-bound paclitaxel are now considered as standard first-line treatment for advanced pancreatic cancer. The improvement of chemotherapy regimens has prolonged the survival time of patients with advanced pancreatic cancer, but the effect of chemotherapy alone is still limited. Does it mean a total loss of surgery for unresectable pancreatic cancer? Providing these patients with surgical opportunities through comprehensive treatment plays an increasingly important role in the recent clinical practice (Furuse et al., 2018). After a period of conversion therapy, the primary and metastatic lesions in patients with metastatic pancreatic cancer who are sensitive to chemotherapy will gradually shrink or even reach R0 resection (Sakuraba et al., 2013; Maeda et al., 2014; Koga et al., 2014; Makino et al., 2015). Conversion therapy has won the chance of radical resection for patients with advanced pancreatic cancer and is expected to provide a new treatment strategy for patients with advanced pancreatic cancer. It has been found that conversion therapy can improve the prognosis and increase the survival rate of patients with initially unresectable pancreatic cancer who respond well to non-surgical treatment (Kato et al., 2011; Asano et al., 2018). The purpose of conversion therapy is to convert unresectable tumors into resectable tumors, while the purpose of neoadjuvant therapy is to expand the surgical effects of resectable tumors. This is the essential difference between them.

These five patients with stage IV pancreatic cancer all responded well to conversion therapy, and the average overall survival was 29.8 months. The longest OS time was 46 months and the survival interval was 20 to 46 months. Due to the better physical fitness score during the conversion treatment, the corresponding chemotherapy tolerance was also better. No serious adverse reactions occurred, and the long-term survival quality of life was also well. Reviewing previous literature, chemotherapy, targeted therapy, and immunotherapy have made breakthroughs in the treatment of advanced pancreatic cancer, and the overall survival of patients has been extended to a certain extent but still not more than 1 year (Ghosn et al., 2014; Sclafani et al., 2015; O’Hayer and Brody, 2016; Verdaguer et al., 2018). The average overall survival of these five patients was far more than one year, and no serious grade 3 or 4 adverse reactions occurred. Two patients achieved R0 resection and pathological complete response, and the other three patients achieved clinical partial response in imaging. Thus, patients with advanced pancreatic cancer should actively undergo conversion therapy and strive for the opportunity of radical surgical resection. Even if some patients do not undergo surgery in the end, from the perspective of three cases with an average survival time of 24 months without surgery, the benefits of conversion therapy for patients can also be reflected in the extension of overall survival.

During conversion therapy, the patients’ condition should be evaluated regularly to adjust the treatment plan in time. CT is a common tool to measure the tumor size of pancreatic cancer in the clinic. But for lesions less than two centimeters, the sensitivity of CT (40%) is not as high as that of PET-CT (100%) (Okano et al., 2011). PET-CT can evaluate the metabolic activity of tumors through maximal standardized uptake value (SUVmax), which plays an important role in the subsequent selection of surgical treatment (Wakabayashi et al., 2008). Besides, serum CA19-9 is the only biomarker of pancreatic cancer approved by the Food and Drug Administration (FDA) (Fong and Winter, 2012). The change of serum CA19-9 level reflects the response of patients to treatment, helping to assess disease progression and tumor metastasis, which is of great significance to the prognosis and recurrence of the patients (Willett et al., 1996; Fong and Winter, 2012; Scarà et al., 2015). The SUVmax combined with the CA19-9 level can significantly improve the sensitivity and accuracy of pancreatic cancer detection (Sun et al., 2015). Therefore, patients with advanced pancreatic cancer should regularly undergo PET-CT examination and tumor marker CA19-9 detection during the conversion treatment process, and capture the appropriate time to decide whether to continue chemotherapy or to perform surgical treatment. In this study, some patients did not choose surgery because of their reasons, but researchers all conducted timely communication and notification and carried out comprehensive treatment for patients based on respecting patients’ wishes.

This study also has some limitations. This study was a retrospective single-center clinical study with a small sample size and lack of concurrent controlled analysis. In the future, we expect to design clinical studies with larger sample sizes to provide more sufficient clinical evidence for the conclusions of this study.



Conclusion

In this case series report, all five patients received conversion therapy and obtain the average 29.8 months overall survival time and the longest was 46 months. In this study, we thought that PET-CT scan after conversion therapy played an important role in the lesion activity assessment. The patient survival benefits are reflected in pCR, OS, and R0 rates. For patients with advanced pancreatic cancer, conversion therapy on the one hand provides patients with the opportunity to undergo surgery and prolongs their survival; on the other hand, their long-term quality of life improves.
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Verteporfin (VP) has long been clinically used to treat age-related macular degeneration (AMD) through photodynamic therapy (PDT). Recent studies have reported a significant anti-tumor effect of VP as well. Yes-associated protein (YAP) is a pro-tumorigenic factor that is aberrantly expressed in various cancers and is a central effector of the Hippo signaling pathway that regulates organ size and tumorigenesis. VP can inhibit YAP without photoactivation, along with suppressing autophagy, and downregulating germinal center kinase-like kinase (GLK) and STE20/SPS1-related proline/alanine-rich kinase (SPAK). In addition, VP can induce mitochondrial damage and increase the production of reactive oxygen species (ROS) upon photoactivation, and is an effective photosensitizer (PS) in anti-tumor PDT. We have reviewed the direct and adjuvant therapeutic action of VP as a PS, and its YAP/TEA domain (TEAD)-dependent and independent pharmacological effects in the absence of light activation against cancer cells and solid tumors. Based on the present evidence, VP may be repositioned as a promising anti-cancer chemotherapeutic and adjuvant drug.
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Introduction

Verteporfin causes photochemical damage to the mitochondria via ROS accumulation when activated by a 690 nm laser, it is routinely used as a PS for treating AMD (Mellish and Brown, 2001). Although PS was initially tested in anti-cancer PDT, the lack of effective tumor targeting limited its applications since the efficacy of PDT depends on the selective accumulation of photosensitizing drugs in tumor tissues (Mccaughan, 1999), however, the development of laser technology and innovative drug-loaded nanomaterials have re-emphasized the role of VP in tumor photoablation (Baskaran et al., 2018). In addition, VP exerts multiple YAP/TEAD pathway-dependent and independent effects on tissue regeneration, inflammation, and tumor development even in the absence of photoactivation (Gibault et al., 2016; Hertig et al., 2017; Wang Y. et al., 2019). In this review, we have summarized the pharmacological effects of VP on tumors both in the presence and absence of photo-stimulation, in order to provide new insights into anti-cancer chemotherapeutic drug design and targeted therapy.



The Role of Verteporfin as a Photosensitizer in Tumors

Visudyne is the second-generation PS liposomal VP approved by the FDA of the United States in 2000. VP was passively loaded onto the lipid membrane of liposomes by repeated freeze-thaw method. VP could specifically accumulate into the neovascularization by using liposome and binding with apolipoprotein. Compared with free drugs, it shows higher degree of PS activity (Scott and Goa, 2000). When VP liposome was first used to cure AMD, it showed a strong anti-angiogenesis effect, which means that it could also inhibit tumor growth (Li et al., 2020). This part mainly explores the pharmacological effect of VP as PS on solid tumors under light activation.

PDT involves three main elements: cells, blood vessels and immunity (Abrahamse and Hamblin, 2016; Kleinovink et al., 2017). When PS molecules are exposed to light energy, low-energy electrons in singlet state will transit to high-energy electrons in singlet state, and some spontaneously convert to excited triplet state. The electrons in excited triplet state can interact with oxygen, transfer energy to oxygen and produce reactive oxygen species. Cell death is triggered by the complex interaction of autophagy, programmed cell death, apoptosis and necrosis (Kwiatkowski et al., 2018). Vascular targeted photodynamic therapy preferentially targets at abnormal blood vessels by laser irradiation, and delivers PS to the vascular system, causing rapid atrophy and apoptosis of vascular endothelial cells both in vitro and in vivo. Besides, oxidative damage of vascular endothelial cells can lead to cell loss, and the exposure of vascular basement membrane can result in platelet activation and aggregation, followed by vascular occlusion and blood flow stagnation, the target tissue will be finally destroyed (Ichikawa et al., 2004) (Figure 1). The effect of VP PDT on blood vessels depends on several factors: dose, duration, and delivery of light dose and characteristics of tissues (Canal-Fontcuberta et al., 2012). VP PDT selectively damages neovascular endothelial cells, and treats diseases characterized by activation of neovascularization, such as AMD (Scott and Goa, 2000), central serous chorioretinopathy (van Rijssen et al., 2019), polypoid choroidal angiopathy, and choroidal neovascularization (Cohen, 2009). In ocular oncology, PDT has been used for the treatment of localized choroidal hemangioma for more than 10 years, as well as many other ocular tumor diseases, such as choroidal hemangioma, melanoma, choroidal metastasis, retinal capillary hemangioma, and angio-proliferative tumor (Rundle, 2014).




Figure 1 | The role of photo-activated liposomal VP on tumor cells.




Effect of Verteporfin as Photosensitizer in Ocular Tumors

PDT with VP as the PS is well recognized for the treatment of retinal/choroidal vascular abnormalities (including intraocular tumors, especially capillary hemangiomas). The treatment is relatively noninvasive, with little collateral damage to adjacent structures (Bakri and Kaiser, 2004). The mechanism of VP PDT in the treatment of chorioretinal diseases is to target at vascular endothelial cells to damage vascular endothelial cells, thus resulting in platelet aggregation, coagulation cascade activation, and microvascular occlusion (Kurohane et al., 2001). Given the high demand for cholesterol in tumor cell division and proliferation, liposomes can enhance the specific targeting and uptake of VP to target cells with high low-density lipoprotein (LDL) receptor expression, such as tumor and neovascular endothelial cells.

Compared with normal choroidal and retinal vessels, VP preferentially accumulates in endothelial cells of abnormal neovascularization (Newman, 2016). Choroidal malignant melanoma is the most common primary intraocular malignant tumor among adults. A single intravenous injection of VP 6 mg/m2 and laser PDT (689 nm) with an irradiance of 600 mW/cm2 can be used to treat tumors for 83 s (50 J/cm2). Researches show that primary PDT was able to resolve 67% of small amelanotic choroidal melanoma within an average of 5 years, without significant impact on visual acuity. At present, PDT for choroidal melanoma is described as the main treatment method, adjuvant radiotherapy or remedial treatment after radiotherapy failure (Turkoglu et al., 2019). A large number of patients need to be prospectively studied to further understand the effect of PDT on choroidal melanoma. Retinal angio-proliferative tumor as a vascular nodular tumor occurs in the neurosensory retina, accompanied by telangiectasia, lipid exudation, and subretinal fluid. According to the standard treatment of choroidal neovascularization secondary to age-related macular degeneration, VP (6 mg/m2) was injected intravenously for 10 min. The standard PDT was applied at 50 J/cm2 at 689 nm within 83 s, which started 5 min after infusion. Although other therapies may be more effective in eradicating tumors, PDT is minimally invasive, easy to obtain and has no obvious side effects for retinal angio-proliferative tumors (Hussain et al., 2015). Choroidal metastasis is the most common intraocular malignant tumor. Due to the poor systemic prognosis of most patients with choroidal metastases, the current treatment methods include external radiotherapy, systemic chemotherapy, hormone therapy, brachytherapy, and enucleation. In some cases, extracorporeal radiotherapy can lead to complications of anterior segment and retina. Chemotherapy and hormone therapy are usually associated with a variety of systemic side effects. PDT with VP is effective in treating choroidal metastases through two mechanisms: the direct tumor is caused by selective cytotoxic activity to malignant cells. It also induces intravascular photo-chromism in vascular endothelial cells supplying the tumor. VP was treated with PDT at a dose of 6 mg/m2 and a 689 nm diode laser for 83 s. The results are as follow: among 21 tumors in 13 eyes of 10 patients, 18 tumors (86%) were completely dissolved in subretinal fluid, and 81% of them were flat on ultrasound at follow-up. These data indicate that PDT provides reasonable tumor control and high safety for small choroidal metastases (Chu and El-Annan, 2018). Although PDT has been partially replaced by intravitreal drugs that inhibit vascular endothelial growth, it has lost its wide distribution in the ophthalmology. VP PDT on the other hand is still the standard treatment for choroidal hemangioma and polypoid choroidal angiopathy. PDT is effective for less pigmented choroidal melanoma, retinal vascular proliferation and retinal hemangioma (Ziemssen and Heimann, 2012).



The Role of Verteporfin as a Photosensitizer in Solid Tumors Other Than the Eyes

Vascular targeted PDT has been used for the treatment of ocular diseases with abnormal activation of blood vessels (Miller, 2019). Preclinical studies found that vascular targeted PDT with VP can effectively induce tumor destruction by causing endothelial cell injury and subsequent vascular dysfunction (He et al., 2008; Khurana et al., 2008; Madar-Balakirski et al., 2010). Therefore, plenty of researches have been carried out on this therapy for the treatment of other types of cancer. In vivo fluorescence imaging study of rat prostate tumor model by Chen et al. found that vascular-targeted PDT with VP can induce vascular permeability and thrombosis, and eventually lead to vascular closure and tumor necrosis. Vascular targeted PDT with VP could increase vascular permeability and decrease blood perfusion in a dose and time-dependent manner (Chen et al., 2018). In the study of lung squamous cell carcinoma and osteosarcoma bearing mice, 690 nm laser was used to irradiate KLN205 mouse model and LM8 tumor for 3 h or 15 min before tumor. Doppler ultrasound showed that compared with PDT with 3-h interval, PDT with short drug light interval (a 15-min interval) aimed at tumor vasculature can significantly inhibit tumor angiogenesis. In addition, the tumor tissue was cut off from nutrition and oxygen supply, thus effectively slowing down tumor growth. In the 15-min interval of PDT group, the dead cells showed condensed nuclei around the damaged and ruptured tumor vessels, indicating that the PS was mainly localized in the blood vessels and slightly diffused beyond the boundary (Osaki et al., 2007). Similarly, in the study of parathyroid sarcoma bearing mice and dorsal balloon mice, it was found that PDT with 15-min interval was more effective in blocking the blood flow of tumor neovascularization and inhibiting tumor growth compared with 3-h PDT (Kurohane et al., 2001). These data suggest that the 15-min PDT did a better job in inhibiting tumor growth by destroying endothelial cells in tumor neovascularization rather than through direct cytotoxic effects on tumor cells. Therefore, the combination of cell targeted and vascular targeted PDT may become a new and more effective tumor treatment method.

Light penetration to tissues is very limited, so it is necessary to use interstitial light transmission to treat deep-seated tumors. PDT with VP as the PS is a clinically recognized vascular blocking therapy. Clinical studies found that vascular targeted PDT with local light sources (such as laser fibers) are widely used to eliminate prostate (690 nm, 0.25 mg/kg liposomal VP and received 50 J/cm2) (Momma et al., 1998) and pancreatic tumors (0.4 mg/kg VP, 690 nm, 150mW/cm2, Huggett et al., 2014). Banerjee et al. reported for the first time the clinical study of PDT in the treatment of primary breast cancer, including intravenous injection of VP (0.4 mg/kg), and then exposure to increasing light dose (20, 30, 40, 50 J) through ultrasound-guided laser fiber delivery. Fifty patients were followed up for 8 months, with the photodynamic effect detected by PDT. The laser fiber inserted by percutaneous positioning needle can directly transmit light energy to the main body of the tumor, which has little impact on the skin and surrounding tissues (Banerjee et al., 2020). In the future, it may become a new possibility for the treatment of breast tumor that has no response to neoadjuvant therapy or slight response.

There are many negatively charged macromolecules such as phosphatidylserine on tumor blood vessels that are lack of glycoprotein coating, thus forming a vascular endothelial cell surface with large negative charge. Cationic liposomes can deliver drugs to tumor neovascular endothelial cells through the long retention effect of electrostatic adsorption and high permeability (Crommelin et al., 2020). VP can be encapsulated into multifunctional drug delivery systems like liposomes (Michy et al., 2019) and nanoparticles (Zhao et al., 2016) in order to increase its solubility, tumor-specific accumulation, cellular uptake, and phototoxicity, and reduce systemic toxicity in the absence of photoactivation. For instance, the liposome-based VP Pluronic® P123/F127 formulation showed high tumor-targeting efficacy, photosensitizing ability and stability, and inhibited MCF-7 and PC3 cancer cell proliferation (100, 300, 500, and 700 J/cm2 at 690 nm, VP ranging from 1.0 to 10 × 10−6 mol/L) (Pellosi et al., 2017). The VP nanostructured lipid carrier (NLC) selectively accumulated in disseminated ovarian tumor nodules and significantly inhibited tumor growth (2 or 8 mg/kg VP-NLC, 200 J/cm2 at 690 nm) (Michy et al., 2019). VP loaded mesoporous silica nanoparticles (VP MSNs) can selectively inhibit the proliferation of highly invasive melanoma cells both in vitro and in vivo (VP-MSNs 10 μg/mL), the cells were irradiated with a 650/8 filter for different times (0, 30, 60, 120, 180 s) with a plate reader equipped with a standard tungsten-halogen lamp (75 W, spectral range 320–1000 nm). PDT based on VP MSNs does not affect the proliferation of normal human keratinocyte line (HaCaT) or retard the growth of melanoma cell line (A375P) (Rizzi et al., 2017).



The Role of Verteporfin Chemophotodynamic Therapy in Solid Tumors

Although PDT can induce vascular closure in the internal vessels of tumors and cause extensive death of tumor cells, the survival of tumor cells can be detected around the tumor, which is related to subsequent tumor recurrence (Chen et al., 2018). Multifunctional VP nanoparticles can also be used as an adjuvant to augment the efficacy of chemotherapy drugs and reduce the side effects of chemotherapy drugs. For example, temozolomide used in conjunction with VP nanoparticles markedly decreased the growth of the glioblastoma multiforme U87-MG, T98-G, and U343 cells (VP nano 5.0 μg/ml, TMZ 700, 500, 300 μg/ml, 0.3, 0.7, 1.0 J/cm2 at 690 nm) (Pellosi et al., 2019). Kaneko et al. used Hsp90 as a PS target in tumor targeted PDT, and combined Hsp90 small molecule inhibitor with VP to enhance the therapeutic effect of VP in human breast cancer xenografts VP or Hsp90-targeted VP i.p., 25 nmol/mouse, 120 J/cm2 at 690 nm). At present, it can be applied to tumors at the depth of several centimeters, such as inflammatory breast cancer (BC) and BC subtype with recurrence of chest wall (Kaneko et al., 2020). Compared to either VP or the anti-angiogenic drug sorafenib (SRB), Pluronic® P123 mixed micelles loaded with VP and SRB significantly inhibited the proliferation of BC MDA-MB-231 cells (SRB: 0-10 μM, VP: 0-0.7μM, 0.75 J/cm2 at 690 nm) (Pellosi et al., 2016). Poly (lactic-co-glycolic acid).

(PLGA)-based “smart” nanocarriers carrying VP and low-dose cisplatin also significantly inhibited SKOV3 cell proliferation (NLC-VP, 2or 8 mg/kg, 50 or 200 J/cm2 at 690 nm) (Bazylińska et al., 2019). VP, tumor angiogenesis targeted iNGR peptide, and polylactic acid were assembled into iNGR modified VP nanocomposites (iNGR-VP-NA), and docetaxel (DTX) was loaded into hydrophobic core. The obtained iNGR-VP-NA-DTX showed higher cell uptake and stronger cytotoxicity in human umbilical vein endothelial cells and drug-resistant HCT-15 tumor cells in vitro, compared with those without laser or VP-NA-DTX without laser. In addition, laser-induced iNGR-VP-NA-DTX enhanced the inhibition of angiogenesis and induced severe apoptosis and necrosis in tumor tissues, but it had little effect on normal areas (DTX ranging from 1 ng/ml to 5 μg/ml; VP ranging from 10 ng/ml to 10 µg/ml, 0.6 J/cm2 at 689 nm) (Jiang et al., 2019). VP, VEGF tyrosine kinase inhibitor and cedrinaib were encapsulated in NPS by PDT via 690 nm laser irradiation to trigger BPD effect, as well as inhibit cell proliferation by VEGFR interference and growth factor signaling mechanism (Kydd et al., 2018). The combination of three clinically related phosphatidylinositol 3-kinase (PI3K) pathway inhibitors (byl719, bkm120 and bez235) and VP PDT was evaluated. It was found that although all three inhibitors could synergistically enhance the PDT response of endothelial cells, the synergistic effect of PDT and PI3K/mTOR dual inhibitor bez235 was the strongest. Compared with PC-3, SEVC cells were more sensitive to VP PDT and LY294002. PDT combined with bez235 can increase the apoptosis of endothelial cells and induce sustained inhibition of cell proliferation, triggering larger and longer therapeutic response than each single treatment in vitro and in vivo. Inhibitors of PI3K signal pathway can enhance the therapeutic effect of vascular targeted PDT, especially the oxidative damage of endothelial cells, which selectively destroys vascular function (Kraus et al., 2017). Although both preclinical and clinical studies have demonstrated its effectiveness of tumor eradication and good safety, incomplete vascular closure and angiogenesis are known to the root cause of tumor recurrence after vascular targeted PDT. The combined application of chemotherapy and PS in nano assembly has shown its synergistic anti-tumor effect, which is a potential method for the treatment of drug-resistant cancer. These favorable results indicate that the further development of VP in PDT or the combination of chemotherapeutic drugs is a promising therapy for cancer treatment.

VP vascular targeted PDT preferentially targets abnormal blood vessels by laser irradiation and delivers photosensitizers to the vascular system, causing rapid atrophy and apoptosis of vascular endothelial cells. Oxidative damage to vascular endothelial cells also led to cell loss and vascular basement membrane exposure, resulting in platelet activation and aggregation, followed by vascular occlusion and blood flow stagnation. Finally, the target tissue was destroyed.




The Role of Non-Photoactivated Verteporfin in Tumors


The Hippo-YAP-TEAD Signaling

The Hippo signaling pathway regulates tissue homeostasis and organ size development in mammals. YAP/TAZ is the core effector of this pathway, and regulates tumor cell proliferation, invasion, and chemoresistance through multiple transcription factors. The core kinase chain of the Hippo signaling pathway phosphorylates YAP and prevents its nuclear translocation. Upon inactivation of the upstream kinase cascade, unphosphorylated YAP is translocated to the nucleus where it functions as a co-transcriptional activator (Figure 2). The human YAP gene is located on chromosome 11q22, and the YAP protein contains an N-terminal TEAD-binding domain (TBD), a 14-3-3 protein binding site, and one or two WW domains in the middle. In addition, some YAP isoforms contain the SH3 binding motif, while the C-terminal contains a transcriptional activation domain and a PDZ binding motif. According to the number of WW domains, YAP can be divided into two categories and eight subtypes. TAZ and YAP have similar domain composition except that TAZ lacks the second WW domain, SH3 binding motif, and proline-rich domain (Zhao et al., 2010). Since YAP lacks a DNA binding domain, it needs to bind to transcription factors to activate the downstream genes. The TBD domain of YAP can bind to several transcription factors such as TEADs, Smads, and Klf4, of which the YAP-TEAD interaction is best characterized (Vassilev, 2001).




Figure 2 | Regulation of YAP/TAZ by core components of Hippo signaling pathway.



The oncogenic function of YAP is mainly mediated by its nuclear localization and interaction with TEAD transcription factors. The human TEAD proteins include four subtypes, each with an N-terminal TEA domain, DNA-binding domain, proline-rich region, and C-terminal YAP/TAZ-binding domain. TEAD-YAP binding sites that have been identified include hTEAD1 (209–426)-hYAP (50–171), hTEAD4 (217–434)-hYAP (60–100), hTEAD4 (210–427)-hYAP (47–85) (Gibault et al., 2017). TEADs contain a DNA-binding domain but lack an activation domain, while YAP lacks a DNA-binding domain but contains an activation domain. The YAP-TEAD heterodimeric transcription factor activates proliferation, invasion and adhesion-related genes that promote cancer development and progression (Santucci et al., 2015).

There are two main states in the regulation of YAP/TAZ by the core kinase reaction chain of the Hippo signaling pathway. In the first state, the upstream pathway of Hippo pathway is activated, and the activation complex formed by Mammalian Sterile20-like kinase 1/2 (MST1/2) and its regulatory protein Sav1 can directly phosphorylate lats and Mob1. Moreover, Large tumor suppressor (LATS) and Mob1 activation complexes further phosphorylate the transcription co-activator YAP/TAZ, thus inhibiting YAP/TAZ nuclear entry and initiating downstream target gene expression. In the second state, the upstream Hippo pathway signal is out of order and the kinase cascade is inactivated. Unphosphorylated YAP is therefore transferred to the nucleus and acts as a co-activator of transcription after binding with transcription factors.



Identification of Verteporfin as a YAP-TEAD Inhibitor and Its Role in Tumors


Verteporfin Is a YAP Inhibitor

Liu-Chittenden et al. found VP and protoporphyrin IX (PPIX) could inhibited the transcriptional activity of Gal4-TEAD4 from the Johns Hopkins drug library using the luciferase reporter method and co-IP assay in HEK293 cells. Both drugs blocked the interaction between GAL4-TEAD4 and Ha-YAP proteins and inhibited transcriptional activity of the complex. VP showed a significantly stronger inhibitory effect compared to PPIX at the dosage of 10 mM and colocalized with purified YAP protein in vitro. Furthermore, 20 mM VP significantly increased trypsin-mediated cleavage of YAP without affecting TEAD2 lysis, indicating that VP selectively binds to YAP and inhibits the YAP-TEAD complex in the absence of light activation (Liu-Chittenden et al., 2012).

YAP and TEADs are up-regulated in many cancer types, and knocking out either inhibits the proliferation, migration, epithelial mesenchymal transformation (EMT) and oncogenic transformation of cancer cells by blocking transcription of the YAP-TEAD downstream target genes (Gibault et al., 2016; Lin et al., 2017). Given that the YAP-TEAD complex is the final step in the Hippo pathway (Meng et al., 2016), its targeted blocking by VP on the upstream proteins and the potential side effects are smaller. In the following sections, we have summarized the pharmacological effects of non-photoactivated VP on cancer cells (Table 1) and animal tumor models (Table 2).


Table 1 | The role of YAP inhibitor verteporfin in solid tumor cells.





Table 2 | The role of YAP inhibitor verteporfin in animal models.





Effect of Verteporfin on Tumor Cell Proliferation, Drug Resistance, and Tumorigenicity

The Hippo signaling pathway plays an important regulatory role in tumor genesis and development. YAP is abnormally activated in multiple tumors, and associated with increased tumor progression and metastasis, and poor prognosis. Therefore, recent studies have explored YAP as a potential target for tumor treatment (Panciera et al., 2017). Consistent with this, VP inhibits the proliferation of pancreatic ductal carcinoma (Wei et al., 2017), non-small cell lung cancer (Zhao et al., 2019), myxoid liposarcoma (Trautmann et al., 2019), and melanoma (Yu et al., 2014) cells, as well as their xenografts in mice. Helicobacter pylori infection of gastric epithelial cells promotes the nuclear translocation of YAP, which induces EMT and eventually gastric cancer. Studies showed that VP inhibits H. pyroli-induced proliferation, invasion, and metastasis of gastric cancer cells by disrupting the YAP1/TEAD4- Connective Tissue Growth Factor (CTGF) axis and blocking transcription of EMT-related genes (Kang et al., 2018; Li N. et al., 2018). In patients with dedifferentiated liposarcoma (DDLS), the conversion of Tissue Inhibitors Of Metalloproteinase 4 (TIMP-4) to TIMP-1 is associated with poor prognosis.TIMP-1 knockout, TIMP-4 overexpressing, or VP-mediated YAP/TAZ blockade can inhibit the proliferation and migration of DDLS cells (Madhu et al., 2019).

VP also mitigates YAP/TEAD-induced chemoresistance in cancer cells. For instance, VP induced apoptosis in paclitaxel-resistant colon cancer cell lines by downregulating YAP and cox-2, and inhibited growth of the xenografts in mice (Li et al., 2017). In addition, the YAP-TEAD complex promotes transcription of the pro-angiogenic Cysteine-Rich Angiogenic Inducer 61 (CYR61) and the immunosuppressive programmed cell death-Ligand 1 (PD-L1) in colon cancer tissues and cell lines (Xie et al., 2019; Zhang et al., 2019). Gene silencing or VP-mediated inhibition of YAP1 downregulated both factors in colon cancer cells. YAP1 is associated with the early relapse in paclitaxel-resistant patients, and nonlight-activated VP reversed YAP-induced paclitaxel resistance in the HCT-8/T liver cancer cells both in vitro and in vivo (Pan et al., 2016). Furthermore, VP inhibited the growth of the paclitaxel-resistant breast cancer cell line MDA-MB-231 (Li et al., 2019), and sensitized the HER-2 positive breast cancer cell line HCC1569 to lapatinib (Lin et al., 2015). The clinical stage and multidrug resistance of non-small cell lung cancer (NSCLC) depends on the overexpression of WBP5. VP sensitized the WBP5-overexpressing H69 lung cancer cells to multiple chemotherapy drugs, and decreased their proliferation rate and invasive ability (Tang et al., 2016). VP inhibited tumor cell proliferation in vitro and in vivo alone or in combination with doxorubicin and pan-RAF inhibitors, and the combination therapy showed greater effect against xenografts (Zhao et al., 2017; Isfort et al., 2019).

YAP1/TAZ-TEAD also plays an important role in maintaining cancer stem cells (CSCs), the major determinants of tumor recurrence, metastasis and chemoresistance, and modulates the expression of CSC markers (Shibata and Hoque, 2019). VP and CA3 weakened spheroid formation, matrix invasion, and tumor formation of the mesothelioma stem cells by inhibiting YAP1/TEAD (Kandasamy et al., 2020). Likewise, Yu et al. found that VP impaired the oncogenic properties of melanoma stem cells (Yu et al., 2014). VP sensitized the OV6+ bladder cancer stem cells to cisplatin by inhibiting the YAP/TEAD1/PDGF-BB/PDGFR autocrine signaling pathway, which downregulated PDGFB and impaired PDGF-BB secretion (Wang J. K. et al., 2019). VP also downregulated the stem cell markers SOX2, NANOG, and OCT4 in transitional cell carcinoma of the bladder when used in combination with COX inhibitor (Ooki et al., 2018). Dissemination of circulating tumor cells is crucial for distant metastasis, and YAP1 increases the number of circulating tumor cells following activation by the chromatin remodeling protein ZNF367. VP downregulated YAP1 in the ZNF367-overexpressing breast cancer MDA-MB-231 and 4T1 cells, and significantly reduced lung metastases in mouse models. It also inhibited the expression of tumor stem-associated protein SOX2, CD44, and CD133 in drug-resistant breast cancer cells and upregulated anoikis-induced cell death in drug-resistant breast cancer and cholangiocarcinoma cell lines (Li et al., 2019; Sugiura et al., 2019; Wu et al., 2020). Taken together, VP can sensitize cancer cells to several chemotherapeutic drugs, including cisplatin, paclitaxel, tyrosine kinase inhibitors (TKIs), and RAF inhibitors by targeting axis. The mechanisms underlying YAP/TEAD-dependent drug resistance need to be elucidated further to treat recalcitrant tumors with greater efficacy.



Regulation of Hippo-YAP-Cross Signaling Pathway by Verteporfin

The YAP-TEAD complex is the central effector of multiple intersecting pathways (Figure 3), and is therefore a potential target for cancer treatment. The Hippo/YAP and PI3K pathways interact at multiple levels; for instance, the scaffolding protein GAB2 is a key target of YAP and also interacts with growth factors and the PI3K signaling pathway. VP inhibited GAB2-dependent PI3K/AKT signaling in endometrial cancer cells by inhibiting YAP and TAZ, downregulated p-mTOR and its target genes p-4EBP1 and p-S6 in endometrial and liver cancer cells, and inhibited the growth of the xenografts (Wang et al., 2015a; Zhou Y. et al., 2019). Insulin resistance is an important pathological mechanism of endometrial cancer and endometriosis. PI3K/Akt regulates insulin/IGF1 signaling, and IRS1/2 expression in patients with endometrial cancer is positively correlated with YAP/TAZ. The insulin sensitizer metformin competitively binds to the transcription factor IRF-1 to inhibit the expression of YAP in A549 lung cancer cells. VP augmented the effect of metformin on YAP in lung cancer cells, and reduced the number of tumors in xenograft-bearing mice (Jin et al., 2018). In addition, the transcriptome of VP-treated endometrial cancer cells showed differential expression of 549 genes involved in TGFβ1 regulation, lipoprotein metabolism, cell adhesion, endoderm cell differentiation, and integrin-mediated signaling pathways relative to that in the control cells. YAP inhibitors or metformin alone only partially inhibited the function of insulin and IGF1 in endometrial cancer cells, while their combination completely blocked the effects of insulin (Wang et al., 2016). YAP transcriptionally activates IL-6, and stimulate IL-11 by up-regulating p65. Targeted inhibition of YAP by VP inhibited the binding between YAP and the IL-6 promoter, and downregulated IL-6 and IL-11 in endometrial cancer cells, resulting in lower proliferation rates (Wang J. et al., 2019), increased sensitivity to adriamycin, and 45.36% decrease in tumor weight in the treated mice (Bang et al., 2019).




Figure 3 | Regulation of Hippo signaling pathway and potential inhibitors of YAP/TEAD.



The RAS-RAF-MEK-ERK signaling pathway regulates tumor cell proliferation, differentiation, invasion, cell cycle, and other processes. The loss of tumor suppressor NF2 in thyroid cancer activates YAP-TEAD transcription through RAS signaling. VP blocked the transcription of KRAS, HRAS and NRAS in the NF2-knockout Cal62 and Hth83 thyroid cancer cells by inhibiting YAP-TEAD, which reduced the proliferation and significantly retarded xenograft growth in mice (Garcia-Rendueles et al., 2015). KRAS/FSTL5 double mutations can desensitize KRAS mutant lung cancer cells to XPO1 inhibitors. Consistent with the fact that FSTL5 mutations are often accompanied by YAP1 activation, the combination of XPO1 inhibitor and VP significantly inhibited the proliferation of these resistant KRAS/FSTL5 double mutant cancer cells (Kim et al., 2016). The mir-630/YAP1/erk feedback loop modulates the resistance of EGFR-mutated tumors to TKIs. Combination therapy with VP and gefitinib inhibited YAP1, p-ERK and ps75-bad in lung cancer cells, and suppressed PC9 mir-630 knockout lung cancer xenografts in nude mice (Wu et al., 2018). Furthermore, VP-mediated inhibition of YAP downregulated FOXM1 and CTGF, and suppressed YAP/TEAD4/FOXM1-dependent activation of CIN-related genes in liver cancer and synovial sarcoma cells (Chen J. et al., 2017; Weiler et al., 2017). In addition, VP also inhibited liver cancer progression by blocking the HMGB1-YAP pathway and inhibiting s1p-mediated YAP upregulation (Zhao et al., 2017; Jung-Chien et al., 2018).

ROCK1 and ROCK2 are the negative regulators of the Hippo tumor suppressor pathway, and while activation of the Rho/Rock signal can increase YAP activity in pleural mesothelioma, ROCK2 knockout decreased tumor volume in a mouse model of osteosarcoma. VP also inhibited the proliferation of osteosarcoma (U-2OS) and mesothelioma (211H, H2052) cell lines by targeting YAP and its target genes, which upregulated N-cadherin and β-catenin (Zhang et al., 2017; Zucchini et al., 2019). Activated YAP is known to stimulate the secretion of FGF ligands, which bind to FGF receptors and activate downstream PI3K, YAP and MAPK pathways. The Hippo/YAP and FGF/FGFR pathways form a positive feedback loop that regulates the activity of advanced ovarian serosa cancer cells. Non-photoactivated VP inhibited YAP, FGF1, and FGF2 in the lats knockout ovarian cancer cells, which induced apoptosis and suppressed their proliferative and migration abilities (Hua et al., 2015). Activation of p38 MAPK induces apoptosis in various tumor cells. Moujahed et al. found that VP inhibited the expression of YAP-TEAD, VEGFA and OCT-4 in the SNB19 and LN229 glioma cells without light activation, and up-regulated p38 MAPK (Al-Moujahed et al., 2017). Taken together, VP inhibits tumor growth and improves chemoresistance by targeting multiple signal transduction pathways associated with YAP-TEAD.

The Hippo/YAP and PI3K pathways interact at multiple levels. PI3K/Akt regulates insulin/IGF1 signal transduction, while RAS-RAF-MEK-ERK signal activates the YAP-teach transcription signal pathway, regulating tumor cell proliferation, differentiation, invasion, cell cycle, and other processes. The activation of Rho/rock signal increases the activity of YAP. Cpd3.1 and VP could directly inhibit YAP-teach interaction. Simvastatin could indirectly inhibit the function of nuclear YAP by acting on the upstream signal pathway of YAP.




Verteporfin Inhibits Autophagy in Tumors

VP blocked the accumulation of autophagosomes in the breast cancer MCF-7 cells following 1μM (IC50) chloroquine (CQ) treatment or serum starvation (Donohue et al., 2011). Increased autophagy is frequently observed in malignant tumors, and knocking out YAP and TAZ in HeLa cells decreased the number of autophagosomes via downregulation of LC3-II and Baf A1. In addition, YAP/TAZ also transcriptionally regulates the expression of F-actin cytoskeleton and myosin II that are critical for autophagosome formation. At high cell densities, Hippo signaling is activated and relocates YAP/TAZ from the nucleus to the cytoplasm, which decreases transcription of myosin II complex and other actin cytoskeleton-related genes, resulting in impaired autophagic protein transport and autophagosome production. Likewise, VP treatment also reduced the expression of myosin light chain 2 in HeLa cells (Pavel et al., 2018).

Inhibition of autophagy sensitizes tumor cells to chemotherapeutic drugs, while lysosomal isolation induces chemotherapy resistance. VP alkalizes the pH of lysosomes by reducing RAS expression, which disrupts lysosomal membrane permeabilization and autophagy flux, and increases the expression of HMW-p62 to augment the effect of sorafenib in HepG2 and HuH7 liver cancer cells (Gavini et al., 2019). In the absence of special laser activation, VP inhibits autophagy via p62 cross-linkage, which could be a potential target for neutralizing drug resistance in cancer cells (Figure 4).




Figure 4 | Hippo YAP and VP regulate tumor cell autophagy.



YAP can increase autophagy flux by regulating the cytoskeleton of myosin II and F-actin, or in the condition of nutrient deprivation. VP inhibits autophagy by producing 1O2 and engaging in p62 oligomerization, reducing myosin II levels and increasing reactive oxygen species ROS.



Cytotoxic Effects of Verteporfin Independent of YAP

The FAK signaling pathway is an upstream regulator of YAP. VP downregulated FAK and p-FAK in hMSCs and human osteosarcoma-derived cells, along with ß1-integrin, paxillin, and zyxin. However, knocking down YAP in hMSCs and Saos cells had the opposite effect on the FAK pathway (Husari et al., 2019). Similarly, YAP knockout in the TKKK cholangiocarcinoma cells did not affect the Akt/mTOR signaling pathway, while VP significantly upregulated p-Akt and p-mTOR in HuCCT1 and TKKK cells. Furthermore, genetic ablation or VP-mediated pharmacological inhibition of YAP inactivated the IL-6/STAT3 signaling and inhibited IL-6-dependent STAT3 phosphorylation. Interestingly, VP also inhibited the IL-6/STAT3 axis in the YAP-low expressing HuH-28 cells (Wu et al., 2020). In addition, VP inhibited HCQ and bafilomycin A1-induced autophagy in PC-3 and LNCaP prostate cancer cells, which increased p62 oligomerization and ROS production, and downregulated Nrf2 (antioxidant) and Bcl-xl (anti-apoptotic) in prostate tumor cells and xenografts, while YAP1 overexpression had no effect on any of these factors (Wang et al., 2018).

Hypoxia is a known inducer of YAP in glioma cells. VP inhibited the proliferation of YAP/TAZ knockout U87 and U343 cells under hypoxic conditions, indicating a YAP-independent function (Eales et al., 2018). The recurrence, metastasis and chemoresistance of gastric cancer is directly related to the cancer stem cells (CSCs). Non-light-activated VP downregulated YAP1/TAZ-TEAD in CD44+ gastric CSCs, which decreased their proliferation and spheroid forming ability in vitro, and inhibited growth of both patient-derived and CSC-derived xenografts (Giraud et al., 2020). The low survival rate of gastric cancer is associated with the overexpression of Clusterin protein in gastric CSCs. Although knocking out YAP1 or YAP2 in gastric CSCs had no effect on Clusterin expression, VP significantly inhibited the latter and was more effective against the CSCs compared to the with gastric cancer cells (MGC-803, BGC-823 cells lines) (Xiong et al., 2019). Similarly, VP downregulated YAP target genes in malignant pleural mesothelioma (MPM) cells and inhibited their proliferation independent of YAP1 knockout (Tranchant et al., 2018). Kuramoto et al. found that VP reduced oxidative phosphorylation in glioma stem cells (GSCs) and decreased mitochondrial membrane potential (MMP) and ATP levels, leading to massive GSCs death. Furthermore, the cytotoxic effect of VP was specific to the GSCs, rather than normal human fibroblasts, mouse astrocytes or rat neural stem cells,independent of YAP and ROS (Kuramoto et al., 2019). To summarize, repositioned VP can also regulate the AKT/mTOR, IL-6/STAT3 and FAK signaling pathways, and inhibit CSCs partially independent of YAP.




Discussion

YAP-TEAD plays a vital role in cancer development and progression. VP inhibits the interaction between these two factors and subsequent transcription of downstream genes in the absence of photoactivation. Therefore, it is a highly suitable candidate for targeted anti-cancer treatment. Multifunctional nanoparticle carriers loaded with VP can selectively kill tumor cells under photoexcitation, whereas non-photoactivated VP inhibits YAP, SPAK, and OSR1 by targeting their kinase domains in an ATP-dependent manner and the suppression is more obvious in the dark (Alamri et al., 2018). Furthermore, non-photoactivated VP also inhibited IL-17A production by the AhR-RORγt complex by targeting GLK, which is suggestive of a potential therapeutic effect against Th17-mediated autoimmune diseases (Chuang and Tan, 2019).

There are several concerns regarding the photodynamic effects of VP on tumor cells. First, it is unclear whether laser activation of VP can alter YAP protein expression in tumor cells since singlet oxygen-induced protein cross-linking can only be observed under intense light. Bae et al. showed that only short-term exposure of VP induced protein cross-linking under incandescent light (Bae et al., 2008). In addition, Donohue1 et al. found that low thermal energy can activate VP to generate singlet oxygen in the dark, which covalently cross-links p62 into oligomers (high-MW p62) through oxidative stress carbonylation. Furthermore, the inhibitory effect of VP on p62 and autophagy can be amplified by exposure to overhead laboratory light during cell lysis (Donohue et al., 2014). However, some studies show that photoactivation of VP is necessary for p62 cross-linkage. In human uveal melanoma cells (MEL 270), human embryonic kidney cells (HEK), and breast cancer cells (MCF-7), VP-induced HMW-p62 requires the presence of light (Konstantinou et al., 2017). Interestingly, VP upregulated the expression of 14-3-3σ protein in EFE184 endometrial cancer cells and isolated YAP in the cytoplasm, and this effect was not reversed by knocking out YAP (Wang et al., 2015b). The 14-3-3 family proteins are involved in regulating autophagy (Wang et al., 2012), and the mechanism through which VP induces autophagy in the absence of light remains to be elucidated.

Secondly, When the PS is exposed to light, PS in normal tissues will also be activated, resulting in phototoxicity. However, the half-life (2~3 h) of VP was low, it is also recommended that animals should be left in the dark for 4 h after VP injection to avoid photosensitivity (Gibault et al., 2016). Donohue et al. kept animals in dark until the morning after VP treatment (Donohue et al., 2013). Curry et al. kept all mice in dark for 24 h after VP injection. A particularly detailed toxicity research on VP in vivo experiment remains to be studied (Curry et al., 2017).

Thirdly, YAP/TEAD activity can be impaired by directly blocking the interaction between both proteins (VP and other small molecule inhibitors), or indirectly by inhibiting the upstream factors of YAP like Tankyrase inhibitor (XAV939) or its nuclear localization (dasatinib, pazopani and A35) (Tang et al., 2019). Furthermore, the YAP-TEAD complex has three highly conserved TEAD-YAP binding domain (YBD) interfaces. Interface 1 is an anti-parallel β-sheet formed between the YAP 52-58 amino acids and the β-sandwich of TEAD, interface 2 consists of the LXXLF α-helix motif (YAP residues 61-73) fitted into the hydrophobic groove of TEAD 2, and the third interface comprises of a Ω-shaped side chain formed by YAP residues 86-100 that is inserted into TEAD (Gibault et al., 2017). “Peptide17” (P17) ring YAP-like peptide competes with YAP to occupy the TEAD-YBD interface 3 and disrupts the YAP-TEAD complex. However, peptides are limited by low chemical and physical stability and short half-life in the plasma. Kaan et al. screened the Maybridge Ro3 fragment library through thermal displacement analysis and identified that fragment 1 can down-regulate TEAD luciferin reporter activity in HEK293 cells. X-ray crystallographic analysis revealed that fragment 1 (Kaan et al., 2017) bound to mTEAD4. Fragment 2 (Li Y. et al., 2018) was identified by NMR as the binding partner of the TEAD N-terminal omega loop region, and Patent-22 (Zhou W. et al., 2019) can occupy the TEAD-YBD interface 3 and disrupt the YAP-TEAD complex. Using similar structural analysis methods, Hit-2 (Gibault et al., 2018) and small molecule compounds (CPD3.1) were identified that disrupted the YAP-TEAD interaction. In addition, Hit-2 also inhibited the YAP target gene AXL, Cyr61, and CTGF in MDA-MB-231 cells, and CPD3.1 in HeLa cells, which reduced their proliferation and migration (Smith et al., 2019). Celastrol inhibited the proliferation, migration and clonal expression of the H1299 lung cancer cells and triple-negative breast cancer MDA-MB-231 cells by targeting the YAP-TEAD interactions (Nouri et al., 2019). The binding of the lipid pocket of TEAD to palmitoyl ligand is crucial for its folding, stability, and binding to YAP. Flufenamic acid and MGH-CP1 can bind to this lipid pocket and reduce the expression of YAP target genes (Gibault et al., 2017). TED-347 forms a covalent bond with cysteine in the palmitate-binding pocket of TEAD, leading to allosteric inhibition of YAP-TEAD (Bum-Erdene et al., 2018). This reveals a “pharmacological window” for VP action for maximum tumor growth inhibition by disrupting the YAP-TEAD complex (Figure 5).




Figure 5 | Structural of YAP/TEAD small molecule inhibitors.





Conclusion

To summarize, both photoactivated and non-photoactivated VP can inhibit tumor growth, albeit through different pathways. Apart from HIPPO/YAP signaling, VP also targets the Wnt, PI3K, Ras, mTOR and NF-kB signaling pathways. Furthermore, novel drug carriers have achieved selective tumor accumulation of VP and selective killing of tumor cells via its photothermal or photodynamic activation. Thus, repositioned VP is a highly promising photosensitizer or YAP-TEAD inhibitor for tumor therapy, adjuvant therapy, PDT, and tumor imaging.
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Background: Existing research shows that p-coumaric acid (p-CA) can inhibit the proliferation of a variety of tumor cells in vitro. However, there are no reports on the anti-tumor effects of p-CA on melanoma cells. In this study, the inhibitory effects of p-CA on mouse melanoma B16 and human melanoma A375 cells are reported, and the related mechanisms are investigated.

Methods: CCK-8 assay was used to detect the effects of p-CA on cell vitality, colony formation assay was used to observe the effects on cell proliferation, Hoechst 33,258 staining was used to observe the morphology of apoptotic cells, flow cytometry was used to detect the effects on apoptosis and the cell cycle, and western blot was used to measure the levels of cell cycle- and apoptosis-related signaling pathway proteins.

Results: p-CA significantly inhibits cell proliferation of A375 and B16 cells in a dose-dependent manner and obviously induced cell morphological changes. p-CA arrested A375 cells in the S phase by downregulating the cell cycle-related proteins Cyclin A and CDK2, and arrested B16 cells in the G0–G1 phase through downregulating the cell cycle-related proteins Cyclin E and CDK2. In addition, p-CA significantly promoted apoptosis of A375 and B16 cells. Furthermore, p-CA significantly upregulated the levels of Apaf1 and Bax and downregulated the levels of Bcl-2, and subsequently increased the levels of cytoplasmic cytochrome c (Cyto-c), cleaved caspase-3, and cleaved caspase-9, leading to apoptosis in A375 and B16 cells.

Conclusion: p-CA can significantly inhibit the proliferation of human and mouse melanoma cells in vitro. Our research is a step in the development of anti-melanoma drugs.

Keywords: p-coumaric acid (p-CA), melanoma, B16 cells, A375 cells, apoptosis, cell cycle arrest


INTRODUCTION

Malignant melanoma (MM) is a malignant tumor of melanocytes originating from the neural crest, which has a high degree of malignancy, easily spreads, and has a poor prognosis. It is one of the most common tumors in the world, and in recent years, its incidence has increased each year. Melanoma is most common in Caucasian people, but its incidence has increased in recent years among Asians. In addition, unlike other solid tumors, melanoma mainly affects young and middle-aged people (the median age at the time of diagnosis is 57); the incidence increases linearly between the ages of 25 and 50 and then decreases (1). Therefore, melanoma is a big threat that seriously affects the quality of human life.

The most common treatment for melanoma is surgical resection. Unfortunately, this treatment can only be given in the early stage of local malignancy. The metastatic stage of malignant melanoma still presents huge treatment challenges (2). At present, targeted therapy and immunotherapy are the main treatments for metastatic melanoma, and they have become the focus of clinical research. Although some positive results have been achieved for targeted therapy and immunotherapy at this stage, these treatment methods can only be applied in a narrow population, are expensive, and require a high medical level, and can therefore not be widely used in clinical practice.

p-Coumaric acid (p-CA), also known as 4-hydroxycinamic acid, has a molecular formula of C9H8O3. p-CA is a phenolic acid that is non-toxic to mice (LD50 = 2,850 mg·kg−1) (3). It is widely found in mushrooms, grains (corn, rice, oats, and wheat), fruits (apples, pears, and grapes), and vegetables (carrots, potatoes, beans, onions, and tomatoes) (4) and has anti-inflammatory (5), antioxidant (4), anti-diabetic (6), anti-platelet aggregation (3), and anti-cancer (7) effects, among other biological functions. Recent studies have shown that p-CA has the ability to inhibit the proliferation and migration of tumor cells; for example, it can significantly inhibit the proliferation and migration of human lung cancer A549 cells and colon adenocarcinoma HT29-D4 cells in a dose-dependent manner (8). p-CA can also promote apoptosis of tumor cells; for example, p-CA inhibits the formation of polyps by improving the detoxification and apoptotic effects of 1,2-dimethylhydrazine on the rat colon (9).

Other pharmacological effects of p-CA include the inhibition of melanin production. Tyrosinase (TYP) is a key enzyme that catalyzes the production of melanin. The structure of p-CA is similar to that of tyrosine (TYP), and both compete for the active site on TYP (10). p-CA inhibits TYP activity, thereby inhibiting the formation of melanin in the cells.

In this study, we investigated the effects of p-CA on the proliferation of human melanoma A375 cells and mouse melanoma B16 cells. The results showed that p-CA can inhibit the proliferation of melanoma cells by causing cell cycle arrest and inducing apoptosis.



RESULTS


p-CA Inhibits Proliferation and Colony Formation in A375 and B16 Cells

First, we used the cell counting kit-8 (CCK-8) assay to examine the effects of p-CA on the cell proliferation capacity. We found that p-CA significantly inhibited the proliferation of A375 and B16 cells (Figures 1A,B). The IC50 value of p-CA on A375 cells for 24-h treatment was 4.4 mM, and the IC50 value of p-CA for 48-h treatment was 2.5 mM (Figure 1A). Based on these IC50 values, we used p-CA concentrations of 1.5, 2.5, and 3.5 mM in subsequent A375 cell experiments. The IC50 value of p-CA on B16 cells was 4.1 mM for 24-h treatment and 2.8 mM for 48-h treatment (Figure 1B), so we used p-CA concentrations of 2.0, 3.0, and 4.0 mM in subsequent B16 cell experiments. At the same time, we used CCK-8 assay to examine the effect of p-CA on the proliferation of HaCaT cells. We found that p-CA significantly inhibited the proliferation of HaCaT cells at the concentration of 3.0–5.0 mM after 24 h treatment, However, the cytotoxicity of p-CA to HaCaT cells was significantly lower than that to A375 cells (Figures 1C,D).


[image: Figure 1]
FIGURE 1. p-CA inhibits proliferation and colony formation of A375 and B16 cells. (A,B) A375 and B16 cells were treated with p-CA. After incubation for 24 or 48 h, the proliferation rates of A375 and B16 cells were measured by CCK-8 assay. (C) HaCaT, A375 and B16 cells were treated with p-CA. After incubation for 24 h, the proliferation rates of HaCaT, A375 and B16 cells were measured by CCK-8 assay. (D) Morphological changes of p-CA-treated HaCaT cells were observed under a phase contrast microscope. (E) Morphological changes of A375 and B16 cells were observed under a phase contrast microscope. Scale bar, 50 μm. (F) The cell colonies were stained with crystal violet and observed under an inverted microscope. All data are expressed as the mean ± SD of three independent experiments. &P < 0.05 compared with the A375 or B16 cells after p-CA treatment for 24 h. *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01 compared with the control.


Second, we observed the morphological changes of cells after 48 h of treatment with different concentrations of p-CA under the microscope. We clearly observed that with increasing p-CA concentrations, compared with the control group, the number of A375 and B16 cells decreased, the morphology changed, intercellular contact disappeared, and more cells detached (Figure 1E). Simultaneously, the results of colony formation experiments showed that p-CA could inhibit the colony formation of A375 and B16 cells (Figure 1F).



p-CA Causes A375 and B16 Cell Cycle Arrest

We used flow cytometry to detect the cell cycle phases of A375 and B16 cells treated with different concentrations of p-CA for 24 h. The PI single staining results showed that the proportion of A375 cells in the S phase was significantly increased in the p-CA treatment groups (2.5 and 3.5 mM) (Figures 2A,B), and the proportion of B16 cells in the G0-G1 phase was significantly increased in the p-CA treatment groups (3.0 and 4.0 mM) (Figures 2C,D).


[image: Figure 2]
FIGURE 2. p-CA causes A375 and B16 cell cycle arrest. (A) The cell cycle distribution of A375 cells treated with p-CA was measured by flow cytometry. (B) Statistical analysis of the cell cycle distribution of A375 cells treated with p-CA. (C) The cell cycle distribution of B16 cells treated with p-CA was measured by flow cytometry. (D) Statistical analysis of the cell cycle distribution of B16 cells treated with p-CA. All data are expressed as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with the control.




p-CA Regulates the Activity of Cyclin–CDK Complexes and Cell Cycle Progression

To explore the mechanism by which p-CA changes the cell cycle, we performed western blot analysis to examine the levels of cell cycle-related proteins in p-CA-treated A375 and B16 cells. p-CA (2.5 and 3.5 mM) significantly reduced the expression levels of CDK2 and Cyclin A in A375 cells (Figures 3A,B) and the levels of CDK2 and Cyclin E in B16 cells (Figures 3C,D).


[image: Figure 3]
FIGURE 3. p-CA regulates the activity of Cyclin–CDK complexes and cell cycle progression. (A) The protein levels of Cyclin A and CDK2 in A375 cells treated with p-CA, as measured by western blot. (B) Statistical analysis of Cyclin A and CDK2 levels in A375 cells. The ratio of protein levels was standardized according to the value of the control. (C) The protein levels of Cyclin E and CDK2 in B16 cells treated with p-CA, as measured by western blot. (D) Statistical analysis of Cyclin E and CDK2 levels in B16 cells. The ratio of protein levels was standardized according to the value of the control. All data are expressed as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with the control.




p-CA Induces A375 and B16 Cell Apoptosis

The effect of p-CA on A375 and B16 cell apoptosis was determined by Hoechst 33,258 staining. Under normal conditions, nuclei are round and pale blue, while the fluorescence intensity of the apoptotic nucleus is higher. Moreover, apoptotic cells are more condensed and have a disturbed mass-like morphology. Apoptosis also reduces the number of cells (Figures 4A,B). We also used flow cytometry to detect the proportion of apoptotic A375 and B16 cells after treatment with p-CA. The results showed that the number of apoptotic cells was significantly increased upon p-CA treatment in both A375 and B16 cells (Figures 4C–F).


[image: Figure 4]
FIGURE 4. p-CA induces A375 and B16 cell apoptosis. (A,B) After Hoechst 33,258 staining, the nucleus of A375 and B16 cells treated with p-CA showed morphological changes typical of apoptosis. (C) The apoptosis rate of A375 cells treated with p-CA was measured by Annexin V-FITC/PI double staining. (D) Statistical analysis of the apoptosis rate of A375 cells treated with p-CA. (E) The apoptosis rate of B16 cells treated with p-CA was measured by Annexin V-FITC/PI double staining. (F) Statistical analysis of the apoptosis rate of B16 cells treated with p-CA. All data are expressed as the mean ± SD of three independent experiments. **P < 0.01 compared with the control.




Effect of p-CA on Apoptosis-Related Proteins

To explore the mechanism of apoptosis, we performed western blot analysis to examine the levels of apoptosis-related proteins in A375 and B16 cells treated with p-CA for 24 h. The results showed that the levels of caspase-3 and caspase-9 decreased, and the levels of cleaved caspase-3 and cleaved caspase-9 increased in p-CA-treated A375 cells (2.5 and 3.5 mM) (Figures 5A,B) and B16 cells (3.0 and 4.0 mM) (Figures 5C,D). These results indicate that p-CA induces apoptosis in A375 and B16 cells through regulating the caspase family.


[image: Figure 5]
FIGURE 5. Effects of p-CA on apoptosis-related proteins. (A) The protein levels of caspase-3/9 and cleaved caspase-3/9 in A375 cells treated with p-CA were measured by western blot. (B) The relative protein levels of caspase-3/9 and cleaved caspase-3/9 in A375 cells treated with p-CA were statistically analyzed. (C) The protein levels of caspase-3/9 and cleaved caspase-3/9 in B16 cells treated with p-CA were measured by western blot. (D) The relative protein levels of caspase-3/9 and cleaved caspase-3/9 in B16 cells treated with p-CA were statistically analyzed. The ratio of protein levels is normalized according to the value of the control group. All data are expressed as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with the control.




p-CA Induces A375 and B16 Cell Apoptosis Through the Bcl-2/Bax Signaling Pathway

To further explore the underlying mechanisms, we examined the upstream regulatory factors of caspase-3 and caspase-9 in A375 and B16 cells after treatment with p-CA for 24 h. The results showed that p-CA could downregulate Bcl-2 and upregulate Bax, Apaf1, and cytoplasmic Cyto-C levels in A375 cells (Figures 6A,B) and B16 cells (Figures 6C,D).
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FIGURE 6. p-CA induces A375 and B16 cell apoptosis through the Bcl-2/Bax signaling pathway. (A) The protein levels of Apaf1, cytoplasmic Cyto-C, Bax, and Bcl-2 in A375 cells treated with p-CA were measured by western blot. (B) Statistical analysis of the relative protein levels of Apaf1, cytoplasmic Cyto-C, Bax, and Bcl-2 in A375 cells treated with p-CA. The ratio of protein levels was normalized according to the value of the control. (C) The protein levels of Apaf1, cytoplasmic Cyto-C, Bax, and Bcl-2 in B16 cells treated with p-CA were measured by western blot. (D) Statistical analysis of the relative protein levels of Apaf1, cytoplasmic Cyto-C, Bax, and Bcl-2 in B16 cells treated with p-CA. The ratio of protein levels was normalized according to the value of the control. All data are expressed as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01 compared with the corresponding control.





DISCUSSION

p-CA is a phenolic acid that is widely present in fruits, vegetables, and Chinese herbal medicines (11). It has anti-inflammatory, antioxidant, anti-diabetic, anti-platelet aggregation, and anti-cancer effects. Therefore, it has the potential to be developed as an anti-tumor drug, but there have been few reports on the subject. By CCK-8 assay and colony formation experiments, we found that p-CA has an inhibitory effect on the proliferation of melanoma cells. According to our flow cytometry results, p-CA can not only promote apoptosis of melanoma cells but also change the cell cycle process. We also found the p-CA-induced changes in the levels of cell cycle-related and apoptosis-related proteins and upstream signaling pathway proteins.

Numerous studies have shown that tumorigenesis and cancer development are related to the disruption of the cell cycle. The cell cycle duration of tumor cells is almost the same as that of normal cells, but the proportion of actively dividing cells in tumor tissues is much higher than in normal tissues (11). The cell cycle is the entire process of cell division, which is divided into two stages: the interphase and the mitotic phase. The interphase is divided into the G1, S, and G2 phases. Cells in the G1 phase rapidly synthesize RNA and proteins, preparing materials and energy for DNA replication in the S phase. Cells in the S phase are characterized by DNA replication, doubling the DNA content. The transition from the G1 phase to the S phase is a critical moment in the cell cycle. If the cell is disturbed by certain factors, this will affect the replication of DNA, which will cause mutations or terminate DNA replication. Cells in the G2 phase are prepared for the division phase. After the interphase, the cells enter the M phase for orderly cell division (12). The cell cycle is driven by the sequential activation by Cyclins of the corresponding Cyclin-dependent kinase (CDK). CDKs play a positive role in the regulation of cell cycle progression. Cyclin-dependent kinase inhibitors (CKIs) are negative cell cycle regulators. By directly binding to CDKs, CKIs can negatively regulate CDK activity (13). Different Cyclins can specifically regulate different cell cycle stages; for example, Cyclin E and CDK2 can form a Cyclin E–CDK2 complex, allowing cells to enter the S phase from the G1 phase, and guiding cells into the G2/M phase (14). Cyclin A binds to CDK2 and is activated during the G1–S transition, thereby regulating cell proliferation (15). The cell cycle is also monitored by the cell cycle checkpoint, which is a negative feedback regulatory mechanism (16). If DNA damage is detected during the cell cycle, the cell cycle checkpoint is activated, interrupting the cell cycle process (17). Western blot results from the present study showed that p-CA decreases the levels of the key proteins CDK2 and Cyclin A in the A375 cell cycle, thereby blocking the progression of cells from the S to the G2 phase, increasing the proportion of S phase cells. In B16 cells, p-CA decreases the levels of the key proteins CDK2 and Cyclin E, causing cell cycle arrest in the G0–G1 phase. In general, p-CA can block proliferation of different tumor cells in different ways.

Inducing apoptosis is another effective means to inhibit tumor cell proliferation (11). Apoptosis is an orderly form of cell death (18). Cells can autonomously enter apoptosis, which involves the activation, expression, and regulation of a series of genes. The caspase and Bcl-2 families are the main proteomes that induce apoptosis (19, 20). The caspase family is the protease family that performs apoptosis (21). The caspase family can be activated to degrade or inactivate some key cellular proteins, and its activation and regulation have important significance for the transmission of apoptotic signals (22). It is believed that procaspase can be activated by three methods: self-activation, trans-activation, and non-caspase protease activation. Caspase-8 and caspase-9 can be activated by self-cleavage by binding to each other (23). Once activated, the original caspase can activate other caspase zymogens, as occurs between caspase-3 and caspase-9. In the present study, we found that p-CA leads to an increase in the levels of cleaved caspase-3 and cleaved caspase-9, implying that p-CA could induce apoptosis via a caspase-dependent mechanism.

Bcl-2 and Bax belong to the Bcl-2 family. Bcl-2 inhibits apoptosis, and Bax promotes apoptosis. They play an important regulatory role in the process of apoptosis. Studies have shown that changes in the ratio of Bcl-2 to Bax can regulate apoptosis. Bcl-2 overexpression has anti-apoptotic effects; in contrast, Bax overexpression stimulates apoptosis (24). In the present study, we found that Bcl-2 levels were significantly decreased and Bax levels were significantly increased in p-CA-treated A375 and B16 cells.

When cells undergo apoptosis, Bcl-2 controls mitochondrial outer membrane permeability by regulating the mitochondrial membrane potential (25). Bax, which is present in the cytoplasm, receives a signal from Bcl-2 that allows Bax to relocate to the mitochondrial surface and to form a pore across the outer mitochondrial membrane, leading to increased mitochondrial membrane permeability. Pro-apoptotic substances such as Cyto-C are released from the outer and inner membranes of mitochondria into the cytoplasm. Cytoplasmic Cyto-C interacts with Apaf1 and activates caspase-9, and activated caspase-9 can activate other caspases, such as caspase-3 and caspase-7, thereby starting the caspase cascade and causing apoptosis (25). Bal-2 levels were significantly decreased and cytoplasmic Cyto-C and Apaf1 levels were remarkably increased in p-CA-treated A375 and B16 cells, implying that p-CA could induce apoptosis in A375 and B16 cells through the mitochondrial-mediated apoptotic signaling pathway, which is regulated by the Bcl-2 family.

However, some limitations in our study should be noted. The anti-tumor effects of p-coumaric acid wasn't examined in a melanoma-xenografted model in nude mice. In conclusion, our results showed that p-CA inhibits cell proliferation in B16 and A375 cells and induces apoptosis via a mitochondrial-mediated signaling pathway. This study provides evidence for the development of p-CA as an anti-melanoma drug.



MATERIALS AND METHODS


Cell Lines and Cell Culture

Mouse melanoma B16 cells (Cat. No. TCM 2) and human melanoma A375 cells (Cat. No. SCSP-533) from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences China (Shanghai, China) were cultured in a sterile cell culture chamber (HF240, HEALFORCE, Shanghai Lishen Scientific Equipment Co. Ltd.) at 37°C with 95% air and 5% CO2 with saturated humidity. B16 cells were cultured in 1,640 medium (Cat. No. SH30809.01, Hyclone) supplemented with 10% FBS (Cat. No. 10091-148, Gibco) and 1% streptomycin solution (Cat. No. P1400, Solarbio). A375 cells were cultured in DMEM high glucose medium (Cat. No. SH30022.01, Hyclone) supplemented with 10% FBS, 1% streptomycin solution, and 1% sodium pyruvate (Cat. No. SP0100, Solarbio). Similarly, the normal human keratinocyte cell line HaCaT cells (Cat. No. KG300, KeyGEN BioTECH) were cultured in a DMEM high glucose medium supplemented with 10% FBS and 1% streptomycin solutions.



CCK-8 Assay

Well-grown A375 cells, B16 cells and HaCaT cells were digested with 0.25% trypsin and collected by centrifugation at 800 × g for 3 min. Cells (100 μl) were plated in a 96-well plate (8 × 103 cells/well). The cells were cultured for 24 h, and the medium was replaced with 200 μl complete medium containing p-CA (1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 mM). The complete medium containing 1%0 DMSO was used as the control group. Cells were incubated for an additional 24 or 48 h, and 10 μl CCK-8 solution (Cat. No. CK04, Dojindo) was added to each well for 2 h. Finally, the absorbance of each well at 450 nm was measured by a multi-plate reader (Infinite200PRO, Tecan, Tecan Austria GmbH, Grödig, Austria).



Colony Formation Assay

A375 and B16 cells were centrifuged at 800 × g for 3 min. Cells (3 ml) were plated in a 6-well plate (250 cells/well). The cells were cultured for 1 day, and the medium was replaced with 3 ml complete medium containing p-CA (1.5, 2.5, and 3.5 mM for A375 cells; 2.0, 3.0, and 4.0 mM for B16 cells). Cells were incubated for 48 h, and the medium was refreshed. After 14 days, the culture medium was discarded, and the cells were washed twice with PBS. Cells were fixed with 4% paraformaldehyde for 15 min, stained with 1% crystal violet (Cat. no. G1062, Solarbio) for 10 min, washed three times with PBS (until the liquid was clear), and dried at room temperature. Images were taken to observe the colony formation.



Hoechst 33,258 Staining

The cells were digested with 0.25% trypsin and centrifuged at 800 × g for 3 min. Cells (2 ml) were plated in a 6-well plate (3 × 105 cells/well). The cells were cultured for 24 h, and the medium was replaced with 3 ml complete medium containing p-CA (1.5, 2.5, and 3.5 mM for A375 cells; 2.0, 3.0, and 4.0 mM for B16 cells). Cells were incubated for 48 h and washed twice with PBS. Fixation solution (500 μl of methanol:acetic acid = 3:1) was added to each well for 10 min. Cells were washed twice with PBS, and Hoechst 33,258 staining solution (0.5 ml) was added to each well for 5 min. Cells were washed three times with PBS. Nuclear morphology was observed under an inverted fluorescence microscope.



Annexin V-FITC/PI Flow Cytometry for Apoptosis Detection

Cells were digested with 0.25% trypsin and centrifuged at 800 × g for 3 min. Cells (4 ml) were inoculated in a petri dish (6 × 105 cells/plate). The cells were cultured for 24 h, and the medium was replaced with 3 ml complete medium containing p-CA (1.5, 2.5, and 3.5 mM for A375 cells; 2.0, 3.0, and 4.0 mM for B16 cells). The cells were incubated for 48 h, trypsinized, and centrifuged at 2,000 × g for 3 min at 4°C. The cells were resuspended in pre-cooled PBS and centrifuged again at 2,000 × g for 3 min at 4°C. Annexin V-FITC and PI were added, the solutions were mixed well, and the samples were incubated for 10 min in the dark at 4°C. Cell fluorescence was detected by flow cytometry.



Cell Cycle Detection

The cells were inoculated in a 6-well plate at a suitable concentration and cultured in a 5% CO2 incubator at 37°C for 24 h. The medium was replaced with complete medium containing p-CA (1.5, 2.5, and 3.5 mM for A375 cells; 2.0, 3.0, and 4.0 mM for B16 cells), and the cells were incubated for 48 h. The cells were digested with 0.25% trypsin, centrifuged at 800 × g for 3 min at 4°C, resuspended in PBS, and centrifuged again. The cell pellet was resuspended in fixation solution (70% pre-cooled ethanol) and incubated at 4°C overnight. The cells were centrifuged, RNase A solution was added to the cells, and cells were resuspended and incubated in a water bath at 37°C for 30 min. PI staining solution was added at 4°C for 30 min, and the cell cycle distribution was analyzed by flow cytometry.



Western Blot Analysis

Cells were treated with p-CA (1.5, 2.5, and 3.5 mM for A375 cells; 2.0, 3.0, and 4.0 mM for B16 cells) for 24 h. The cells were collected in lysis buffer and incubated on ice for 30 min. The cells were mixed every 10 min. The cells were centrifuged at 12,000 × g at 4°C for 10 min. The supernatant was collected, and the protein concentration was determined. Equal amounts of protein (40 μg/slot) were subjected to 10–12% SDS-PAGE. Proteins were transferred to a PVDF membrane, which was incubated with 5% milk blocking solution for 2 h, followed by incubation with the following primary antibodies (all from Abcam, Cambridge, UK): anti-Cyclin A (1:1,000, ab53699), anti-Cyclin-dependent kinase 2 (CDK2, 1:1,000, ab32147), anti-Cyclin E (1:1,000, ab133266), anti-Bcl-2-associated X (BAX, 1:1,000, ab32503), anti-B-cell lymphoma-2 (Bcl-2, 1:1,000, ab32124), anti-cytochrome C (Cyto-C, 1:1,000, ab13575), anti-apoptotic protease activating factor-1 (Apaf1, 1:1,000, ab2000), anti-cleaved caspase-3 (1:1,000, ab32042), anti-caspase-3, (1:1,000, ab13585), anti-cleaved caspase-9 (1:1,000, ab2324), and anti-caspase-9 (1:1,000, ab202068). Subsequently, the membranes were washed with TBST buffer for 45 min and then probed with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 h. Immunoreactive bands were visualized by the Novex™ ECL Chemiluminescent Substrate Reagent Kit (WP20005; Thermo Fisher Scientific, Shanghai, China) using a film processor (BioSpectrum Imaging System, Upland, CA, USA). The gray-scale value of each band was calculated by Image Pro Plus 6.0 (IPP6) software.



Statistical Analysis

All experiments were conducted at least three times. All data are shown as the mean ± standard deviation (SD). The Student t-test, one-way analysis of variance (ANOVA), or two-way ANOVA was employed to analyze the statistical differences. The analyses were performed using SPSS 21.0 software (version 21.0, SPSS Inc., Chicago, IL, USA). P < 0.05 were considered statistically significant.
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Neoadjuvant chemotherapy (NAC) may increase the resection rate of breast cancer and shows promising effects on patient prognosis. It has become a necessary treatment choice and is widely used in the clinical setting. Benefitting from the clinical information obtained during NAC treatment, computational methods can improve decision-making by evaluating and predicting treatment responses using a multidisciplinary approach, as there are no uniformly accepted protocols for all institutions for adopting different treatment regiments. In this study, 166 Chinese breast cancer cases were collected from patients who received NAC treatment at the First Bethune Hospital of Jilin University. The Miller–Payne grading system was used to evaluate the treatment response. Four machine learning multiple classifiers were constructed to predict the treatment response against the 26 features extracted from the patients’ clinical data, including Random Forest (RF) model, Convolution Neural Network (CNN) model, Support Vector Machine (SVM) model, and Logistic Regression (LR) model, where the RF model achieved the best performance using our data. To allow a more general application, the models were reconstructed using only six selected features, and the RF model achieved the highest performance with 54.26% accuracy. This work can efficiently guide optimal treatment planning for breast cancer patients.
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Introduction

Breast cancer is the most frequent cancer in women. Diagnosed patients account for 30% of all female cancers (1), and the incidence rates continue to increase (2). Along with surgical treatment, neoadjuvant chemotherapy (NAC) has been introduced as a treatment strategy with the aim of reducing tumor size (3) and has contributed to significantly increase the efficacy of breast cancer treatment (4), thanks to its steadily increasing acceptance as a multidisciplinary treatment approach for patients with locally advanced breast cancer (5). NAC is a cost-efficient approach to downstage primary tumor and metastatic axillary lymph node (6), and has especially achieved notable pathologic complete response (pCR) rates in the most aggressive tumors (7), and conversely, also provides obvious benefits to breast-conservation therapy (8, 9). NAC takes advantage of and contributes to the impact of systemic therapies on breast cancer biology (10). However, the therapeutic effect of NAC relies on the patient’s biological phenotypes including HER2(+) positive cancers (11) or triple-negative cancers (12), which characterize the many patients who experience higher local recurrence rates (13).

Decision-making therefore is a vitally important part of NAC, and treatment regiments selected according to the patients’ individual needs will help to optimize NAC, in which a comprehensive treatment evaluation is required. Undoubtedly, a clinical evaluation (14–16), tissue pathology evaluation (17, 18), evaluation of axillary lymph nodes (19), and a combination of these evaluation approaches (20) will accurately contribute to the efficacy of NAC, although all these evaluations are posterior approaches, regardless of the outcome of treatment given to a designated patient. Therefore, prospective treatment effects may be likely foreseen for patients, who will benefit from the selection of an optimal treatment regiments, that avoids adverse events, and thereby reduces the recurrence, metastasis, and latent risks.

Many computational methods have been developed to predict the survival of breast cancer patients receiving NAC treatment based on the information recorded during the clinical treatment processes. Recently, Lai et al. proposed a prognostic nomogram model to predict disease-free survival (DFS) (21), Laas et al. used a random survival forest method to evaluate distant metastasis-free survival (DMFS) (22), and Tahmassebic et al. compared eight machine learning algorithms for the early prediction of pCR, including the support vector machine (SVM), linear discriminant analysis (LDA), extreme gradient boosting (XGBoost), where the XGBoost algorithms attained the best performance (23). The above methods achieved good prediction accuracy, and demonstrated that the computational approach is a practical contribution to evaluating NAC. Cancer survival is determined by many factors, and sample quantity seems less than the requirement of machine learning algorithms to make a comprehensive regression prediction at present. By contrast, grading evaluation may even more intuitive to guide the decision-making of the treatment.

In this study, we adopted the Miller-Payne grading system to evaluate the efficacy of NAC, the clinical treatment records of 166 Chinese breast cancer cases from the First Bethune Hospital of Jilin University were used to build the evaluation model. The 166 cases were randomly selected as the training dataset. For the comparison, three traditional machine learning algorithms, random forest (RF), logistic regression (LR), and SVM were used, along with the CNN deep learning method. The four models were trained and tested using the same datasets, and the RF model achieved the best performance after feature selection. This work merely uses basic clinical data to accurately evaluate NAC efficacy, it represents a promising approach to improve the treatment decision-making process.



Materials and Methods


Patients and Treatment Regiments

A total of 166 breast cancer cases were collected among the diagnosed patients at the First Bethune Hospital of Jilin University over the past five years, which included triple-negative, Luminal A, HER2 positive, Luminal B(+), Luminal B(-) cases, covering the patients aged 27 to 71 years old. These pathological classifications are molecular subtypes of breast cancer and are used to predict the risk of recurrence and metastasis of breast cancer and its response to treatment. All patients received surgical treatment based on their diagnosed cancer types, which consisted of radical mastectomy, protective and radical operation of mastocarcinoma, and breast conserving surgery. Correspondingly, the NAC regiments were differentially applied to individual patients, while chemotherapy was based on an anthracycline and paclitaxel chemotherapy regimen, and Herceptin-targeted therapy was given to HER2 positive patients before chemotherapy. All NAC patients received radiotherapy, and endocrine therapy was adopted after radiotherapy.

The diagnosis and NAC treatment process were recorded for each patient. All data were digitalized and cleaned, record items having too many default values were filtered, and otherwise missing values were assigned to zero. Finally, 26 clinical record items were available as features to be input into the prediction model. Detailed information regarding the selected features is shown in Supplementary Table 1. However, not all features contributed to obtaining an accurate prediction, we thus selected only 6 features that were highly relevant to the Miller-Payne grading scale, including Ki-67 expression, breast mass length, breast mass width, PR value, visible tumor thrombi, final calcification morphology. For the experimental study, 166 cases were divided into a training dataset based on 10-fold cross-validation.



NAC Evaluation

The Miller-Payne grading system (24) provides a five-point scale by the paired examination of specimens before and after the operation, and is currently widely applied in clinical treatment evaluation in China, including for NAC evaluation in this study. Based on the proportion of tumor cell reduction, the system grades the postoperative curative effect from level 1 to 5 according to the decrease in tumor cells from low to high. This system does not provide a comprehensive evaluation of postoperative cancer survival investigations, but it is obvious that there are few evaluation approaches available for this purpose, as multiple factors are involved in cancer patient survival. In contrast, this system describes the principle pathological features relevant to cancer simply and intuitively, so that it is available for our goal to predict the NAC efficacy, and provides the suggestions for clinical practice.



Feature Selection

The Pearson correlation coefficient (25) and the Random Forest Feature Importance Index (RFFII) (26) were used to select features that had the greatest impact on the model performance. Too many features may weaken the performance of the model, thus feature selection should be used to improve the model’s performance. PCC can identify the linear relationship between features and labels while the RRFII selects the feature importance relative to the RF prediction model. We combined these indicators as a reference for feature selection. The PCC was used to calculate the linear relationship between each feature and the Miller-Payne grading label. It divided feature correlation into positive and negative categories, in which the higher the absolute value of the correlation coefficient the stronger the correlation.

The RFFII presents the degree to which each feature contributes to each tree in a random forest, then takes the average value, and finally compares the contribution of different features. For example, for each decision tree in a random forest with N trees, the corresponding Out-of-Bag (OOB) data was used to calculate its OOB error, which is recorded as e1. Then, noise interference is randomly added to the features of OOB samples, and the OOB is calculated again, which is then recorded as e2. The characteristic importance D of the whole random forest can be calculated using Eq. (1).





Prediction Models

For Miller-Payne grading, a multiple classifier was applied to predict NAC efficacy; there are many choices of algorithms available to establish the prediction model. In previous studies, the Scikit-Learn (Sklearn) classifier was widely used as a machine learning tool based on Python, and provides various packaged tools. Among the numerous machine learning algorithms, we choose to apply RF (27, 28), LG (29), and SVM (30) algorithms for modeling. Further, a CNN (31) model was built based on Keras since the deep learning module delivered good performance in many similar studies. In total four algorithms were attempted in this study to build the prediction models, and the best model was selected to be used in the clinical setting.


RF Model

RF is a modified algorithm based on bagging strategy, using multiple trees to train and classify the input sample, it builds each tree according to the following algorithm:

	Draw a bootstrap sample Z* of size N from the training data

	Grow a RF tree T to the bootstrapped data, by recursively repeating the following steps for each terminal node of the tree, until the minimum node size n is reached.	(1) Select m variables at random from the M variables

	(2) Pick the best variable among the m

	(3) Split the node into two daughter nodes




	Output the ensemble of trees



N was used to represent the number of training cases (samples), and M was used to represent the number of features. In this study, there were 166 training cases with 26 features, the M is equal to 26 and the N is equal to 166.

The default parameters were used to initialize the model, and then we tuned the parameters to adjust the model to achieve the best performance. There were three parameters to be optimized, including the optimal minimum sample number of leaf nodes (min_samples_leaf), the number of trees (n_estimators), and the minimum sample size required for internal node repartition (min_samples_split). The min_samples_split value limits the conditions under which subtrees can continue to be divided, and if the sample size of a node is less than the min_samples_split, it will not continue to attempt to select the optimal feature for partitioning. The min_samples_leaf was 3 and the n_estimators was 400 after parameter tuning. The min_samples_split was set to 2 to limit the minimum sample size.



LG Model

Logistic regression is a machine learning method used to solve binary classification (0 or 1) problems. It is often used to estimate the possibility of something. LG model transformed the 26 features into a virtual variable as the input variable. The model executed data analysis and established a decision boundary. Subsequently, using the Sigmoid function and the gradient descent were used to solve the optimization problem. The optimal solution was obtained and output as the Miller-Payne grades.



SVM Model

SVM is a binary classification model. Its basic model is a linear classifier with the largest interval defined in the feature space. Using 26 features as the input variable of SVM model. The SVM model attempts to find a suitable classification hyperplane to classify the data, which is defined as Eq. (2). The SVM model can obtain more than one hyperplane, so loss of function optimization is used to identify the classification hyperplane with the strongest generalization ability in order to achieve the classification effect and build a multiple classifier. Next, the Millar-Payne grades were output.





CNN Model

CNN is a type of feedforward neural network that contains convolution calculation and has a deep structure. It can represent learning ability and classifies input information according to its hierarchical structure. Twenty-six features were input into the CNN model through the input layer. Then the convolution kernel was used in the convolution layer to extract and map the features. Features were obtained by multi-layer convolution and then they were classified in the full connection layer. In order to prevent overfitting, a pooling operation was carried out, and the features were aggregated to reduce the amount of data operation. The ReLU function was used as the activation function to increase the nonlinear relationship among the layers of the neural network. In this study, five full connection layers were used, and the nodes of each layer were set as 2,048, 1,024, 564, 256, and 6. The Miller-Payne grades were output in the last full connection layer.

The input of these four models included the 26 features of the NAC dataset. The known labels cases were used to train the model while the test cases that were unknown labels were used to test the model. Finally, the output obtained represented the predicted labels of unlearned test cases. we then evaluated the performance of these models and chose the best-performing machine learning model for our prediction model.




Training and Evaluation

For the purpose of the model training and prediction performance evaluation, we used 10-fold cross-validation to train the models and evaluated them by Accuracy (ACC), Precision (P), F1 score (F1), and Recall (R). A 10-fold cross-validation is a common training and validating method, it randomly divides the dataset into ten subsets, each turn of total ten in the validation process, chooses one subset as the testing dataset, and the remaining nine are the training dataset (32, 33). The correct rate (or error rate) was obtained for each test. The average value of the accuracy (or error rate) of the 10 times results was used as the estimation of the accuracy of the algorithm.

The weighted average value was applied to evaluate the performance of the model more accurately. The sample quantity of Miller-Payne grading was uneven, for example, there were only two samples in the first category. An uneven distribution of samples will affect the performance of the prediction model. The value range is from 0 to 1.

ACC is the evaluation of the overall accuracy of classification, so a calculation of the weighted average is not needed. It was calculated using Eq. (3). Precision was defined by evaluating the accuracy of each category to the classifier. It was calculated using Eq. (4). Recall is a supplement to precision and the recall rate was obtained for our original sample, which indicated the number of positive examples in the sample were predicted to be correct. It was calculate using Eq. (5). The F1-score represented the harmonic average of precision and recall. It was calculated using Eq. (6).












Results and Discussion


Prediction Performances on Original Features

In this study, we used the dataset collected from patients diagnosed at the First Bethune Hospital of Jilin University over the past three years. Patients were divided into triple-negative, Luminal A, HER2(+), Luminal B(+), Luminal B(-) types, and involved patients aged from 27 to 71 years old. The dataset including 166 clinical cases. LR, SVM, CNN, and RF were used to construct prediction models of the Miller-Payne grading system for the NAC regiment. The original dataset obtained 26 features that were used as the input features for the models and a 10-fold cross-validation was used to train these models and ACC, P, F1, and R scores were used to evaluate their performance.

The evaluation results of the RF, LG, SVM, and CNN models are shown in Table 1. The ACC scores of the RF, LG, and SVM models were 49.45, 48.24, and 50.00%, respectively. The CNN model achieved the best ACC score at 50% and the SVM model achieved the worst ACC score at 45.84%. The LG model had the best scores in P, F1, and R score which was 49.72, 50.00, and 49.72%, respectively, while the SVM model had the worst scores which were 45.39, 43.37, and 44.13%, respectively. The evaluation scores of level 1 were zero, which could be due the fact that there were only 2 samples in level 1 of the Miller-Payne grading in the dataset, and thus, the prediction model could not be trained. From these scores it can be derived that the performance of these machine learning models did not perform very well for this dataset, and the overall evaluation score of these four models did not differ greatly. This might be due to model overfitting caused by the redundant features that affect the performance of the models. CNN achieved the best score, which may have resulted from the pooling operations in the layers of the neural network to reduce overfitting. Therefore, feature selection is required. We thus compared the prediction performance of models using the original features and selected the original features using the PCC and RFFII algorithms.


Table 1 | Prediction Performances on Original Features.





NAC Efficacy Relevant Features

For clinical purposes, the principal features would be more efficient as tools for making treatment-related decisions, to reduce the computational costs, or even to improve prediction accuracy. We performed feature selection to identify the principle features from the total of 26 original features input by PCC and RFFII algorithms.

PCC was applied to calculate the correlation between Miller-Payne grading and each feature for all the 166 cases and then ranked the correlation coefficients according to their absolute values. There were 8 features positively correlated to Miller-Payne grading while 18 features were negatively correlated. As shown in Figure 1, Ki-67 expression, final organizational credit type, ER/PR status were positively correlated, while cancer infiltration of vessels or nerves, visible tumor thrombus, and ER value negatively correlated; Ki-67 expression, ER/PR and ER values represented genomic features. Ki-67 expression is associated with prognosis in breast cancer patients, which helps to determine whether or not NAC should be applied. The ER/PR and ER values can also be used to predict prognosis of breast cancer patients and guide the NAC treatment option. Final organizational credit type, cancer infiltration of vessels or nerves, and visible tumor thrombus are used to judge the condition of patients before NAC is attempted.




Figure 1 | Features relevant to NAC by Pearson correlation coefficient.



We then classified the clinical features into positive correlation features and negative correlation features according to PCC, and ranked these according to absolute values. Similarly, we used the RFFII to rank the features. Among positive correlation and negative correlation features, features with a higher correlation index were selected as the input features to train the model. The features with higher PCC and RFFII scores were input as priority. As shown in Figure 2, the abscissa indicates the RFFII score; the higher the score obtained by the feature, the greater the importance in the RF model. Ki-67 expression, PR and ER values are important genomic features, while breast mass and width, visible tumor thrombus, final calcification morphology, and the body mass index are important clinical features.




Figure 2 | Features related to NAC by Random Forest correlation.



In the feature selection process, each group of input features was input into four models for training, and the performance of each model was evaluated. According to the two indicators, the features were iterated from high to low as input to train the models. Features that had a bad impact on the model performance were eliminated and finally a group of features with the highest accuracy rate was selected. Finally, the best performing model was selected as the final prediction model and the group of features was selected. The performance of the RF model was the best and included an input group comprising six features: Ki-67, breast mass length, breast mass width, PR value, visible tumor thrombus, final calcification morphology (Table 2). Figure 3 shows the PCC and RF correlation of these 6 characteristics. The Ki-67 expression and PR value are genomic features and were positively related to the Miller-Payne grading, and showed a high correlation with RF. Breast mass length, breast mass width, visible tumor thrombus, and final calcification morphology were the clinical features having high PCC and RFFII scores, and produced a great influence on the prediction model.




Figure 3 | Selected feature attributions.




Table 2 | Selected Features.





Prediction Performances on Selected Features

In the feature screening stage, the RF model was identified as the final prediction model. We retrained the other three models and evaluated their performance in comparison with the RF model using the features after feature selection.

Table 3 shows the evaluation results of the RF, LG, SVM, and CNN models after feature selection, and reports the respective ACC scores 54.26, 47.62, 39.81, and 47.62% for each model. The RF model obtained the highest ACC, P, F1, R scores. The performance of RF model significantly improved as a whole, while the performances of the LG, SVM, and CNN models declined.


Table 3 | Prediction Performances on Selected Features.



The RF model achieved the best score overall, thus we selected the RF model as the prediction model to predict the NAC outcomes. Our selection was supported by consulting the RFFII index in the feature selection module. The application of the index makes allows the RF model to eliminate some redundant features. Our original dataset contained many clinical and genomic features, while in the initial training stage, the models could not distinguish which features were associated with Miller-Payne grading. In the training process, the RF modelling generated different decision trees according to the importance of the single features and then output the optimal solution. Therefore, after removing redundant features through feature selection, the performance of the RF model was significantly improved.

The comparison of the evaluation curves of the 10-fold cross-validation between the RF models for the original 26 features and the selected 6 features is shown in Figure 4. The score of 10-fold cross validation after feature selection generally rose, and the performance of the prediction model improved substantially after feature selection. The model before feature selection achieved 49.45% of the ACC score, 48.94% of the precision score, 49.40% of the recall score, and 48.04% of the f1-score. The same model after feature selection achieved 54.26% of the ACC score, 53.76% of the precision score, 54.22% of the recall score, and 53.39% of f1-score.




Figure 4 | Comparison of the performance of feature selection. (A) The 10-fold cross validation results, (B) the scores of the models.





Case Studies

In order to represent the prediction ability, we randomly selected 4 cases from the four major categories of Miller-Payne grading in our dataset, then 16 cases were input into the final prediction model as an evaluation set, the corresponding results are listed in Table 4. Fourteen of the 16 cases were correctly predicted, while case 5 was mispredicted as grade level 4 instead of level 3, and case 14 as level 5 instead of its true level 4. We will analyze these two cases in detail. First, the feature PCC scores were calculated for each of the cases using the 4 representative cases indicated above in its truth category, and then using the averaged PCC score was used to compare predicted values. In the resulting output of the final predictions, case 5 obtained a score of 0.4347 in its truth grade level 3, but merely a score of 0.3591 in the predicted grade level 4, a result which appeared to indicate that case 5 was more similar to cases from level 3 in with regard to the clinical data features. In contrast, case 14 was very similar to cases in level 4 as we predicted, where the score value was 0.8969 compared to a score of 0.8539 in the truth grade level 5.


Table 4 | Case Details.



Although the PPC scores of the individual features could not be used alone to determine a predicted value for each case, there were also obvious differences among cases in the same grade category, which is a common phenomenon in the clinical diagnostic setting. The latter is an indication supporting the application of machine learning models, which are able to discover inner laws from unintuitive clinical data. Furthermore, from cases 5 and 14, the modelling outcomes suggest that no one approach is able to comprehensively evaluate NAC efficacy, there may be some “fuzzy” zones in the evaluation similar to those observed in the Miller-Payne grading system. Consequently, the duty of the corresponding prediction methods is to assist, but not make the definitive clinical treatment decisions, namely, the predictions of outcomes should be made to approach the true outcome but should be accompanied by the accumulated clinical data for each case.




Conclusion

We propose a practical breast cancer treatment efficacy prediction tool for NAC patients. Twenty-six features were extracted from 166 cases of real-life clinical data provided by the First Bethune Hospital of Jilin University, and ultimately 6 principle features were selected using a feature selection process, which were finally used to optimally construct the supervised prediction model using the Miller-Payne grading system as a NAC treatment evaluation tool. Four different machine learning methods were testing in the study, of which the Random Forest model proved to be the most compatible with an average accuracy of 54.26%. As discussed in the case studies, accuracy could not be considered a comprehensive criterion in the clinical application given the complexity of each case. Nonetheless, our method efficiently predicted outcomes of all the cases that were similar to their true grade. Our findings suggest this approach may provide an important contribution to the decision-making process for the clinical treatment of breast cancer.
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A novel hybrid CHC was designed and synthesized by conjugating β-carboline with an important active fragment N-hydroxyacrylamide of histone deacetylase (HDAC) inhibitor by an amide linkage to enhance antitumor efficacy/potency or even block drug resistance. CHC displayed high antiproliferative effects against drug-sensitive SUMM-7721, Bel7402, Huh7, and HCT116 cells and drug-resistant Bel7402/5FU cells with IC50 values ranging from 1.84 to 3.27 μM, which were two-to four-fold lower than those of FDA-approved HDAC inhibitor SAHA. However, CHC had relatively weak effect on non-tumor hepatic LO2 cells. Furthermore, CHC exhibited selective HDAC1/6 inhibitory effects and simultaneously augmented the acetylated histone H3/H4 and α-tubulin, which may make a great contribution to their antiproliferative effects. In addition, CHC also electrostatically interacted with CT-DNA, exerted remarkable cellular apoptosis by regulating the expression of apoptosis-related proteins and DNA damage proteins in Bel7402/5FU cells, and significantly accumulated cancer cells at the G2/M phase of the cell cycle by suppressing CDK1 and cyclin B protein with greater potency than SAHA-treated groups. Finally, CHC displayed strong inhibitory potency to drug-resistant hepatic tumors in mice. Our designed and synthetic hybrid CHC could be further developed as a significant and selective anticancer agent to potentially treat drug-resistant hepatocellular carcinoma.
Keywords: antiproliferative activities, drug resistance, histone deacetylase (HDAC) inhibitor, N-hydroxyacrylamide, β-carboline
INTRODUCTION
Cancer is a serious threat to human health and has become a major global health burden. Although chemotherapy has established a new era of molecular-targeted therapies, tumor resistance to chemotherapy has become a huge problem, which limits the effectiveness of current chemotherapies to cancer. The invasion and metastasis of tumors leads to 90% of the failures in chemotherapy (Pan et al., 2016). Hence, it is of great significance to discover novel therapeutic agents with resistance-reversing effects (Vijayaraghavalu et al., 2012; Xu et al., 2013; Wang et al., 2016).
Natural products have historically served as important sources of anticancer drugs (Newman and Cragg, 2016). Most of the design and development of anticancer agents can be traced back to natural products (Newman and Cragg, 2016; Patridge et al., 2016) such as camptothecin, vincristine, paclitaxel, and teniposide (Patridge et al., 2016). The indole alkaloids β-carbolines, including harmine, harmaline, and harmalol, have been used to treat cancers and malaria for decades (Zhang and Sun, 2015; Dai et al., 2018). However, the anticancer activities of natural β-carbolines are not significant (Klein-Júnior et al., 2019), but they can be improved by modification (Kumar et al., 2017). Our previous research showed that hybrid molecules containing β-carboline and the active fragments of antitumor drugs such as histone deacetylase inhibitors (HDACIs) could exert synergistic effects and improve anticancer efficacy (Ling et al., 2015, Ling et al., 2017; Liu et al., 2017). Furthermore, harmine has also been reported to reverse resistance to anticancer drugs mitoxantrone and camptothecin by inhibiting breast cancer resistance protein (BCRP) (Ma and Wink, 2010).
To resolve the problem of drug resistance, hybrid drug molecules are often designed into a single molecule that could both simultaneously modulate multiple oncogenic activities (Kerru et al., 2017). HDACs have been clinically identified as effective targets for the treatment of cancer and thus may also be potentially utilized in the development of hybrid agents (Zhang et al., 2015; Ling et al., 2020). Preclinical and clinical studies have revealed that HDACIs exhibit significant anticancer potency in a wide range of neoplasms (Wagner et al., 2010; Das et al., 2018). Hybrids combined with pharmacophore models of HDACIs are thus promising methods of improving therapeutic efficacy in cancer. The combination of the HDACIs belinostat and cisplatin was discovered to exert synergistic cytotoxicity potency in cisplatin-resistant cancer cells when added together or belinostat was added before cisplatin, suggesting that belinostat could be used to reverse lung cancer cell resistance to cisplatin (To et al., 2017). Therefore, the structural moiety of HDACI was applied to β-carboline to enhance antitumor effects and reverse drug resistance.
Thus far, FDA has approved five HDACIs and several others are currently in clinical trials. Many of these have N-hydroxyacrylamide, which is a very important active fragment. The approved or clinical HDACIs such as belinostat (PXD101) and panobinostat (LBH589) contain N-hydroxyacrylamide fragments, which have been approved by FDA for peripheral T-cell lymphoma or multiple myeloma therapy. Pracinostat (SB939) and dacinostat (LAQ824) have been in clinical trials (Figure 1) (Strickler et al., 2012; Eigl et al., 2015; Zang et al., 2017). The combination a N-hydroxyacrylamide moiety with β-carboline generates a novel hybrid molecule with higher anticancer efficiency or even reversal of drug resistance. Therefore, we report the biological evaluation of the novel β-carboline/N-hydroxyacrylamide hybrid CHC and investigated its anticancer mechanisms in multiple cancer cell lines.
[image: Figure 1]FIGURE 1 | Structures of representative N-hydroxyacrylamide based HDAC inhibitors and the design of β-carboline/N-hydroxyacrylamide hybrid CHC.
MATERIALS AND METHODS
Reagents
4-Dimethylaminobenzaldehyde, L-tryptophan, harmine, Vorinostat (SAHA), and methyl (E)-3-(4-(bromomethyl)phenyl)acrylate, all with ≥98% purity, were acquired from Aladdin (Shanghai, China). Compound 3, 6 and 7 were synthesized through previously reported methods by our group (Ling et al., 2015; Ling et al., 2018). Dimethyl sulfoxide (DMSO, cell culture grade), and methylthiazolyl-diphenyltetrazolium bromide (MTT) were supplied by Sigma Chemical Co. (St. Louis, MO, United States). Roswell Park Memorial Institute (RPMI)-1,640 medium, Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), antibiotics (penicillin/streptomycin) were acquired from Macgene Co. (Beijing, China). All chemicals and solvents were supplied from Aladdin Technologies Inc (Shanghai, China).
Preparation and Characterization of CHC
1H NMR spectra was collected on a Bruker AV 400 M spectrometer which using TMS as the internal reference. Agilent technologies LC/MSD TOF supplies high resolution mass spectrometry (HRMS). Mass Spectra was collected on Mariner Mass Spectrum (ESI). Analytical TLC was recorded on silica gel plates (200–300 mm; Qingdao Ocean Chemicals, China). All solvents supplied as reagent grade, would be purified or dried via criterion methods when necessary. Solutions after reacting or extracting would be removed on a rotary evaporator under reduced pressure. The final compound was of >95% purity determined by HPLC.
(E)-N-(4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)-1-(4-dimethylaminophenyl)-9H-pyrido [3,4-b]indole-3-carboxamide (11, CHC): To a solution of 7 (0.33 g, 1.0 mmol) and EDCI (0.23 g, 1.2 mmol) in 10 ml anhydrous CH2Cl2, was added 3 (0.19 g, 1.0 mmol) and DMAP (15 mg, 0.12 mmol). Then stirring the reaction at rt at time of 12 h. Upon the reaction completed, the reaction was evaporated under vacuo to gather the residue purified via extraction and concentration to afford 8. Intermediate 8 was then dissolved in 3 ml 1N NaOH and 3 ml methanol and the reaction was refluxed for 3 h. Upon completion, neutralizing the mixture to pH = 7 by adding 2 N HCl, and afterward extracted by 30 ml CH2Cl2 twice. The combined organic layer was concentrated and reacted with O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (0.11 g, 0.9 mmol) under the condition of EDCI (0.19 g, 1.0 mmol) and DMAP (12.5 mg, 0.1 mmol) in 10 ml of anhydrous CH2Cl2 at room temperature. Upon completion, 2 ml trifluoroacetic acid was slowly poured into the reaction solution, afterward stirred for 1 h. Finally, the mixture was condensed using vacuum pump, then residue was purified by column chromatography to produce 11 as grayish yellow solid in a yield of 53%. Purity = 97% by HPLC. Analytical data for 11: 1H NMR (DMSO-d6, 400 MHz): δ 11.06 (s, 1H, NH), 9.32 (s, 1H, NH), 8.03 (m, 1H, Ar-H), 7.63–7.75 (m, 4H, NH, Ar-H), 7.31–7.47 (m, 3H, CH = , Ar-H), 7.05–7.16 (m, 3H, Ar-H), 6.63 (d, 1H, J = 16.0 Hz, CH = ), 4.66 (m, 2H, CH2), 3.73–3.77 (m, 6H, CH3). MS (ESI) m/z = 506 [M + H]+; HRMS (ESI): m/z calcd for C30H28N5O3: 506.2192; found: 506.2201 [M + H]+.
Cell Culture
Human cancer cell lines (SMMC-7721, Bel7402, Huh7, HCT116), drug-resistant cell lines (Bel7402/5-FU), and human normal hepatocyte cells (LO2) were purchased from Institute of Cell Biology (Shanghai, China). The cells were kept at 37°C and 5% CO2 in DMEM (Gibco, NY) possessing 10% FBS, penicillinat (100 U/mL) and streptomycin (100 U/mL).
MTT Assay
Briefly, appropriate cells (1 × 104 cells/mL) were placed into 96-well plates in 100 μL of DMEM medium overnight. Then adding 100 μL of evaluated compounds into individual well for 72 h while 0.1% DMSO aqueous solution was treated as the negative control. After incubation with 30 μl MTT (5 mg/mL) for 4 h in all well, and ELISA plate reader measured absorbance of each well at 570 nm. Then calculating cytotoxicity effect of evaluated compounds through the formula: Cell inhibitory percentage (%) = (1−OD of treatment group/OD of control) × 100%. GraphPadPrism (4.03) calculated data to afford Corresponding IC50 values.
HDAC Fluorimetric Assay
The assay was conducted according to the HDAC1/3/6/8 assay kit (Enzo Life Sciences Inc.). Each different concentrations of evaluated compounds were, respectively, incubated with each HDAC1/3/6/8 at coupling of corresponding HDAC substrate (Boc-Lys (Ac)-AMC) at 37°C for 60 min. Then stopping the reaction under adding lysine developer. Then through incubation for 30 min, fluorescence plate reader with excitation wavelength at 355 nm as well as emission wavelength at 460 nm recorded fluorimetric emission. The ratio of activity relative to control group displayed the activity of HDAC. GraphPadPrism (4.03) calculated data to afford Corresponding IC50 values.
UV–Visible Spectroscopy Titrations
The ultraviolet spectrophotometer (UV2500, Shimadzu, Tokyo, Japan) recorded UV–visible spectroscopy under titrations at 25°C. Tris buffer (5 mM) was used to prepare Stock solutions of CT DNA (20 μM, calf thymus DNA) comprising ideal structure of double stranded DNA. Dissolving synthesized derivative in 1:1000 DMSO/Milli Q water to prepare stock solutions of them (20 μM). UV–visible absorption titrations were carried out with addition of 100 μl CT DNA solution to 4 ml solution of tested compound in quartz cuvette each time interval. Until the absorption band of complex containing synthesized derivative and CT DNA kept at a stable wavelength after adding CT DNA successfully for five times, titrations were finished. Finally, spectrophotometer noted the absorption spectra (250–500 nm).
Cell Apoptosis Analysis by Flow Cytometry Assay
Briefly, Bel7402/5-FU cells were cultured in DMEM at 37°C with 5% CO2 for 12 h. Afterward, Bel7402/5-FU cells after removal of medium culture were incubated with CHC (2.0 and 5.0 μM), harmine (20 μM), SAHA (5.0 μM) and medium for 72 h. Then Bel7402/5-FU cells were collected and using APC-Annexin V and 7-AAD to stain these cells under the condition of 37°C for 15 min. Flow cytometry analysis (Calibur, BD, United States) decide the percentage of apoptotic cells according to APC signal (FL4) (excitation wavelength at 633 nm; emission wavelength at 660 nm) and 7-AAD staining signal (FL3) (excitation wavelength at 488 nm; emission wavelength at 647 nm). WinList 3D (7.1) analyzed the data and Excel 2016 plotted the histogram.
Cell Cycle Analysis by Flow Cytometry Assay
Bel7402/5-FU were placed in 6-well plates for the density of 2–3 × 100,000 cells/well and allowed to adhere for 48 h, then cells were incubated with CHC (2.0 or 5.0 μM), SAHA (5.0 μM) or medium in triplicate for another 72 h. The collected cells were ﬁxed in 70% ethanol at 4°C overnight, and then incubated with RNase A and using PI (Sigma-Aldrich) to stain. Flow cytometry evaluated the percent of Deoxyribonucleic acid (DNA) on ﬂow cytometer (Beckman Coulter). The ModFit LT (Verity, Software House, Topsham, ME, United States) analyzed distribution of cell cycles.
Western Blotting Assay
The HDAC, autophagy and apoptosis-related proteins were analyzed according to Western blotting assay. Briefly, Bel7402/5-FU (1–2 × 100,000 cells/mL) were placed into 6 cm dishes and allowed to adhere for 24 h. Then different dosage of compound SAHA, harmine or CHC treated Bel7402/5-FU cells for 72 h. After collected and lyzed, the cell lysates (50 μg/lane) were separated by SDS-PAGE (12% gel) and transferred onto nitrocellulose membranes. And anti-Ac-histone H3, anti-Ac-histone H4, anti-Ac-α-tubulin, anti-Bax, anti-Bcl2, anti-H2AX (S139ph), anti-CDK1, anti-cyclin B, and anti-β-actin antibodies (Cell Signaling Technology, MA, United States) detected the target proteins after membranes were blocked with 5% fat-free milk. The peroxidase-conjugated secondary antibodies detected the bound antibodies for 1 h and visualized according to improved chemiluminescent reagent.
In vivo Tumor Growth Inhibition
All animal experimental protocols were approved by the Animal Research and Care Committee of Nantong University. Female BALB/c nude mice at 5∼6 week-old were subcutaneously implanted with 1×106 Bel7402/5-FU cells. After establishing solid tumors with the average volume of 100 mm3, these tumor-bearing mice were daily intraperitoneally injected with saline, CHC, and SAHA, respectively. The body mass and tumor size of nude mice were surveyed every three days during the 21 days study. Tumor size (mm3) of nude mice was determined using the formula: tumor size = ½ (Length×Width2). Finally, these tumor-bearing mice were sacrificed, and their tumors were removed and weighed at the end of the 21 days.
Statistical Analysis
Data acquired from different assays were expressed as means ± SD (standard of deviation) from at least three independent assays and calculated by Student-Newman-Keuls test. Statistically significant indicated Values of p < 0.05.
RESULTS
Chemistry
The synthesis of target compound CHC is illustrated in Figure 2. Intermediate 3 was synthesized in two steps. The starting (E)-methyl 3-(4-(bromomethyl)phenyl) acrylate 1 was converted to azide compound 2 with the treatment of NaN3. Then intermediate 2 was added to PPh3 in THF to yield compound 3. Then, L-tryptophan 4 was reacted with 4-(dimethylamino)benzaldehyde via Pictet-Spengler condensation to produce 6, which was oxidized by potassium permanganate in DMF afterward to produce intermediate 7. After adding 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI) and 4-dimethylaminopyridine (DMAP) to the mixture, compound 3 reacted with 7 to produce compound 8. Then, intermediate 8 was hydrolyzed by 1 N NaOH solution to afford carboxylic acid compound 9, which was reacted with O-(tetrahydro-2H-pyran-2-yl)hydroxylamine to produce compound 10 through an amidation reaction. Finally, compound 10 was deprotected by trifluoroacetate (TFA) and then purified by column chromatography to prepare the target compound CHC 11. High-performance liquid chromatography (HPLC) was performed to assess the purity of CHC (>95%), and its structure was confirmed using MS, 1H NMR, and HRMS.
[image: Figure 2]FIGURE 2 | Reagents and conditions: (a) NaN3, CH3CN, rt, 4 h, 91%; (b) PPh3, THF, rt, 3 h, 188%; (c) 4-dimethylaminobenzaldehyde, HAc, reflux, 3 h, 75%; (d) KMnO4, DMF, rt, 6 h, 70%; (e) EDCI, DMAP, CH2Cl2, rt, 12 h; (f) 1N NaOH, MeOH, reflux, 3 h; (g) O-(tetrahydro-2H-pyran-2-yl)hydroxylamine, EDCI, DMAP, CH2Cl2, rt, 8 h; (h) TFA, CH2Cl2, rt, 1 h, 53%.
In vitro Antitumor Activity and Selectivity
To assess the cytotoxicity of the target compound CHC, MTT assays were conducted to quantify the cell viability of three human hepatocellular carcinoma (HCC) cell lines (SMMC-7721, Bel7402, and Huh7), human colon cancer cells (HCT116), and drug-resistant HCC cells (Bel7402/5-FU) after treatment with CHC, FDA-approved HDAC inhibitor SAHA, and harmine at different concentrations. The IC50 values listed in Table 1 show that compound CHC exerted potent antiproliferative activities in these cells, the IC50 values were within the low micromole range, and the IC50 values of CHC were significantly lower than those of harmine and SAHA. Particularly, the IC50 values of CHC ranged from 1.84 to 2.17 µM in drug-sensitive Bel7402 and drug-resistant Bel7402/5-FU cells, which were two- and four-fold lower than IC50 value of SAHA cells (IC50 = 4.72 and 9.83 µM).
TABLE 1 | IC50 values of compound CHC against five human cancer cell lines.
[image: Table 1]In view of CHC displaying the prominent growth inhibitory activity in vitro, CHC was further analyzed in terms of its selectivity effect on normal cells by evaluating its inhibition activities on drug-sensitive Bel7402, drug-resistant Bel7402/5-FU cells, and normal liver LO2 cells. CHC at increasing dosages showed minimal cytotoxicity effects on normal liver LO2 cells growth, but led to significant inhibitory proliferation of Bel7402 and Bel7402/5-FU cells (Figure 3). These results revealed that CHC has selectivity anti-proliferation potency on tumor cells over normal cells.
[image: Figure 3]FIGURE 3 | Inhibition potency of CHC against the proliferation on Bel7402, Bel7402/5-FU, and LO2 cells. Cells were treated with CHC at the indicated concentrations for 72 h. MTT assays were performed to evaluate cell proliferation. The inhibition (%) rate (mean ± SD) were from three separate experiments.
HDAC Inhibitory Activity of CHC
Encouraged by the antiproliferative activities of CHC against five human cancer cell lines, we further evaluated the inhibitory activities of CHC on several HDAC enzymes in vitro and used SAHA as positive control. The ﬂuorescent-based HDAC activity was used to determine the in vitro inhibitory activity of CHC against recombinant human HDAC1, HDAC3, HDAC6, and HDAC8 enzymes. As illustrated in Table 2, CHC was identified to be a potent inhibitor of HDAC1 and HDAC6, with IC50 values were 29 ± 3 nM and 7.6 ± 1 nM, respectively, which were 4 to 18-fold lower than HDAC3 and much lower than HDAC8 (IC50 > 1,000 nM). The lower potencies of CHC in cell antiproliferation, which were in the μM range, compared to nM potencies in HDAC inhibition, are likely the result of their interactions with other proteins present in the cells, rendering lowered effective concentrations for HDACs. SAHA also had IC50’s in the micromolar range in the assays tested, consistent with assay variability. Moreover, the CHC IC50 values was approximately five-fold lower than that of SAHA on HDAC1 and eight-fold lower than SAHA on HDAC6. These findings thus indicate that CHC exhibits selective HDAC1/6 inhibitory effects.
TABLE 2 | The HDAC inhibitory activities of compound CHC.
[image: Table 2]CHC Promotes Ac-H3/4 and Ac-α-Tubulin
The target of HDAC6 is α-tubulin, whereas those of HDAC1 and HDAC2 are histones H3 and H4, respectively. To further explore whether CHC leads to acetylation of histones at the cellular level, we evaluated the expression of the acetylation histone H3, H4, and α-tubulin by western blotting. Figure 4 shows that after exposing drug-resistant HCC Bel7402/5-FU cells to vehicle, CHC (2.0 and 5.0 μM), and SAHA (5.0 μM) for 72 h, CHC promoted the acetylation of H3, H4, and α-tubulin with increasing dose, which coincided with the observed high HDAC1 and HDAC6 enzyme activities. These results implied that CHC could penetrate the cell membrane and impart selective HDAC1/6 inhibitory effects.
[image: Figure 4]FIGURE 4 | Immunoblot analysis of acetylation histone H3, H4, and α-tubulin (A) Bel7402/5-FU cells were incubated with CHC or SAHA for 72 h for the western blotting assay; (B) The relative levels of Ac-H3, Ac-H4, and Ac-α-tubulin protein were quantitatively analyzed compared to the internal reference β-actin. The data (mean ± SD) were obtained from three independent assays. *p < 0.01 vs. control.
CHC Induces Tumor Cell Apoptosis
Apoptosis is a cellular suicide program that is of great importance to the development of human diseases, including cancer (Matsuura et al., 2016; Wang et al., 2017). To explore whether the anti-cancer potency of CHC is caused by cellular apoptosis in both SAHA- and CHC-treated Bel7402/5-FU cells for 72 h, apoptotic rates were analyzed using FITC-Annexin V/PI staining and flow cytometry. Figure 5 shows that Bel7402/5-FU cells treated with increasing dosage of CHC exhibited higher rates of Annexin V + Bel7402/5-FU cellular apoptosis (42.3% with 2.0 μM, and 67.2% with 5.0 μM), which were higher than the SAHA (30.8% for 5.0 μM) group. Therefore, CHC is more potent in inducing apoptosis of Bel7402/5-FU cells using SAHA.
[image: Figure 5]FIGURE 5 | CHC causes apoptosis of Bel7402/5-FU cells. Bel7402/5-FU cells were treated with CHC, harmine, or SAHA (5.0 μM) at the indicated concentrations for 72 h stained with FITC-Annexin V/PI, and then assessed by flow cytometry (A) Effect of CHC on Bel7402/5-FU cellular apoptosis; (B) Quantitative analysis of apoptotic cells. The data (mean ± SD, percentage of apoptotic cells) represent the average of three separate experiments. *p < 0.01 vs. control.
To investigate the mechanism of CHC-induced Bel7402/5-FU cellular apoptosis, we analyzed the expression of apoptosis-related proteins Bax, Bcl-2, and the cleavage state of caspase-3 upon treatment with CHC (Figure 6). Subconfluent HCC Bel7402/5-FU cells were treated with CHC, SAHA, or vehicle for 72 h, and then lyzed and analyzed by western blotting. Figure 6A shows that CHC could significantly upregulate the expression of Bax and cleavage of caspase-3 and downregulate the expression of Bcl-2, which corresponds to increasing dosages. These findings suggest that CHC causes apoptosis in Bel7402/5-FU cells by regulating the expression of apoptosis-related proteins.
[image: Figure 6]FIGURE 6 | Expression of apoptosis-related proteins (A) Western blot results showing that the expression of Bax, Bcl-2, pro-caspase 3, cleaved caspase-3, and β-actin in Bel7402/5-FU cells was inhibited by CHC or SAHA; (B) The relative expression levels of each protein (Bax, Bcl-2, pro-caspase-3, and cleaved caspase-3) were quantitatively analyzed using β-actin as reference. The data are presented as the mean ± SD of three separated assays. *p < 0.01 vs. control.
CHC Induces DNA Damage
The planar skeleton of β-carbolines has the ability to insert and induce DNA damage (Lu et al., 2016; Kovvuri et al., 2018). To explore whether the DNA-ligand binding potency of harmine imparts anti-cancer effects on CHC, UV-visible spectroscopic titration assays were conducted. When the aromatic chromophore of small molecules binds to DNA via strong π–π stacking interactions, hypochromism (reduction in absorption) occurs (Kamal et al., 2015). The absorption of the CHC-CT-DNA mixture from the wavelength range of 300–450 nm was assessed (Figure 7). Upon adding CT-DNA at equal increments to the CHC solution, the absorption at all wavelengths gradually decreased, with the strongest hypochromicity observed at 380 nm. Harmine also showed a maximum absorption at 320 nm (Liu et al., 2017). However, the absorption intensity of SAHA slightly increased upon adding equal amounts of CT-DNA (see Supplementary Material). These results suggest that CHC induces DNA damage by binding to CT-DNA.
[image: Figure 7]FIGURE 7 | UV-visible absorption spectra of CHC after adding equal amounts of CT DNA. Arrows indicate changes in absorbance with increasing concentrations of DNA [CHC] = 20 μM.
To explore whether the anticancer effects of β-carboline/N-hydroxycinnamamide hybrid resulted from DNA damage, we assessed the degree of DNA damage induced through CHC in Bel7402/5-FU cells by testing the phosphorylation of histone H2AX, which was utilized as a DNA damage marker. After incubating with vehicle or CHC for 72 h, the Bel7402/5-FU cells were lyzed and specific antibodies were used to analyze H2AX (S139ph) expression levels by western blotting. Figure 8 shows that CHC induced the expression of phosphorylated H2AX in Bel7402/5-FU cells in a dosage-dependent manner, and the expression levels were higher than those observed in the SAHA and harmine groups. These results implied that hybrid CHC could induce DNA damage.
[image: Figure 8]FIGURE 8 | Expression of DNA damage marker H2AX (A) Western blotting results showing the H2AX expression levels in Bel7402/5-FU cells after treatment with CHC, SAHA, or harmine; (B) The relative expression levels of H2AX protein were quantitatively analyzed using an internal reference β-actin, and the data (mean ± SD) were from three separate experiments. *p < 0.01 vs. control.
CHC Induces G2/M Cell Cycle Arrest
To investigate whether induction of cell cycle arrest contributes to the anti-proliferative potency of CHC, we induced G2/M cell cycle arrest by flow cytometry. After incubating Bel7402/5-FU cells with CHC and SAHA separately at various concentrations for 72 h, changes in cell cycle distribution were analyzed by ﬂow cytometry (Figure 9). Compared to the control group, the percentage of cells at the G2/M phase increased in the CHC-treated group, while those in other phases decreased proportionately (Figure 9A). CHC significantly induced cell cycle arrest at the G2/M phase in a dose-dependent manner, which is similar to the effect of harmine (Liu et al., 2016). However, the ratio of cells in the G2/M phase after treatment with CHC at dosages of 2.0 and 5.0 μM were significantly higher than that of SAHA at 5.0 μM.
[image: Figure 9]FIGURE 9 | CHC caused G2/M arrest in Bel7402/5-FU cells (A) Bel7402/5-FU cells were treated with CHC at different concentrations (0, 2.0, and 5.0 μM) for 72 h; (B) Quantification of cell distribution per phase. Values (mean ± SD) were obtained from three separate experiments. *p < 0.01 vs. control.
The activity of cyclin B and CDK1, which plays an important role in regulating the cell cycle, could contribute to G2/M transition (Roskoski, 2016). We next evaluated changes in the expression of cyclin B/CDK1 after CHC treatment to further investigate the mechanisms of G2/M phase arrest caused by CHC. The Bel7402/5-FU cells were treated with vehicle, SAHA (5.0 μM), or CHC (2.0 and 5.0 μM) for 72 h. Immunoblotting was performed to evaluate the expression of cyclin B and CDK1, with β-actin as loading control. Figure 10 shows that CHC downregulated the expression of cyclin B and CDK1 in Bel7402/5-FU cells, which similar is similar to that observed with harmine (Liu et al., 2016). These results clearly implied that CHC effectively induces Bel7402/5-FU cells into G2/M arrest and serves as the mechanism underlying their anti-proliferative potency.
[image: Figure 10]FIGURE 10 | (A) Western blotting showing the expression levels of cyclin B1 and CDK1 in Bel7402/5-FU cells after treatment with CHC or SAHA treated and using β-actin as loading control (B) Quantitative analysis. Values (mean ± SD) were obtained from three separate experiments. *p < 0.01 vs. control.
In vivo Anti-Cancer Efficacy of CHC
Finally, to assess the in vivo antitumor effects of CHC, four BALB/c nude mouse groups were subcutaneously inoculated with Bel7402/5-FU cells. After establishing a xenograft mouse model, these tumor-bearing mice were intraperitoneally injected with saline, CHC, or SAHA for 21 days. The body mass and tumor volume were measured every three days. Figure 11 shows sustainable tumor growth after treatment with saline. However, intraperitoneal treatment of CHC markedly diminished xenograft hepatic tumor volume. Treatment with CHC at the same dosage showed an almost significant anti-tumor effect compared to the SAHA group, i.e., CHC exhibited a more significant decrease in tumor size after CHC treatment. The tumor mass (0.51 ± 0.08 g) in mice treated with CHC at 70 μmol/kg decreased by 65% (w/w) compared to the saline groups (1.47 ± 0.21 g), and the weight of tumor was 0.76 ± 0.11 g in the SAHA group (48%) with 70 μmol/kg CHC. However, no significant statistical difference in body mass change between the CHC-treated and vehicle groups was observed. These findings implied that CHC possesses remarkable inhibitory potency against hepatic tumor growth in vivo.
[image: Figure 11]FIGURE 11 | The antitumor effects of CHC on Bel7402/5-FU xenografts in nude mice (A) After establishing xenograft mouse model, changes in tumor volume in tumor-bearing mice treated with saline, SAHA, or CHC at the indicated dosages were monitored for 21 days; (B) Tumor weight was measured at the end of the treatment. Data (means ± SD) were from tumor volumes or weight of each group of mice (n = 6 per group). *p < 0.01 vs. control group.
DISCUSSION
Natural products have become an abundant resource for integral compounds for drug discovery, and currently about 25% of clinical drugs originated from natural plants, whereas some others are synthetic analogs coming from prototype compounds derived from same method (Harvey et al., 2015; Yuan et al., 2017). Naturally occurring β-carbolines are indole alkaloids with a planar tricyclic 9H-pyrido [3,4-b] indole skeleton that have been proven to possess a variety of anticancer activities, including insertion into DNA, inhibition of CDK and topoisomerase activities, and antiangiogenesis effects (Cao et al., 2007; Carvalho et al., 2017; Kovvuri et al., 2018). Here, we used a hybrid design strategy that combines two or more active drugs to target multiple signaling pathways and thus improve therapeutic efficacies (Musso et al., 2015; Kucuksayan and Ozben, 2017). HDACs are promising candidates of hybrid molecules because of their capability to target cancer, which has been clinically validated (Kerru et al., 2017). To this end, we introduced the β-carboline skeleton to the N-hydroxyacrylamide functionality, which is an important active fragment of HDACIs, and many approved HDACIs contain N-Hydroxyacrylamide fragments such as belinostat (PXD101) and panobinostat (LBH589). Therefore, we designed and synthesized the novel β-carboline/N-hydroxyacrylamide hybrid CHC and investigated its antitumor activities and related mechanisms in multiple cancer cell lines.
CHC synthesis involved hydroxylamination. The concentration of NH2OK and water content in this reaction could affect the yield of CHC and generate byproducts. For example, if the water content is high, then many hydrolysates cinnamic acid derivatives are produced. Furthermore, because NH2OK is a strong nucleophilic reagent, NH2OK readily reacts with acrylic acid to produce another byproduct via the Michael addition reaction, when the concentration of NH2OK or the temperature of reaction is high. Therefore, the final step had the extremely low yield. Considering these disadvantages, we applied other methods to conduct hydroxylamination reaction wherein O-(oxan-2-yl)hydroxylamine reacted with carboxylic acid and was deprotected by TFA afterward. Compared to the previous method, although the synthetic route entailed the addition of two steps, each step of the CHC synthesis resulted in high yield.
Notably, CHC had promising cytotoxicity potency against drug-sensitive SUMM-7721, Huh7, HCT116, and Bel7402 cells and drug-resistant Bel7402/5FU cells with IC50 values ranging from 1.84 to 3.27 μM, whereas the IC50 values of FDA-approved HDACI SAHA (4.72–9.83 µM) were two-to four-fold weaker than CHC. Therefore, the hybrid CHC developed here that exhibited significant potency in drug-sensitive and drug-resistant cells may be used in a combinatorial fashion to impart synergistic effects between the beta-carboline component and HDACI active moiety N-hydroxyacrylamide. Recent findings have shown that HDACi increases the cytotoxicity potency of 5-FU (Okada et al., 2016; Minegaki et al., 2018) using mechanisms such as thymidylate synthase (TS) downregulation in human cancer cells, upregulation of major histocompatibility complex (MHC) class II and p21 (CDKNIA) genes, and apoptosis induction by activating caspase-3/7. Additionally, CUDC-907, which is a dual HDAC and PI3K inhibitor, can enhance anticancer effects in HCC cells when combined with 5-FU (Hamam et al., 2017). More interestingly, CHC had lower anticancer potency on normal hepatic cells LO2 (Figure 3), showing that CHC selectively inhibits tumor cell proliferation.
Our HDAC inhibition assay in vitro showed that CHC exhibited HDAC1 and HDAC6 inhibitory selectivity. Compared to compound SAHA, CHC is five to eight-fold more efficiency in inhibiting HDAC1 and HDAC6. Previous reports have shown that the active moiety N-hydroxyacrylamide may result in selectivity of CHC for HDAC1/6, which not only undergo bi-chelation with its hydroxamic acid structure at the active Zn2+ binding site, but also can insert its vinyl benzene group into the two parallel phenylalanine residues of HDAC1/6 via π−π interactions, which have been described as sandwich-like (Paris et al., 2008). Moreover, this cap structure (β-carboline) may result in selectivity for HDAC1/6. Because loops of the cap area of HDAC1 and HDAC6 show flexibility, polyaromatics consisting of an N atom as cap moiety including quinazolines or β-carbolines may possess surface grooves and come into contact with amino acid residues on the external surface of HDACs (Chen et al., 2019).
Apoptosis is a form of programmed cell death and is responsible for the turnover and degradation of organelles or proteins in cells and organisms (Ludwig et al., 2016). HDACIs have been suggested to induce tumor cell apoptosis via extrinsic (death receptors on the cell surface) or intrinsic (mitochondria) pathways, which involve the regulation of pro-apoptotic caspase-3/8 as well as anti-apoptotic Bcl-2 superfamily proteins (Kang et al., 2017). In this study, CHC exhibited higher anticancer efficiency in Bel7402/5FU cells than SAHA in a dose-dependent manner by regulating Bax, Bcl-2, and caspase-3 (apoptotic proteins) expression.
Cell cycle checkpoints are vital command mechanisms that ensure that each cell cycle phase has been completed before entering the next phase to ensure high-fidelity cell division. In particular, when DNA is damaged, the G2 checkpoint would stop cells from entering the mitotic cell cycle, thereby allowing the repair to prevent the proliferation of damaged cells (Kastan and Bartek, 2004; Asghar et al., 2015). Flow cytometric analysis suggested that CHC increased the ratio of Bel7402/5-FU cells in the G2/M transition and reduced those in the G0/G1 and S phases. Western blotting showed that CHC enhanced the accumulation and activation of cycle regulator cyclin B1, which is related to G2/M phase. The CDK1/cyclin B1 complex plays a key role in increasing the number of cells in G2/M transition, which is supported by our observations that CHC induces DNA damage in Bel7402/5-FU cells.
CONCLUSION
In summary, we describe a novel compound CHC, which is a β-carboline/N-hydroxyacrylamide hybrid, and evaluate its biological activities in vitro using various assays. CHC displayed selective anti-proliferation potency on tumor cells but not normal LO2 cells as well as exhibited HDAC1/6 suppression effects. More importantly, CHC also showed high anti-proliferation efficiency against five different human cancer cells, including drug-sensitive SUMM-7721, Bel7402, Huh7, and HCT116, and drug-resistant Bel7402/5FU cells. Furthermore, CHC also accumulated acetylated α-tubulin and acetylated histones to ensure their HDAC inhibitory efficiencies. Additionally, CHC also showed higher efficiencies in causing apoptosis of Bel7402/5FU cells than SAHA by promoting the expression of Bax as well as cleaved caspase-3 proteins. Moreover, CHC caused cell cycle arrest of Bel7402/5FU cells by promoting the expression of CDK1 and cyclin B, which was more significant than SAHA-treated groups. Finally, CHC demonstrated high tumor growth inhibitory potency in vivo. In summary, the results of a series of assays suggest that the compound CHC, which is a novel β-carboline/N-hydroxyacrylamide hybrid, may be potentially used in the treatment of human cancer, including multidrug-resistant cells.
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Objective: Relapsed hepatoblastoma (HBL) and upfront hepatocellular carcinoma (HCC) are notoriously chemoresistant tumors associated with poor outcomes. Gankyrin (Gank) is a known oncogene that is overexpressed in pediatric liver cancer and implicated in chemo-resistance. The goal of this study was to evaluate if the Gank-tumor suppressor axis is activated in chemoresistant hepatoblastoma patients and examine if an inhibitor of Gank, Cjoc42, might improve the chemosensitivity of cancer cells.
Methods: Expression of Gank and its downstream targets were examined in fresh human HBL samples using immunostaining, QRT-PCR, and Western Blot. Cancer cells, Huh6 (human HBL) and Hepa1c1c7 (mouse HCC) were treated with Cjoc42 and with Cjoc42 in combination with cisplatin or doxorubicin. Cell proliferation, apoptosis, and chemoresistance were examined. To examine activities of Cjoc42 in vivo, mice were treated with different doses of Cjoc42, and biological activities of Gank and cytotoxicity of Cjoc42 were tested.
Results: Elevation of Gank and Gank-mediated elimination of TSPs are observed in patients with minimal necrosis after chemotherapy and relapsed disease. The treatment of Huh6 and Hepa1c1c7 with Cjoc42 was not cytotoxic; however, in combination with cisplatin or doxorubicin, Cjoc42 caused a significant increase in cytotoxicity compared to chemotherapy alone with increased apoptosis. Examination of Cjoc42 in WT mice showed that Cjoc42 is well tolerated without systemic toxicity, and levels of tumor suppressors CUGBP1, Rb, p53, C/EBPα, and HNF4α are increased by blocking their Gank-dependent degradation.
Conclusions: Our work shows that Cjoc42 might be a promising adjunct to chemotherapy for the treatment of severe pediatric liver cancer and presents mechanisms by which Cjoc42 increases chemo-sensitivity.
Keywords: hepatoblastoma (HBL), cjoc42, tumor suppressors, oncogene, liver cancer
INTRODUCTION
Hepatoblastoma (HBL) is the most common primary pediatric hepatic malignancy (Aronson and Meyer, 2016). Treatment strategies have evolved significantly over the last 25 years with better outcomes achieved by cisplatin-based chemotherapy regimens, however, 30% of patients will eventually relapse or succumb to the disease due to chemoresistance (Hiyama, 2014; Czauderna and Garbier, 2018). The use of targeted therapies based on tumor biology may improve treatment and survival. Preliminary work identified Gankyrin (Gank) as one of the key molecules elevated in HBL leading to tumor growth by triggering degradation of tumor suppressor proteins (TSPs) Rb, p53, C/EBPα, HNF4α, and CUGBP1 (Lewis et al., 2017; Cast et al., 2018; D’Souza et al., 2018; Valanejad et al., 2018). Intensive investigations of Gank have also identified multiple pathways by which this oncogene might promote liver cancer (Timchenko and Lewis, 2015). These pathways include the elimination of tumor suppressors (Wang et al., 2010; D’Souza et al., 2018; Valanejad et al., 2018; Higashitsuji et al., 2000; Dawson, 2008) activation of beta-catenin/WNT signaling (He et al., 2016; Liu et al., 2019), and activation of stem-cell markers and several key liver cancer-related genes such as OCT4 and c-myc (Qian et al., 2012; Valanejad et al., 2017; Liu et al., 2019). Several investigators recently showed that Gank activates liver proliferation in animal models and patients with non-alcoholic fatty liver disease (NAFLD) (Huang et al., 2017; Sakurai et al., 2017). Gank also degrades TSPs in different liver diseases leading to increased liver proliferation and development of liver cancer, NAFLD, and fibrosis (Lewis et al., 2017; Nguyen et al., 2018; Cast et al., 2019).
Gank has been shown to be linked to chemoresistance in several different types of malignancies (Song et al., 2013; Sakurai et al., 2017; Zamani et al., 2017; Li et al., 2018). Additionally, inhibition of Gank has been shown to reduce cell proliferation and has been suggested as a potential target for tumor therapy (Song et al., 2013; Zamani et al., 2017; Li et al., 2018; Sun et al., 2018). Cjoc42 is a small molecule binder of Gank (Chattopadhyay et al., 2016). This compound inhibits the ability of Gank to interact with other proteins, including TSPs, and leads to reduced liver cancer cell proliferation in vitro (D’Souza et al., 2018). Since many aggressive cases of HBL are characterized by strong activation of Gank-TSP pathways, presented herein, we undertook a further investigation in the pharmacologic modulation of these pathways. We demonstrate that many cases of hepatoblastoma have a strong activation of the Gank-TSPs pathway and that Cjoc42 enhances the cytotoxicity of traditional chemotherapeutic agents used in pediatric liver cancer. Cjoc42 appears to be safe and tolerable in mice in doses that are sufficient to protect TSPs from Gank-mediated degradation. Our data suggests that Cjoc42 might be a promising adjunctive treatment for children with chemoresistant liver cancer.
MATERIALS AND METHODS
Animals
Experiments with animals were approved by the Institutional Animal Care and Use Committee at Cincinnati Children’s Hospital (protocol IACUC2014-0042). Wild type (C57BL) mice were utilized for Cjoc42 toxicity studies.
Immunohistochemistry
Liver sections were fixed overnight in 4% PFA, embedded in paraffin, and sectioned (6 µm sections). IHC for Gank (Sugnam WH0005716M1) was completed on 10 hepatoblastoma samples. The sections were scored independently by three observers based on both the proportion of positively stained tumor cells and the intensity of staining. Three fields were examined per patient at 10x magnification. The proportion of positive tumor cells was scored as follows: 0, no positive tumor cells; 1, < 10%; 2, 10%–35%; 3, 35%–75%; 4, > 75%. The intensity of staining was graded according to the following criteria: 1, no staining; 2, weak staining (light yellow); 3, moderate staining (yellow-brown); 4, strong staining (brown). The degree of Gank immunostaining was defined as the proportion score multiplied by the staining intensity score, with SI ≥ 8 was defined as high Gank expression, and SI < 8 was defined as low Gank expression.
Clinical and histological data on pediatric hepatoblastoma patients
After IRB approval, clinical and histological data were collected by a clinician (AMD) using the electronic medical record system. Histology and % necrosis were obtained from pathology reports. Chemoresistance was defined as < or = 50% necrosis at the time of resection. Relapse was defined as recurrence after being in radiographic and clinical remission.
Cjoc42 and chemotherapy studies in cancer cell lines
Cjoc42 was synthesized as previously described and confirmed by mass spectrometry (Chattopadhyay et al., 2016; D’Souza et al., 2018). Supplemental figure S1 shows HNMR spectra of Cjoc-42 used in these studies. The figure shows chemical shifts and integration values match the ones reported in the original publication of the synthesis and properties of Cjoc-42 (Chattopadhyay et al., 2016). Cjoc42 was dissolved in 100% DMSO and then diluted in 0.9% normal saline (NS) to a final concentration of 0.1% DMSO. Cisplatin (1 mg/mL; Fresenius Kabi) and Doxorubicin (2 mg/mL; Pfizer) were diluted in 0.9% NS to concentrations amenable to the treatment of cell lines. Huh6 cells were kindly gifted by Dimiter-Karl Bissig in March 2017. Cells were authenticated by the provider before transfer to the lab. Hepa1c1c7 cells were purchased from the European Collection of Authenticated Cultures (ECACC #95090613) in September 2016. The Hepa1c1c7 cells were authenticated by ECACC prior to submission. Huh6 cells were grown in Dulbecco’s Modified Eagle Medium (Fisher) and Hepa1c1c7 were grown in αMEM + GlutaMAX without nucleosides (Fisher). All media were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were treated with cisplatin alone, doxorubicin alone, or chemotherapy plus 1, 5, and 10 µM of Cjoc42 at a final dilution of 0.1% DMSO for 48–72 h.
TUNEL Assay (Abcam, ab66108) was conducted on untreated Huh6 cells, cells treated with cisplatin, cells treated with Cjoc42, and cells treated with cisplatin and Cjoc42 as described above. Control and treated Huh6 cells were collected after 48 h of treatment. Following treatment, cells were harvested and fixed in 1% paraformaldehyde. Cells were re-suspended in the DNA Labeling Solution consisting of Reaction Buffer, TdT Enzyme, FITC-dUTP, and ddH20 and incubated in the DNA Labeling solution for 60 min at 37°C. Cells were counterstained with Propidium Iodide/RNase A. Four to five randomly selected and non-overlapping fields were imaged on a Nikon A1 Inverted confocal microscope to observe results.
Real-Time Quantitative Reverse Transcriptase-PCR
Total RNA was isolated from mouse and human livers using RNeasy Plus mini kit (Qiagen). cDNA was synthesized with 2 µg of total RNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). cDNA was diluted five times and subsequently used for RT-PCR assays with the TaqMan Gene Expression system (Applied Biosystems). Gene expression analysis was performed using the TaqMan universal PCR Master Mix (Applied Biosystems) according to instruction. The cycling profile was 50°C for 2 min, 95° for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min as recommended by the manufacturer. TaqMan probe mixtures were purchased from ThermoFisher. The following probes were used: CUGBP1 (CELF1), Mm04279608_m1; C/EBPα, Mm01265914_s1; HNF4α, Mm01247712_m1; TP53, Mm01731290_g1; Rb1, Mm00485586_m1; cdc2(cdk1), Mm01149140_m; Caspase 6, Mm00438053_m1; ORM2, Mm04213463_g1; Human: BAX, Hs00180269_m1; TP53, Hs01034249_m1; ORM2, Hs01037491_m1; CYP3A4, Hs00604506_m1; Gankyrin (PSMD10), Hs01100439_g1. Levels of all mRNAs were normalized to β-actin.
Protein Isolation, Western Blotting, Co-Immunoprecipitation
Nuclear and cytoplasmic extracts were prepared as previously described (Valanejad et al., 2017; Cast et al., 2018; D’Souza et al., 2018). Lysates (50 µg) were loaded on to 4–20% gradient gels (Bio-Rad) and transferred to nitrocellulose membranes (Bio-Rad). Membranes were probed with corresponding antibodies. Co-immunoprecipitations were performed using an improved True blot protocol as previously described (Valanejad et al., 2017; Cast et al., 2018; D’Souza et al., 2018; Cast et al., 2019). The following antibodies were used: CUGBP1 (Santa Cruz; sc-20003), C/EBPα (Santa Cruz; sc-61), Gank (Cell Signaling Technologies; 12985 S), HNF4α (Perseus Proteomics; PP-K9218-00), Rb (Santa Cruz; sc-50), p53 (sc-6243); β-actin (Sigma; A5316), cdc2 (Santa Cruz; sc-954). Whole gel images of all Western blots are shown in Supplemental Figures S7–12.
Proliferation Assay
Huh6 and Hepa1c1c7 cells were seeded in 96-well plates at 5.0 × 104. Images were taken at 24 h after seeding prior to treatment. Cells were treated with cisplatin and increasing concentrations of Cjoc42 (1, 5, or 10 µM) and at 48 h post-treatment, media was removed and cells were washed with 1x PBS. As per the CyQUANT Cell Proliferation Assay Kit (Invitrogen MP07026), 200 µL CyQUANT GR dye/cell lysis buffer was added to each well and incubated for 2–5 min at room temperature, protected from light. Each experiment had six to eight repeats per treatment and was repeated twice.
Cell Culture and Cytotoxicity Assay
Huh6 and Hepa1c1c7 cells were seeded in 96-well plates at 8.0 × 104. Images were taken at 24 h after seeding prior to treatment. Cells were treated with cisplatin or doxorubicin and increasing concentrations of Cjoc42 (1, 5, or 10 µM). At 48 h post-treatment, 10 µL of CCK-8 was added, as per the Cell Counting Kit-8 (Sigma-Aldrich 96992). Fluorescence was measured using a fluorescence plate reader at 450 nm. Each experiment had six to eight repeats per treatment and was repeated twice.
Administration of Cjoc42 to Mice
Cjoc42 was dissolved in 100% DMSO. After DMSO sonication, Cjoc42 was diluted in 0.9% NS to a final DMSO concentration of 0.1%. For the mouse toxicity study, we have used 5 WT mice (males) treated with Cjoc42 and 5 WT untreated mice (males). For the studies of the stability of TSPs in mice treated with different doses of Cjoc42, we used eight animals (males) per each dose (including control DMSO-treated mice). In all studies, we have used 2-4-month-old mice. A single intraperitoneal injection was given at doses ranging from 0.1 mg/kg to 1 mg/kg (Day 1). Mice were harvested 72 h later (Day 4) with the collection of serum, liver, spleen, and kidney. Eight mice were used per group.
Statistical Analysis
All values are presented as means ± standard error of the mean (SEM). An unpaired student t-test was applied for comparison of normally distributed data. Two way ANOVA analysis was utilized with a Bonferroni test for multiple comparisons between different time points if the p-value was < 0.05. Statistical significance was defined as: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001, **** p < 0.0001. In instances where multiple single group comparisons were done within one experiment, the symbols “#” and “$” were utilized to differentiate the comparison group. All statistical analysis was done using GraphPad Prism 6.0.
RESULTS
Elevation of Gankyrin is observed in hepatoblastoma samples with advanced disease
Our previous studies with a repository of frozen hepatoblastoma samples (51 samples) showed that Gank was 3-5-fold elevated in the majority of HBL samples (Valanejad et al., 2017; Lewis et al., 2017). However, these studies did not investigate intracellular localization of Gank in hepatoblastoma samples, nor correlate findings with clinical tumor aggressiveness. Therefore, we addressed these issues using 10 fresh samples of HBL that were available in amounts sufficient for these studies. Table 1 shows the main pathological characteristics of these patients. All patients had stage 3 or 4 disease and received pre-operative chemotherapy. Four patients had relapsed disease. Histology varied significantly and included fetal, pleomorphic, embryonal, anaplastic, and small cell undifferentiated. There was also variability in percent necrosis seen at the time of resection. The majority of patients had a reduction in alpha-fetoprotein (AFP) between diagnosis and the time of resection, although serial dilution was not done in two patients, making it impossible to know the precise percent reduction. Five patients achieved remission and remain alive. One patient relapsed twice (samples #5 and #17), and three additional patients relapsed as well. All patients with relapsed disease eventually succumbed to the disease. We performed QRT-PCR on 8/10 HBL samples and found an elevation of Gank in six patients’ tumors, while two patients’ tumors showed no elevation (Supplemental Figure S2). This number is consistent with frequency of Gank elevation previously determined by examination of a large biobank (51 HBL samples), in which we found that over 80% patients have elevated levels of Gank (D’Souza et al., 2018). In the fresh bio bank, one patient with low Gank expression had minimal necrosis, relapsed, and eventually died from the disease (Pt #7). The other patient had 50% necrosis with a good reduction in AFP and remains in remission (Pt #14). Unfortunately, we did not have pre-treated specimens from these patients to assess Gank expression at diagnosis.
TABLE 1 | Clinical-pathological data for nine fresh samples from pediatric patients with hepatoblastoma.
[image: Table 1]The biological activity of Gank in our HBL specimens was next assessed by measuring levels of its downstream targets i.e., tumor suppressor proteins (TSPs). Figure 1B shows the results of these studies with five HBL and three background samples. The elevation of Gank in HBL leads to a significant reduction of examined TSPs. Calculations of protein levels as ratios to β -actin revealed 3-5 fold reduction of HNF4α, CUGBP1, Rb, and p53. Levels of mRNAs were not changed significantly (data not shown) strongly suggesting that these TSPs are degraded by Gank. Background sections and a negative HBL sample (based on QRT-PCR results) had weak Gank staining; while six Gank-positive HBL showed a dramatic elevation of Gank staining across entire tumor regions (Figure 1C, D). In “Gank negative” samples, weak Gank signals are observed mainly in the cytoplasm; however, “Gank-positive” HBL samples contain Gank in nuclei and cytoplasm (Figure 1C). Since the precise nuclear quantitation of Gankyrin in immunostaining assay is difficult, we performed this calculation using Western blotting with protein extracts. We found that in background sections Gank/β-actin ratios are between 0.1–0.2; while in nuclear extracts from tumor sections, these ratios are between 1.3–1.7 (Figures 1B,C) showing a ten-fold and higher elevation of Gank in nuclei of patients with HBL. The highest total levels of Gank-immunostaining are observed in patients with relapsed HBL, in patients with highly proliferative tumors (that have high mitosis) and in patients who have steatosis (Figure 1D). This, in combination with data from 51 frozen HBL samples from a previous study (Valanejad et al., 2017), supports that a nuclear increase in Gank is commonly seen in HBL and leads to a decrease in TSPs. In regard to clinical correlation, while poor outcomes were found in patients with Gank overexpression, there were other, but rare, patients with high expression who achieved remission. Therefore, we should be careful with consideration of the levels of Gank expression as a prediction for the no response to therapy, risk for relapse, and outcome.
[image: Figure 1]FIGURE 1 | Gank-TSPs pathway is activated in the majority of hepatoblastoma samples that are characterized by chemo-resistance and by severe disease. (A) Western blotting analysis of expression of Gank and TSPs in nuclear extracts of background regions, Gank negative (#14), and Gank positive HBLs. (B) Bar graphs show quantitation of protein levels as ratios to β-actin. (C) Gank immunohistochemistry for patients with Gank overexpression compared to patients with no Gank overexpression. The elevated Gank is observed in nuclei of HBL patients. Arrows show nuclear Gank. (D) Examples of Gank staining in HBL samples with other pathological abnormalities. Arrows show mitotic figures in sample 10 and fat droplets in sample 3.
Combined treatment of cancer cell lines with Cjoc42 and cisplatin leads to reduced proliferation compared to monotherapy
Given the increased Gank in patients with HBL (Figure 1), we asked if the inhibition of Gank might reduce the chemoresistance of cancer cells. Huh6 and Hepa1c1c7 cells were treated with DMSO (Control), Cjoc42 5 μM, Cisplatin 1 µg/mL, or with a combination of Cisplatin 1 µg/mL and Cjoc42 1 µM or 5 µM. We found a statistically significant reduction in proliferation of Huh6 cells when comparing cisplatin 1 µg/mL to cisplatin + Cjoc42 1 µM or cisplatin + Cjoc42 5 µM (Figure 2A). Figure 2B presents typical images of the treated cells and illustrates the reduction in the number and size of clusters of Huh6 cells. QRT-PCR demonstrated a statistically significant increase in apoptotic proteins Bax and TP53. Combination treatment also lead to an increase in mature hepatocyte markers ORM2 and CYP3A4 (Figure 2C). Hepa1c1c7 cells treated with similar combinations of Cjoc42 and cisplatin revealed a stronger effect on proliferation than by either agent alone (Figure 2D). Overall, combination treatment with cjoc42 and cisplatin resulted in a strong inhibition of proliferation compared to cisplatin alone.
[image: Figure 2]FIGURE 2 | Combination treatment of cancer cell lines with Cjoc42 and cisplatin leads to stronger inhibition of proliferation compared to monotherapy. (A) Proliferation assay in Huh6 cells treated with Cjoc42 alone, cisplatin alone, or a combination of Cjoc42 and cisplatin. D0 shows the number of cells at the time of plating. Statistically significant reduction in proliferation is seen when comparing control to Cjoc42 5 µM (p < 0.0001), control to cisplatin 1 µg/mL (p < 0.02), cisplatin 1 µg/mL to cisplatin + Cjoc42 1 µM (p < 0.0001), and cisplatin 1 µg/mL to cisplatin + Cjoc42 5 µM (p < 0.0001). (B) Microscope pictures at 20x magnification show a reduction in number and cluster of Huh6 cells when treated with cisplatin and increasing concentrations of Cjoc42. (C) QRT-PCR data in Huh6 treated cells shows an increase in apoptotic markers Bax and TP53 with concomitant treatment as well as an increase in mature hepatocyte markers ORM2 and CYP3A4. (D) Proliferation assay in Hepa1c1c7 cells treated with Cjoc42 alone, cisplatin alone, or a combination of Cjoc42 and cisplatin. Statistically significant reduction in proliferation is seen when comparing control to cisplatin 1 µg/mL (p < 0.0001), cisplatin 1 µg/mL to cisplatin + Cjoc42 1 µM (p < 0.0001), cisplatin 1 µg/mL to cisplatin + Cjoc42 5 µM (p < 0.0001), and cisplatin + Cjoc42 1 µM to cisplatin + Cjoc42 5 µM (p < 0.008). (E) Left: Cytotoxicity Assay with cisplatin 1 μg/mL and increasing concentrations of Cjoc42 (1 μM, 5 μM, and 10 µM) in Huh6 cells. Right: Cytotoxicity Assay with cisplatin 1 µg/mL and increasing concentrations of Cjoc42 (1 μM, 5 μM, and 10 µM) in Hepa1c1c7 cells. A statistically significant difference was seen in cell viability between cisplatin 0.5 µg/mL or 1 µg/mL dose alone vs. in combination with Cjoc42 10 µM (p < 0.01 and p < 0.04, respectively. (F) Western blot analysis of Huh6 cells treated with cisplatin 1 µg/mL and increasing concentrations of Cjoc42. (G) Western blot analysis of Hepa1c1c7 cells treated with cisplatin 1 µg/mL and increasing concentrations of Cjoc42. A statistically significant difference was seen in cell viability between cisplatin 0.5 µg/mL or 1 µg/mL dose alone vs. in combination with Cjoc42 10 µM (p < 0.01 and p < 0.04, respectively). (H) A statistically significant difference in Bcl2 is seen comparing control cells to Cjoc42 5 µM (p < 0.03). (I) TUNEL assay of Huh6 cells treated with Cjoc42 (5 µM), cisplatin (1 µg/mL), and with combination cisplatin plus Cjoc42. The upper panel shows typical microscope pictures of the same cells before staining. White arrow shows a big colony of untreated Huh6 cells, black arrows show small colonies in treated cells. Bottom images show the merge of the staining with Propidium Iodide/RNase A (red) and FITC-dUTP (green).
The combination therapy of cisplatin and Cjoc42 resulted in the enhanced cytotoxicity
Next, we examined the effects of the combined treatments on cytotoxicity. Because the differences seen by proliferation assay were between cisplatin and cisplatin in combination with cjoc42, we focused our cytotoxicity analysis there. We found a modest reduction in cell viability in Huh6 cells with the addition of Cjoc42 compared to cisplatin alone, which was not statistically significant (Figure 2E). A statistically significant increase in cytotoxicity was evident in Hepa1c1c7 cells treated with cisplatin 1 µg/mL and Cjoc42 10 µM compared to cisplatin 1 µg/mL alone (Figure 2E). The difference in the sensitivity of Huh6 and Hepa1c1c7 cells on combination treatments might be related to different origin of these cancer cells. Levels of Gank were not affected by Cjoc42 (Figure 2F). Of note, minimal cytotoxicity was seen in Huh6 cells or Hepa1c1c7 cells treated with Cjoc42 alone (Supplemental Figure S3). Western blotting analysis of Hepa1c1c7 cells showed a statistically significant increase in Bcl2 in cells treated with Cjoc42 5 µM compared to control cells (Figure 2G,H). We found a similar increase of Bcl2 between Hepa1c1c7 cells treated with cisplatin with Cjoc42 5 µM compared to cisplatin alone; however, this was not statistically different. We next performed a TUNEL assay. The Huh6 cells grow as colonies with increased numbers of cells per colony and by forming clusters. We found apoptotic cells within clusters of each experimental group. The untreated Huh6 cells have a low, but detectable level of apoptotic cells, while treatment with Cjoc42 and cisplatin alone increase numbers of the apoptotic cells in the colonies. In cells with combined treatment, the number of apoptotic cells was increased compared to either agent alone (Figure 2I). Additional images of the TUNEL assay can be found in Supplemental Figures S4A–D. A significant portion of apoptotic Huh6 cells were detached from the plate, making precise quantitation difficult. Overall, these experiments suggest that combination treatment of liver cancer cell lines with cjoc42 and cisplatin leads to improved cytotoxicity by increased apoptosis.
Combination therapy of doxorubicin and Cjoc42 also shows enhanced cytotoxicity
Since another chemotherapeutic agent, doxorubicin, is frequently used for treatments of HBL patients, we next examined if a combination of Cjoc42 with doxorubicin might enhance cytotoxicity. In Huh6 and Hepa1c1c7 cells, a statistically significant reduction in cell viability was observed with combination therapy using higher doses of Cjoc42 (Figure 3A,B, respectively). Microscope pictures of both Huh6 (Figure 3C) and Hepa1c1c7 (Supplemental Figure S5) cells show a visible reduction in the number of cells that are treated with doxorubicin in combination with increasing concentrations of Cjoc42. Apoptotic marker Caspase six and mature hepatocyte marker ORM2 was increased in Hepa1c1c7 cells treated with doxorubicin + Cjoc42 1 µM compared to doxorubicin alone by QRT-PCR (Figure 3D). Additionally, Western blotting showed that there was a statistically significant increase in BCL-2 expression in Hepa1c1c7 cells treated with doxorubicin 0.1 µg/mL + Cjoc42 5 µM compared to treatments with doxorubicin alone (Figure 3E,F). Since Gank triggers the degradation of tumor suppressor proteins in patients with HBL (Figure 1B), we examined if this activity of Gank is inhibited in Huh6 cells treated by doxorubicin and cjoc42. By co-immunoprecipitation (Co-IP), we observed that combination treatment reduces the interactions of Gank with C/EBPα, Rb, p53, and CUGBP1 (Figure 3G) and increases levels of TSPs (Figure 3H) compared to no treatment. Altogether, this suggests that combining Cjoc42 and doxorubicin leads to reduced cell viability and increased apoptosis of liver cancer cells due to inhibition of the Gank-dependent degradation of TSPs and elevation of their levels.
[image: Figure 3]FIGURE 3 | A combination therapy of doxorubicin and Cjoc42 enhances cytotoxicity. (A) Cytotoxicity Assay with doxorubicin (0.05, 0.1, and 0.2 µg/mL) and increasing concentrations of Cjoc42 (1, 5, and 10 µM) in Huh6 cells. (B) Cytotoxicity Assay with doxorubicin (0.1, 0.2, and 0.5 µg/mL) and increasing concentrations of Cjoc42 (1, 5, and 10 µM) in Hepa1c1c7 cells. (C) Microscope pictures at 20x showing reduction in size and number of clustered Huh6 cells when treated with doxorubicin 0.05 µg/mL and increasing concentrations of Cjoc42 compared to Cjoc42 or doxorubicin alone. (D) QRT-PCR data with Hepa1c1c7 cells treated with 1 µM Cjoc42 alone, Doxorubicin 0.1 µg/mL alone, or a combination of both. There was a statistically significant increase in expression of the apoptotic marker Casp6 with combination treatment (p < 0.05) and the mature hepatocyte marker ORM2 (p < 0.05). (E) Western blotting in Huh6 cells treated with Cjoc42 alone, doxorubicin 0.05 µg/mL, or a combination of doxorubicin and Cjoc42. (F) Bcl2 expression was calculated as a ratio to β-actin. Bcl2 is significantly higher in cells treated with doxorubicin 0.1 µg/mL and Cjoc42 5 µM compared to doxorubicin 0.05 µg/mL alone (p < 0.03). (G) Co-IP studies. Gank was immunoprecipitated from untreated Huh6 and from Huh6 cells treated with doxorubicin (0.05 µg/mL) and cjoc42 (5 µM). Tumor suppressor proteins were examined in these IPs. (H) Western blotting shows levels of tumor suppressor proteins in nuclear extracts of untreated and doxorubicin + cjoc42 treated Huh6 cells.
Cjoc42 is tolerable in mice
Although Cjoc42 had been examined in cultured cells, no prior studies had been done in mice. Therefore, we injected five wild type mice with a single intraperitoneal dose of Cjoc42 of 0.1 mg/kg, 0.25 mg/kg, 0.5 mg/kg, or 1 mg/kg. Mice were harvested 72 h later. All mice remained visibly healthy and mobile with stable weight (Supplemental Figures 6A,4B). Additionally, there were no differences in liver/body ratio, spleen weight, or kidney weight in all examined mice (N = 5, Supplemental figure S6C). Figure 4A demonstrates a normal gross examination of livers of mice treated with DMSO compared to Cjoc42 1 mg/kg. The liver function panel was also similar between both groups (Figure 4B). Immunohistochemistry analysis found no differences detected by H&E and Ki67 (Figure 4C,D). These studies revealed that the administration of Cjoc42 in a dose up to 1 mg/kg bodyweight does not cause toxic effects.
[image: Figure 4]FIGURE 4 | Toxicity study in mice shows that Cjoc42 is safe to administer. (A) Gross liver examination of three mice treated with DMSO and three mice treated with Cjoc42 1 mg/kg. No morphological differences were noted. (B) Serum hepatic parameters were analyzed with no differences seen between DMSO and Cjoc42 1 mg/kg treated mice. The serum was collected and analyzed on five mice in each group. (C, D) Histological examination of the livers of DMSO and Cjoc42 1 mg/kg treated mice at 10x magnification. Bottom images show images of regions of livers (boxed) under higher magnification. No differences were seen in H&E (C) and Ki67 (D) staining.
Cjoc42 stabilizes tumor suppressor proteins in mice by inhibition of their interactions with Gank
Next, we examined the biological activities of Cjoc42 in livers of injected mice. Since one of the key oncogenic activities of Gank is triggering degradation of tumor suppressor proteins C/EBPα, HNF4α, p53, Rb, and CUGBP1 (Valanejad et al., 2017; D’Souza et al., 2018), we examined if Cjoc42 will inhibit this activity of Gank. QRT-PCR demonstrated no significant differences in levels of CUGBP1, Rb, p53, C/EBPα, and HNF4α mRNAs. The levels of Gank mRNA and mRNA of proliferation marker cdc2 were also not changed (Figure 5A). However, we found a statistically significant increase in protein levels of CUGBP1, Rb, C/EBPα, p53, and HNF4α in the livers of mice treated with Cjoc42 at concentrations of 0.5 and 1 mg/kg compared to mice treated with DMSO. Note that all these TSPs are expressed in livers and are only partially degraded by Gank in quiescent livers. The significant portions of each TSP are resistant to Gank degradation due to post-translational modifications. For example, de-ph-S302-CUGBP1 is degraded by Gank, but ph-S302-CUGBP1 isoform does not interact with Gank and it is resistant to degradation (Lewis et al., 2017). Normalized to β-actin, p53, Rb, C/EBPα, HNF4α, and CUGBP1 were elevated 3-4 fold (Figure 5B,C). Interestingly, despite the elevation of total levels of Rb, the ph-780-Rb form was not increased in Cjoc42-treated mice compared to control DMSO-treated mice. Since non-phosphorylated Rb is a stronger tumor suppressor, the Cjoc42-mediated elevation of the de-ph-S780-Rb suggests that the liver might be more resistant to the development of cancer in Cjoc42-treated mice. Co-IP demonstrated reduced interactions of Gank with Rb, C/EBPα, CUGBP1, and HNF4α in Cjoc42 treated livers. In summary, we found that a single intraperitoneal injection of Cjoc42 is sufficient to block interactions of Gank with TSPs and to increase the levels of these proteins (Figure 5E).
[image: Figure 5]FIGURE 5 | Treatments of WT mice with Cjoc42 inhibit interactions of Gank with TSPs and increase levels of the TSPs. (A) QRT-PCR analysis shows no difference in the mRNA levels of TSPs CUGBP1, HNF4α, Rb, p53, C/EBPα, Gank, and cell cycle marker cdc2 between DMSO and Cjoc42 treated mice. (B) Western blot analysis of TSPs and Gank in mice with no injection, DMSO, or varying doses of Cjoc42 (0.1, 0.25, 0.5, and 1 mg/kg). (C) Quantitation of western blots for p53 (p < 0.0024), C/EBPα (p < 0.014), Rb (p > 0.05), CUGBP1 (p < 0.004) and HNF4α (p < 0.01) comparing DMSO to Cjoc42 1 mg/kg dose. (D) Co-IP studies with DMSO treated and Cjoc42 (1 mg/kg) treated mice. The upper image shows the results of Co-IP. The bottom image shows input (loading of proteins). IgG shows signals of heavy chains of immunoglobulins G added to the IP reactions. (E) The diagram summarizes the results of Cjoc42 treatments on the stability of TSPs in livers.
DISCUSSION
One common molecular feature of the development of pediatric and adult liver cancers is the elimination of TSPs. Growing evidence shows that proteolytic degradation of TSPs is one of the key pathways of this elimination (Bashir and Pagano, 2003; Hanahan and Weiberg, 2011; Jiang et al., 2013; Valanejad et al., 2017). The important questions in the development of Gank-based drugs for HBL are: 1) do patients with hepatoblastoma have activation of the Gank-TSPs pathway; 2) is the activation of this pathway in cancer a critical part of HBL pathophysiology; and 3) will the potential inhibition of this pathway by Cjoc42 have a beneficial outcome? Our work addressed these questions by investigations of 10 fresh HBL samples, which were collected in CCHMC within the last two years, and established cancer cell lines. We found that an elevation of Gank and almost complete degradation of the TSPs are observed in the majority of examined patient tumors. This is also consistent with what was found in 51 frozen HBL samples within our biorepository, which has previously been published (Valanejad et al., 2017). The elevation of protein levels of Gank is higher than the elevation of Gank mRNA (Supplemental Figure S1; Figure 1). This difference is likely to be associated with a very long half-life of the Gank protein which is around 800 h in primary hepatocytes (Mathieson et al., 2018). We also examined the utility of Gank immunostaining and demonstrated increased nuclear expression of Gank in the majority of samples. We did not find a clear correlation between Gank overexpression and tumor aggressiveness or outcome; however, this is likely due to small patient numbers.
For cytotoxicity studies, we selected two commonly used and well-investigated liver cancer cell lines, Huh6 (human hepatoblastoma) and Hepa1c1c7 (mouse HCC). Using cell proliferation assays and colony size by microscopy, we found that the combination of cjoc42 with cisplatin, as well as with doxorubicin, inhibits proliferation of cells more than chemotherapy alone (Figures 2, 3). This is likely in part due to rescue of tumor suppressor proteins seen with Cjoc42 treated cells (Figure 3G,H) as this provides a different mechanism for cell death than traditional cytotoxic chemotherapy. Mechanistically, the activation of the markers of apoptosis Bax, Bcl2 and TP53, as well as the TUNEL assay strongly suggest that the combined treatment lead to apoptotic death of the cancer cells and the selection of the “healthy”, hepatocyte-like cells since we found an increase of the mature hepatocyte markers ORM2 and CYP3A4 in cells with combined treatments. We have also found that there is a variability in cytotoxicity seen in Huh6 and Hepa1c1c7 cells. Although, this might be related to different origins of these cancer cells, our studies showed that overall, combined therapy enhances the cytotoxicity of chemotherapy. Examination of the ability of Gank to degrade tumor suppressors revealed that the combined doxorubicin + cjoc42 treatments of cancer cells stabilize tumor suppressors (Figure 3G,H). The doxorubicin + cjoc42-mediated increase of tumor suppressors might be involved in elevation of mature hepatocytes markers. Taking together our results, we think that cjoc42 might be considered as a therapeutic strategy to increase the cytotoxic effects of cisplatin and doxorubicin.
Since cjoc42 is a new compound with pharmacological potential, until now it had only been investigated in tissue culture systems. The previous studies showed that tumor suppressor proteins C/EBPα, HNF4α, Rb, p53 and CUGBP1 are abundant in quiescent liver and that their levels are controlled by Gank-dependent degradation (Lewis et al., 2017; Valanejad et al., 2017; Matheison et al., 2018; Valanejad et al., 2018). We found that, at doses 0.5–1 mg/kg, Cjoc42 inhibits the ability of Gank to degrade hepatic tumor suppressor proteins. This data also supports that the drug reached its target (i.e. the liver) and toxicity analysis demonstrated it was well tolerated. Our studies were focused on the Cjoc42-mediated change of Gank activities toward tumor suppressors; however, Gank also affects several additional pathways of liver cancer including NF-kB pathway (Li et al., 2018), β-catenin pathway (He et al., 2016; Liu et al., 2019). Gank also stabilizes stem cell markers such as Oct4 (Qian et al., 2012). We think that these additional pathways might be potentially inhibited by Cjoc42. Taking together our in vivo studies and these potential pathways, we believe that further investigations of Cjoc42 as a therapeutic agent for HBL through inhibition of Gank are warranted.
Given the frequency of Gank overexpression in HBL and clear evidence of its carcinogenic effects, Gank inhibition therapy might be considered for future clinical trials. It is important to note that as a single agent, Cjoc42 was not cytotoxic. However, use of Cjoc42 in combination with cisplatin or doxorubicin, which are frequently used in HBL, enhanced the cytotoxicity of chemotherapy. This exciting finding supports the consideration of combination treatment with a Gank inhibitor and chemotherapy as a way to enhance chemosensitivity in relapsed, refractory HBL. It is also important to note that recently the second generation of cjoc42-based inhibitors of Gank showed a stronger inhibition of cell proliferation (Kanabar et al., 2020) and might be considered for the further pre-clinical studies both as a single agent and in combination with chemotherapy.
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Doublecortin-like kinase 1 (DCLK1) is a cancer stem cell marker that is highly expressed in various types of human cancer, and a protein kinase target for cancer therapy that is attracting increasing interest. However, no drug candidates targeting DCLK1 kinase have been developed in clinical trials to date. XMD-17-51 was found herein to possess DCLK1 kinase inhibitory activities by cell-free enzymatic assay. In non-small cell lung carcinoma (NSCLC) cells, XMD-17-51 inhibited DCLK1 and cell proliferation, while DCLK1 overexpression impaired the anti-proliferative activity of XMD-17-51 in A549 cell lines. Consequently, XMD-17-51 decreased Snail-1 and zinc-finger-enhancer binding protein 1 protein levels, but increased those of E-cadherin, indicating that XMD-17-51 reduces epithelial-mesenchymal transition (EMT). Furthermore, sphere formation efficiency was significantly decreased upon XMD-17-51 treatment, and XMD-17-51 reduced the expression of stemness markers such as β-catenin, and pluripotency factors such as SOX2, NANOG and OCT4. However, the percentage of ALDH+ cells was increased significantly following treatment with XMD-17-51 in A549 cells, possibly due to EMT inhibition. In combination, the present data indicated that XMD-17-51 inhibited DCLK1 kinase activity in a cell-free assay with an IC50 of 14.64 nM, and decreased DCLK1 protein levels, cell proliferation, EMT and stemness in NSCLC cell lines. XMD-17-51 has the potential to be a candidate drug for lung cancer therapy.
Keywords: XMD17-51, DCLK1, NSCLC, stem cell, EMT
INTRODUCTION
XMD-17-51 trifluoroacetate, a pyrimido-diazepinone compound, was originally discovered as a derivative of HTH-01-015, which is a selective inhibitor of NUAK1 (Banerjee et al., 2014; Gray et al., 2016). However, XMD-17-51 can inhibit the activity of NUAK1 kinase more effectively, with an IC50 of only 1.5 nM. XMD-17-51 has also been shown to inhibit several members of the AMPK family (MARK1, MARK3, BRSK1, and AMPK) and kinases associated with growth and proliferation (Banerjee et al., 2014).
Doublecortin-like kinase 1 (DCLK1) is a serine kinase consisting of a microtubule-binding domain with two double corticosteroid motifs at the N-terminus and a serine/threonine kinase domain at the C-terminus (Patel et al., 2016). In addition, a special serine/proline domain at the N- and C-terminus is essential for regulating the interaction between proteins (Liu et al., 2016). DCLK1, a member of the protein kinase superfamily and the dipcortin family was initially found to be associated with microtubules involved in neurogenesis and neuronal migration (Lin et al., 2000). Recently, DCLK1 has been identified as a novel, tumor-specific stem cell marker in the intestine and pancreas (Nakanishi et al., 2013; Bailey et al., 2014; Chandrakesan et al., 2017). In addition, DCLK1 was found to be highly expressed in several malignancies and to be involved in the regulation of tumorigenesis, tumor stemness and epithelial-mesenchymal transition (EMT) in cancer, including pancreatic, colorectal and liver cancer (Chandrakesan et al., 2014; Weygant et al., 2015; Nguyen et al., 2016; Westphalen et al., 2016; Weygant et al., 2016; Chandrakesan et al., 2017; Liu et al., 2018). However, the expression and biological function of DCLK1 in non-small cell lung carcinoma (NSCLC) remain unclear. Data collected from TCGA database show that the expression of DCLK1 in lung adenocarcinoma tissues is significantly increased, as compared with that in adjacent normal tissues, and is associated with prognosis (Panneerselvam et al., 2020). The potential tumorigenic function of DCLK1 in solid tumors remains largely unknown in NSCLC. Given the close link between DCLK1 and cancer, research on DCLK1 small molecule inhibitors has been progressing in recent years. LRRK2-IN-1 (Weygant et al., 2014), XMD8-92 (Yang et al., 2010) and XMD8-85 (Deng et al., 2011) have been confirmed to have an inhibitory effect on DCLK1. In particular, the discovery of DCLK1-IN-1, a new selective chemical probe for the DCLK1 kinase, has enabled us to comprehensively investigate the precise roles of DCLK1 in cancer (Ferguson et al., 2020). However, DCLK1 kinase inhibitors have neither been evaluated in clinical trials nor been approved for clinical therapy.
In the present study, XMD-17-51 was found to possess DCLK1 kinase inhibitory activities in the cell free enzymatic assay and NSCLC cell lines, including A549, NCI-H1299 and NCI-H1975 cell lines. XMD-17-51 was found to elicit an anti-cancer activity, partly through the inhibition of DCLK1, and be a potential candidate for cancer therapy.
MATERIALS AND METHODS
Reagents
XMD-17-51, polybrene and puromycin were purchased from MCE, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; cat. no., M8180) was obtained from Beijing Solarbio Science & Technology Co., Ltd. Antibodies against the mammalian target of DCLK1 (cat. no., 21699-1-AP), extracellular regulated protein kinases (ERK1/2; cat. no., 16443-1-AP), zinc-finger-enhancer binding protein 1 (ZEB1; cat. no., 21544-1-AP), SNAI1 (cat. no., 13099-1-AP), and epithelial cadherin (E-cadherin; cat. no., 20874-1-AP) were obtained from Proteintech Group Inc. Phosphorylated-p44/42 ERK1/2 (p-ERK1/2; cat. no., 4370S) was obtained from Cell Signaling Technology, Inc.
Cell Culture
A549, NCI-H1299 and NCI-H1975 human lung cancer cell lines and 293T human kidney epithelial cell line were purchased from the Chinese Academy of Sciences Type Culture Collection (CASTCC) and maintained in an appropriate medium, as recommended by the CASTCC. A549 was maintained in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS). NCI-H1299 and NCI-H1975 were cultured in RPMI 1640, supplemented with 10% FBS, 1% sodium pyruvate, and 1x glutamine. 293T was grown in DMEM with 10% FBS. Cells were incubated in a humidified atmosphere of 95% air plus 5% CO2 at 37°C.
In Vitro Kinase Assa
Purified kinase-active DCLK1 0.25 μg (cat. no., 02-139, lot. no., 15CBS-0243C; Carna Biosciences, Inc.) was incubated in kinase buffer (50 mM HEPES, pH 7.5; 0.01% Tween-20; 10 mM MgCl2; 1 mM EGTA) with 2.5 μg ULight-CREBtide peptide (cat. no., TRF0200-D; lot. no., 2427110; PerkinElmer, Inc.), 1 μM ATP (Merck KGaA), and either DMSO or XMD-17-51 (the compounds were tested from 10 μM, 3-fold dilution, 10 concentration points) for 1 h at 30°C. Subsequently, the detection solution was added at a 1:1 ratio to the reactions, which were gently mixed and then incubated for another 1 h protected from the light. Cells were collected on Envision with excitation at 320 nm and emission at 665 and 615 nm.
RT-qPCR
Total RNA was extracted with TRIzol reagent, according to the manufacturer’s instructions, and was then reverse-transcribed with Prime Script™ RT reagent Kit (Takara Biotechnology Co., Ltd.). The resultant cDNA was amplified by RT-qPCR using a DCLK1-specific primer pair. The primer sequences were as follows: DCLK1, CAG​CAA​CCA​GGA​ATG​TAT​TGG​A forward and CTC​AAC​TCG​GAA​TCG​GAA​GAC​T, reverse; GAPDH, 5′-GCA​CCG​TCA​AGG​CTG​AGA​AC-3′ forward and 5′-GCC​TTC​TCC​ATG​GTG​GTG​AA-3′ reverse. The thermocycling conditions were as follows: 95°C For 30 s followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and then 95°C for 15 s, 60°C for 60 s and 95°C for 15 s. Gene expression was assessed by the ΔCt method and mRNA levels of DCLK1 were normalized to the amount of GAPDH mRNA in an identical sample.
Western Blotting
The cells were collected and lysed. The cell lysates were then analyzed by western blotting. Total protein concentration was determined by BCA protein assay (Thermo Fisher Scientific, Inc.). Protein samples were immunoblotted according to standard procedures. Proteins (40 μg) were separated on 8% SDS-polyacrylamide gels and transferred onto PVDF membranes. The membranes were blocked with 5% skimmed milk powder for 2 h at room temperature, followed by incubation with primary antibodies at 4°C overnight. Subsequently, the membranes were washed with PBS containing 0.1% Tween-20 and then incubated with secondary antibodies for 1 h at room temperature. The blots were visualized using ECL Plus Western Blotting Detection reagents (Beyotime Institute of Biotechnology) and scanned in Image Quant LAS 4000 mini (GE Healthcare Bio-Sciences).
Small Interfering RNA Transfection
Briefly, 60 pmol DCLK1 siRNA (5′-GGG​AGU​GAG​AAC​AAU​CUA​CTT-3′ forward and 5′-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3′ reverse) or negative control siRNA (Shanghai GenePharma Co., Ltd.) was diluted in 50 μl Opti-MEM I Reduced Serum Medium (Thermo Fisher Scientific, Inc.) without serum (the final concentration of RNA when added to the cells was 100 nM) and mixed gently. In addition, Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) was mixed gently before use, and then 1 μl Lipofectamine 2000 was diluted in 50 μl Opti- MEM I Reduced Serum Medium. It was then mixed gently and incubated for 5 min at room temperature. Next, the diluted oligomer was combined with the diluted Lipofectamine 2000, mixed gently and incubated for 20 min at room temperature. The oligomer-Lipofectamine 2000 complexes were added to 30–50% confluent A549 cells with 500 μl complete medium, followed by gentle mixing by rocking the plate back and forth. The cells were incubated at 37°C in a CO2 incubator for 48 h before the gene knockdown assay.
Lentivirus-Mediated Overexpression
pLenti-DCLK1 and empty vector were obtained from Obio Technology. Cells were seeded in a T25 cell culture flask at a density of 6 × 105 cells/well 24 h before infection. The medium was removed, and a 10–20 multiplicity of infection (MOI) of MISSION pCMV-DCLK1-puro lentiviral particles along with 2 ml of DMEM medium (Thermo Fisher Scientific, Inc.) supplemented with polybrene (8 μg/ml; Sigma-Aldrich) was added to the cells. Lentiviral infection was performed at 37°C for 6 h, unless intensive cell toxicity was observed. The medium was then replaced with 5 ml of fresh medium. Infected cells were allowed to grow for 48–72 h and then selected with puromycin-containing medium (Merck KGaA). The expression of DCLK1 was confirmed by RT-qPCR and western blotting.
Cell Proliferation
Cell proliferation was assessed by MTT assay. Cells (5 × 103 cells per well) were seeded into a 96-well tissue culture plate in triplicate. The cells were cultured in the presence of XMD-17-51 with DMSO as a vehicle at different concentrations. At 48 h after treatment, 10 μl TACS MTT Reagent (R&D Systems, Inc.) was added to each well and the cells were incubated at 37°C, until dark crystalline precipitate became visible in the cells. A total of 100 µl of 266 mM NH4OH in DMSO was added to the wells and placed on a plate shaker at low speed for 5 min. Following shaking, the plate was allowed to incubate for 10 min protected from the light, and the OD550 for each well was read using a microplate reader. The results were averaged and calculated as a percentage of the DMSO (vehicle) control ± the SE of the mean.
Sphere Formation Assay
For the sphere formation assay, cells (100 cells/well) suspended in stem cell medium, which is DMEM-F12 medium containing 4 U/l insulin, 20 ng/ml EGF, 20 ng/ml basic fibroblast growth factor, and B27 Serum-Free Supplement (50×) were seeded in ultra-low attachment in 96-well plates and incubated at 37°C in a 5% CO2 humidified incubator. After 10 days, spheres were counted and photographed under the microscope.
ALDEFLUOR Assay
ALDEFLUOR assay (STEMCELL Technologies) was performed to distinguish the cancer stem cell (CSC) population in A549 cells, according to the manufacturer’s instructions. In brief, cells were placed in Aldefluor assay buffer containing the ALDH substrate. For the negative control, cells were immediately treated with 1.5 mM diethylamino benzaldehyde, a specific ALDH inhibitor. After 30 min of incubation at 37°C, the population of ALDH+ and ALDH− cells were quantified by flow cytometry.
Statistical Analysis
All statistical analysis was performed using GraphPad Prism version 8.0 (GraphPad Software, Inc.). The results are expressed as the mean ± SD. Student’s t-test and one-way ANOVA was used to identify significant differences between ≥2 groups. p < 0.05 was considered to indicate a statically significant difference.
RESULTS
XMD-17-51 Inhibits DCLK1 Kinase Activity
An in vitro cell-free kinase assay was performed using commercially available purified DCLK1 protein and ULight-CREBtide peptide substrate with a low ATP concentration (1 μM). Using this assay, the IC50 of XMD-17-51 inhibition of DCLK1 was estimated to be 14.64 nM (Figure 1B). To confirm the inhibition of DCLK1 kinase in vitro, A549 cells were treated with XMD-17-51 at different concentrations for 24 h. DCLK1 expression levels were decreased upon XMD-17-51 treatment in a dose-dependent manner (Figures 1C,D). In addition, p-ERK (Thr202/Tyr204) was also reduced in both 42 and 44 kDa isoforms with XMD-17-51 treatment (Figure 1D).
[image: Figure 1]FIGURE 1 | XMD-17-51 inhibits DCLK1 kinase activity. (A) Molecular structure of XMD-17-51. (B) XMD-17-51 inhibited DCLK1 kinase activity in an in vitro kinase assay performed using purified active DCLK1 kinase. (C) XMD-17-51 decreased DCLK1 mRNA expression levels in A549 cells, as shown by RT-qPCR (normalization to GAPDH levels). Data are presented as fold change relative to the DCLK1 levels in vehicle control cells. (D) DCLK1 and its downstream target protein level in A549 cells were decreased significantly following treatment with XMD-17-51, GAPDH was used as a loading control. The data shown are (A,D) representative of or (B,C) are presented as the mean ± SD of at least three independent experiments. DCLK1, doublecortin-like kinase 1.
XMD-17-51 Inhibited NSCLC Cell Proliferation Via DCLK1
To further explore the in vitro function of XMD-17-51 in NSCLC progression, its effects on A549, NCI-H1299 and NCI-H1975 cell proliferation were evaluated by MTT assay. As shown in Figure 2A, XMD-17-51 could inhibit A549, NCI-H1299 and NCI-H1975 cell proliferation in a significant dose-dependent manner, with an IC50 of 3.551, 1.693, and 1.845 μM, respectively.
[image: Figure 2]FIGURE 2 | XMD-17-51 inhibits NSCLC cell proliferation via DCLK1. (A) XMD-17-51 inhibited A549, NCI-H1299 and NCI-H1975 cell proliferation, as detected by MTT proliferation assay. (B) DCLK1 overexpression impaired the anti-proliferative activity of XMD-17-51 in A549 cells. (C) DCLK1-knockdown A549 cells demonstrated a significantly decreased resistance to XMD-17-51. Data shown are representative of (graph) or are presented as the mean ± SD (blot) of at least three independent experiments. NSCLC, non-small cell lung carcinoma; DCLK1, doublecortin-like kinase 1; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.
As XMD-17-51 can modulate multiple protein kinases, the role of DCLK1 kinase in mediating the function of XMD-17-51 should be further determined. Next, DCLK1 was overexpressed in A549 cells by transfecting DCLK1 cDNA cloned inside pLenti-EF1a-EGFP-P2A-Puro-CMV vector, and the impact on XMD-17-5-induced cell proliferation delay was examined. As shown in Figure 2B, DCLK1 was successfully overexpressed in A549 cells. Subsequently, overexpressing DCLK1 promoted A549 cell resistance to XMD-17-51 treatment. The IC50 value of cells overexpressing DCLK1 was higher than that in the parallel-controlled cells. These results demonstrated that DCLK1 kinase activity confers resistance to XMD-17-51 inhibition.
On the contrary, the downregulation of DCLK1, mediated by siRNA-transfection, renders A549 cells sensitive to the antitumor activity of XMD-17-51 (Figure 2C).
XMD-17-51 Inhibits EMT
EMT is the key process driving cancer metastasis and DCLK1 is a regulator of EMT-related transcription factors. Therefore, the effects of XMD-17-51 on EMT were tested in A549 cells. As shown in Figure 3, XMD-17-51 decreased Snail-1 and ZEB1 protein levels, but increased those of E-cadherin. These results demonstrated that XMD-17-51 can significantly reduce the EMT process of A549 cells.
[image: Figure 3]FIGURE 3 | XMD-17-51 inhibits EMT in A549 cells. Snail1, ZEB1 and E-cadherin protein levels in A549 cells were detected using western blotting following treatment with XMD-17-51. GAPDH was used as a loading control. Data shown are representative of at least three independent experiments. EMT, epithelial-mesenchymal transition; ZEB1, zinc-finger-enhancer binding protein 1.
XMD-17-51 Regulates Stemness of Lung Adenocarcinoma
A well-known characteristic of CSC is their ability to survive and grow under non-adhesive conditions, the tumor sphere assay can be used to identity stem cells in vitro (O'Brien et al., 2009; Zeng et al., 2017). It was found by Ji et al. (2018) that, as compared with DCLK1- cells, DCLK1+ cells can form compact tumor spheres, and possess an in vitro and in vivo self-renewal capability. Similarly, it was found herein that A549 cells overexpressing DCLK1 can form larger and more tumor spheres in the same number of days, as compared with cells transfected with empty vector (Figure 4A). To determine if XMD-17-51 can alter the tumor sphere-forming efficiency of lung cancer cells, A549 cells that were treated with different concentrations of XMD-17-51 were plated under low adherence conditions, and after ten days, tumor spheres were counted. The tumor sphere formation efficiency was significantly decreased in the drug treatment group in a dose-dependent manner, as compared with the control group (Figure 4B). To further explore the role of XMD-17-51 in the regulation of tumor stemness, the effect of different concentrations of XMD-17-51 was evaluated on the stem cell markers and pluripotency factors in NSCLC cells. XMD-17-51 reduced the expression of stemness markers such as β-catenin, and pluripotency factors such as SOX2, NANOG and OCT4. These results demonstrated that XMD-17-51 possesses anti-stemness properties (Figure 4C). However, the ALDH+ A549 cell percentage was increased by XMD-17-51 treatment in a dose-dependent manner (Figure 5). The exact underlying mechanisms need to be further studied. In the present study, we hypothesized that ALDH+ cells were more resistant to XMD17-51. As shown by the MTT experiment, XMD17-51 inhibited the proliferation of ALDH− cells, resulting in an increase in the proportion of the remaining ALDH+ cells.
[image: Figure 4]FIGURE 4 | XMD-17-51 inhibits cancer cell stemness in A549 cells. (A) DCLK1 overexpression promoted sphere formation from A549 cells. Cells (1,000 cells/well) were suspended in stem cell medium. Spheres were counted 7 days after treatment and sphere formation efficiency is presented as the mean ± SD. (B) XMD-17-51 inhibited sphere formation from A549 cells. A549 cells (1,000 cells/well) were suspended in stem cell medium and treated with XMD-17-51 at different concentrations. Spheres were counted 10 days after treatment. Sphere formation efficiency is presented as the mean ± SD. (C) XMD-17-51 decreased cancer stem cell markers of A549 cells, as shown by RT-qPCR (normalization to GAPDH levels). Data are shown as a fold change relative to the levels in vehicle control cells and are presented as mean ± SD. DCLK1, doublecortin-like kinase 1.
[image: Figure 5]FIGURE 5 | (A) As a functional readout of ALDH activity, A549 cells treated with different concentrations of XMD-17-51 were tested using the ALDEFLUOR assay. A specific inhibitor of ALDH, diethylaminobenzaldehyde or DEAB, was used as a negative control. (B) Higher XMD-17-51 concentration correlated with an increase in the number of ALDHhigh cells. Data are presented as fold change relative to the levels in vehicle control cells and are presented as mean ± SD.
DISCUSSION
DCLK1 is highly expressed in several malignancies and is a marker of tumor stem cells that plays a critical role in the self-renewal capacity of cells derived from these tumors (Panneerselvam et al., 2020). Certain kinase inhibitors have been found to inhibit DCLK1 kinase activity, such as that of LRRK2-In-1, XMD-892 and DCLK1-IN-1; however, they are in the process of preclinical trials for cancer treatment. Herein, it was shown that XMD-17-51 could inhibit DCLK1 kinase, which may provide new insights into the design of small-molecule DCLK1 inhibitors. It was also shown herein that XMD-17-51 inhibits the proliferation of A549, NCI-H1299, and NCI-H1975 NSCLC cells. Due to XMD-17-51 being an inhibitor of multiple protein kinases, the antitumor activity of XMD-17-51 was tested in cells with DCLK1 knockdown or overexpression. DCLK1-overexpression was shown to impair the anti-proliferative activity of XMD-17-51 in A549 cell lines with an IC50 of 53.197 vs. 27.575 µM and vice versa. These results suggested that XMD-17-51 exhibited potent activity against NSCLC through the inhibition of DCLK1.
It was reported by Panneerselvam et al. (2020) that the knockdown of DCLK1 could prevent the ability of primary spheroids to form secondary spheroids. That result was consistent with the finding of the present study that XMD-17-51 not only inhibited DCLK1, but also reduced several stem cell proteins and pluripotency factors. XMD-17-51 significantly inhibited the sphere formation of A549 cells and downregulated NSCLC-related stem cell makers, such as β-catenin, NANOG and OCT4. However, the proportion of ALDHhigh in A549 cells treated with XMD-17-51 was significantly increased and dose-dependent. The reason for this apparent difference may be associated with the fact that CSCs are plastic and express tissue-specific and cellular proliferation marker ALDH during MET, while they express CD44 and CD133 during EMT (Park et al., 2019; Han et al., 2020; Steinbichler et al., 2020). In addition, Charafe-Jauffret et al. (2009) reported that ALDH is a marker of epithelial proliferative breast CSC, but more mesenchymal stem cells are characterized by CD44+/CD24− expression. CSC maintains the plasticity of transition between these states in the process of tumor microenvironment regulation. The present results demonstrated that XMD-17-51 inhibits EMT, which further supports the possibility of the drug changing the tumor microenvironment to increase ALDHhigh in CSCs.
In conclusion, the present data indicated that XMD-17-51 inhibited DCLK1 kinase activity in a cell-free assay with an IC50 of 14.64 nM. In NSCLC cell lines, XMD-17-51 could also decrease DCLK1 protein levels and then inhibit cell proliferation, EMT and stemness. These results highlighted the potential use of XMD-17-51 as a DCLK1 inhibitor for the clinical treatment of lung cancer in the future.
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Background

Hepatic arterial infusion (HAI) of oxaliplatin, leucovorin, and fluorouracil (FOLFOX) plus sorafenib has a more desirable effect versus sorafenib for hepatocellular carcinoma (HCC) patients with portal vein invasion. However, considering the high cost of hepatic arterial infusion of chemotherapy (HAIC), this study evaluated the cost-effectiveness of HAIC plus sorafenib (SoraHAIC) versus standard care for HCC patients from the Chinese health system perspective.



Methods

A Markov multi-state model was constructed to simulate the disease course and source consumption of SoraHAIC. Costs of primary therapeutic drugs were calculated based on the national bid price, and hepatic artery catheterization fee was collected from the Fujian Provincial Price Bureau. Clinical data, other costs, and utility values were extracted from references. Primary outcomes included life-years (LYs), quality-adjusted life years (QALYs) and incremental cost-effectiveness ratio (ICER). The robustness of model was verified by uncertainty sensitivity analyses.



Results

SoraHAIC gained 1.18 QALYs (1.68 LYs) at a cost of $65,254, while the effectiveness and cost of sorafenib were 0.52 QALYs (0.79 LYs) and $14,280, respectively. The ICER of SoraHAIC vs sorafenib was $77,132/QALY ($57,153/LY). Parameter that most influenced the ICER was utility of PFS state. The probabilistic sensitivity analysis (PSA) showed that SoraHAIC was not cost-effective in the WTP threshold of 3*Gross Domestic Product (GDP) per capita of China ($30,492/QALY). But about 38.8% of the simulations were favorable to SoraHAIC at the WTP threshold of 3*GDP per capita of Beijing ($72,000/QALY). When 3*GDP per capita of Fujian ($47,285/QALY) and Gansu Province ($14,595/QALY) were used as WTP threshold, the acceptability of SoraHAIC was 0.3% and 0%, respectively.



Conclusions

The study results indicated that SoraHAIC was not cost-effective in medium-, and low-income regions of China. In developed areas of China (Beijing), there was a 38.8% probability that the SoraHAIC regimen would be cost-effective.





Keywords: cost-effectiveness analysis, hepatocellular carcinoma, combination therapy, sorafenib, hepatic arterial infusion chemotherapy, FOLFOX



Introduction

Liver cancer, the sixth common human malignancies, ranks the fourth among all the cancer mortality in middle and high sociodemographic index (SDI) countries (1, 2). China accounts for more than half of the world’s confirmed cases of liver cancer (2, 3). It is reported that over 90% of cases are hepatocellular carcinoma (HCC), and approximately 12%–32% patients are diagnosed with portal vein invasion at the initial confirmed (4, 5). Currently, oral sorafenib is the first-line treatment for advanced HCC (6, 7). Nevertheless, the median progression-free survival (PFS) of patients with portal vein invasion regulated with sorafenib alone is only 2.6 months, and the effect prolonging the median overall survival (OS) is still weak (7, 8).

Repeating hepatic arterial infusions (HAI) with various chemotherapeutic regimens (such as cisplatin, oxaliplatin, 5-fluorouracil (5-FU), epirubicin, doxorubicin, and mitomycin-C) via an implantable port system has been reported as a valid therapeutic modality in treating unresectable HCC patients (9–13). Recently, a clinical trial showed that HAI of oxaliplatin, leucovorin, and fluorouracil (FOLFOX) combined with sorafenib in patients with advanced HCC have significantly prolonged OS than oral sorafenib (8). Based on this published positive clinical survival data, a phase-III trial performed in a Chinese setting, continued to assess the efficacy and safety among those receiving hepatic arterial infusion chemotherapy (HAIC) plus sorafenib (SoraHAIC) compared with those receiving sorafenib alone. The results showed combination therapy had a more favorable clinically significant outcome than sorafenib (OS:13.37 vs 7.13 months, p <.001; and PFS:7.03 vs 2.6 months, p <.001) (14).

At present, although SoraHAIC raises hope for patients extend survival, high prices may bring a heavy socioeconomic burden to patients and the healthcare system. In China, due to the enormous population of HCC patients, the limited medical resources and the unbalanced distribution of medical resources in different regions, pharmacoeconomic analysis of HCC treatment strategies are urgently needed to maximize the societal benefit. Until now, there has been no economic evaluation of HCC patients received SoraHAIC treatment. Our study was dedicated to compare the pharmacoeconomic of the two therapies from the perspective of the Chinese health system, using a Markov model and best available and transparent data.



Methods


Clinical Data

Medical information was derived from the NCT02774187 trial (14), which screened patients (meet the age of 18 years and above, histologically confirmed as HCC, etc.) and randomly assigned them to receive induction treatments sorafenib or SoraHAIC until disease progression (Supplemental Figure 2). The two groups of patients received 400 mg of sorafenib twice daily for 21 days in a cycle. After the HCC had progressed, some patients will cross over to receive oral sorafenib or HAIC, and the remaining patients will receive best supportive care (BSC) as second line therapy. Every patient received BSC after the second-line therapy failure. For the HAIC regimen, the patients underwent femoral artery puncture and tube placement at admission and the following FOLFOX regimen was administered via hepatic artery through a temporary port during a hospitalized period lasting 2 days:

	oxaliplatin, 85 mg/m2 of body surface area (BSA), day 1;

	leucovorin, 400 mg/m2 of BSA, day 1;

	fluorouracil, 400 mg/m2 of BSA, then 2,400 mg/m2 of BSA over 46 h on days 1 and 214.





Model Structure

A multi-state Markov model was constructed to simulate the costs and effectiveness of treatment of HCC with portal vein infusion plus standard treatment compared with standard treatment alone in China. TreeAge Pro 2017 (TreeAge Software, Williams-town, MA) was used to program the model and R software (version.3.6.1) to perform statistical analyses. The Kaplan-Meier survival curves were digitized for filtering the best fitting survival distribution. Ultimately, the Weibull survival distributions were used to generate the transition probabilities of the SoraHAIC and sorafenib strategies, respectively (Table 1).


Table 1 | Relevant parameters of survival distribution.



The Markov model included four distinct and mutually exclusive heath states: PFS, recurrence-free survival (RFS), progressive disease (PD) and death (Supplemental Figure 1). In the model, cycle length was 21 days and time horizon (approximate 8 years) was determined by the expected time for 99% of the hypothetical patients modeled to die. During each cycle, the patients either remained in their assigned health state or progressed to a new health state, and were not allowed to return to previous health states. In the light of statistics from the National Bureau of Statistics of China, the background mortality rate was considered in the model (http://www.stats.gov.cn/tjsj/ndsj/2018/indexch.htm).

We made the following assumptions in the model: the PFS state was set as the initial health state of enrolled patients, either oral sorafenib alone or combination therapy was given to HCC patients, as specified in the clinical trial.

	After four cycles of induction therapies, 12.8% patients without progression in SoraHAIC group and 0.8% in sorafenib group underwent hepatectomy owing to down-staging. After surgery these patients entered the RFS health state period and were followed up regularly. According to the RECIST criteria in the NCT02774187 trial, when patients were identified with cancer recurrence after liver surgery, subsequent treatments (sorafenib alone, HAIC, and BSC) were used. Patients who did not receive surgical treatment continued receiving induction treatments until disease progression or until experiencing unacceptable toxic effects. As their disease progressed, subsequent treatments were the same as for the combined group. All patients continued to receive BSC after progression of second-line treatment, until death.

	Eventually, surgically treated patients also would be at risk of recurrence of HCC. The Milan criteria (MC) is the benchmark of recurrence risk for screening patients with liver cancer. who meet salvage treatment conditions for liver transplantation and resection. In general, most patients meet the MC standard for recurrence after hepatectomy. However, in the NCT02774187 trial, the HCC patients with portal vein invasion were beyond Milan standard. The clinical risk score (CRS) criteria have been proposed by researchers (15). CRS contains three risk factors including initial disease beyond MC, multinodular disease and presence of microvascular invasion, and each risk factor was assigned one point respectively. In the NCT02774187 trial, enrolled patients with HCC were accompanied by portal vein invasion, who at least had one point according CRS standard. Therefore, we used the CRS to estimate recurrence risk so as to predict cumulative recurrence incidences. Because patient recurrence risks after hepatectomy were not available, the CRS was assumed as 1 in our model. We used 5-year recurrence (33.5% probability of progression) estimates in our model (15–19), and we performed sensitivity analysis by using the recurrence incidences of 3 and 7-year (31.3% and 34.1%) as the upper and lower limits.





Cost and Health Utility Estimates

Direct medical costs included the cost of the induction and subsequent treatments, examination (such as laboratory examination, computed tomography, and magnetic resonance imaging), hospitalization, hepatic artery catheterization, hepatectomy, treatment for grade 3–4 severe adverse events (SAEs) and BSC. The drug prices were derived from national bid price and hepatic artery catheterization fee was extracted from the Fujian Provincial Price Bureau. Other data were sourced from the published pharmacoeconomics literature (Table 2). Specifically, the costs of SAEs management were calculated only once in the first cycle, excepting the treatment of hand-foot syndrome (HFS), which throughout the entire life course of patients in our model. All costs were discounted by a 3% annual rate and converted to US dollars: $1 = RMB 6.77 in 2019.


Table 2 | Base parameters input to model and ranges of sensitivity analysis.




According to a published study in Chinese setting, we employed HCC utility values of 0.76 for all patients in the state of PFS and in RFS after surgery, and 0.68 for patients in the state of PD (2). Notably, the reduction of utility values and the occupation of other medical and health resources are closely related to SAEs (grade ≥3), five related SAEs (elevated ALT/AST, neutropenia, hand-foot skin reaction, diarrhea, nausea/vomiting) with higher incidence rates (≥5) were enrolled in the model. A sensitivity analysis was carried out on the uncertainty of the utility value.



Main Outcomes

As shown in Table 3, quality-adjusted life-years (QALYs), life-years (LYs) and incremental cost-effectiveness ratio (ICER) were used to express the results. In the light of the World Health Organization (WHO) evaluation criteria, a particular regimen was deemed cost-effective when the ICER was below the WTP threshold, which was set as $30,492/QALY for China in 2019 (3*Gross Domestic Product (GDP) per capita) in this analysis.


Table 3 | Summary of cost and effectiveness results in scenario.





Sensitivity Analyses

Sensitivity analyses were used to verify the robustness of model. One-way sensitivity analysis was presented in a tornado diagram and probabilistic sensitivity analysis (PSA) was presented in cost-effectiveness acceptability curves (CEACs) and a scatter plots, respectively (Figures 1–3). In one-way sensitivity analy sis, all the key variables were adjusted up and down within a reasonable range. The maximum and minimum values of these variables were obtained from the literature and a benchmark value ±20% was used in the case of lacking data. Particularly, the 3 and 7-year recurrence incidence of liver cancer after surgery were used to estimate upper and lower limits. The discount rate was varied from 0 to 5%. The PSA simulation involved Monte Carlo simulation of 10,000 repetitions, where each key parameter an appropriate distribution in the model was assigned. To be specific, utility values, probabilities or proportions were assigned beta distributions, BSA and costs were apportioned to normal distribution and gamma distributions, respectively.




Figure 1 | One-way sensitivity analyses of HAIC plus sorafenib in comparison with sorafenib in China. HAIC, hepatic arterial infusion chemotherapy; BSA, body surface area; BSC, best supportive care; HFS, hand foot syndrome; PFS, progression-free survival; PD, progressive disease; ICER, incremental cost-effectiveness ratio.






Figure 2 | The cost-effectiveness acceptability curves for HAIC plus sorafenib strategy compared to the sorafenib strategy. HAIC, hepatic arterial infusion chemotherapy; WTP, willingness-to-pay.






Figure 3 | Scatter plot of probabilistic sensitivity analysis. Each point in the scatter plots corresponds to one sample of parameter values. QALYs, quality-adjusted life years; WTP, willingness-to-pay.






Results


Base Case

For HCC patients, life expectancy was simulated over 8 years. SoraHAIC group achieved a 1.68 LYs, with 0.89 LYs more than standard treatment alone (Table 3). Accounting for QOL, SoraHAIC gained 1.18 QALYs with an additional 0.66 QALYs survival benefit for patients receiving sorafenib. Adding HAIC to sorafenib required extra expenditure about $50,974, which resulted in an ICER of $57,153/LY, and $77,132/QALY compared with sorafenib (Table 3). These ICER values were more than the WTP of 3*GDP per capita of China ($30,492/QALY), even beyond 3*GDP per capita of Beijing, which was the most developed region in China.



Sensitivity Analyses

The tornado diagram (Figure 1) displayed the outcomes of one-way sensitivity analysis, which revealed that the model was more sensitive to utility value of PFS, and per cycle costs of HAIC and sorafenib. The ICER was always more than $30,492/QALY (3*GDP per capital) representing all of China, no matter how the key parameters alter within their specified range (Figures 2, 3). Other variables, such as the other drugs costs, proportions receiving subsequent therapy, and recurrence incidence at 5-years had only minor effect on the ICERs (Figure 1).

The scatter plots of PSAs were shown in Figure 3. If we used the WTP threshold of $30,492/QALY in China, all the simulated points were above the set WTP threshold line in the Monte Carlo simulation of 10,000 repetitions. When the WTP threshold was established based on Beijing GDP per capita, SoraHAIC had a 38.8% probability to be cost-effective. On the contrary, when we set WTP based on Fujian and Gansu GDP per capita, all the simulated points were above the set WTP threshold line, which demonstrated that SoraHAIC was not cost-effective.




Discussion

China is a major liver cancer country, accounting for 18% of the world’s population. Based on the latest and most complete data from the Chinese cancer registry, the incidence and mortality rates of liver cancer occupy 54.6% and 53.9% of the global total, respectively (3). The treatment of liver cancer accounts for an important share of cancer health expenditure. At present, the effectiveness of drug treatment of liver cancer is still unsatisfied. Researchers have been exploring new drugs or new ways of drug administration to improve the outcome (31). Preclinical studies suggested that SoraHAIC might have a synergistic effect (9, 10, 32). Furthermore, the rate of response to SoraHAIC (22%–48%) was significantly higher than that of systemic chemotherapy (8%–20.9%) or sorafenib alone (2%–3.3%) (4, 5, 14)

In the NCT02774187 trial, SoraHAIC demonstrated a relative increase in OS by 87.5% or 6.24 months compared with oral sorafenib among patients with HCC and portal vein invasion (14). Furthermore, SoraHAIC treatment shared an acceptable safety profile with sorafenib (14). Although potential use of HAIC raised hope for patients, its high price yielded a heavy financial burden on healthcare services and society. It was inevitable to explore the economic efficiency of HAIC given its considerable HCC attributable burden of disease in China. In addition, expenditure for public health in such a country like China which is both advanced and advancing must be apportioned for the best societal value. As far as we know, cost-effectiveness assessment on HAIC treatment regimens remained very few in literature, with only two pharmacoeconomic articles with contrasting conclusions on HAIC published from the U.S. perspective more than a decade ago (33, 34). Boris et al. suggested that systemic chemotherapy and HAIC were equally economic in terms of consuming health care resources to provide normal quality-adjusted survival times. Conversely, Romanus et al. proved that when the WTP threshold was $100,000/QALY, HAIC was not a cost-effective alternative compared to systemic chemotherapy. At present, there are no published economic studies evaluating the cost-effectiveness of SoraHAIC vs sorafenib in the treatment of HCC. Therefore, an economic evaluation carried out to determine the best choice for the HCC patient by considering both the effectiveness and the costs have great significance for health care decision making in middle-and low-income settings, especially for China which has a great number patients and a heavy medical burden.

In our study, compared with sorafenib alone, the ICER was much higher than the WTP threshold, suggesting that SoraHAIC treatment might not be a cost-effective option when viewed from the perspective of China as a whole. Another similar research study compared the economy of sorafenib in combination with transcatheter arterial chemoembolization (TACE) with sorafenib in China, which clearly pointed out that the ICER was over the WTP threshold and sorafenib plus TACE was also deemed uneconomical (31). The main possible reason was that these two treatments failed to reach cost-effectiveness threshold was likely due to the high costs to deliver treatments such as HAIC and TACE. Although the clinical OS effect had improved, it was still not economical. The utility of the PFS state was also an important factor in the model. In addition, there were additional surgical and drug treatment costs for those who do better across the two nations of groups; further adding to the costs of the more efficacious treatment. Importantly, there is a large gap in GDP per capita across China’s provinces/cities. In 2019, the data from National Bureau of Statistics showed that GDP per capita of Beijing, Fujian and Gansu are $24,000, $15,761, and $4,865, which represent the high- medium-, low-income regions respectively. Our results showed that SoraHAIC was not an economical regimen at the WTP of 3*GDP per capita of China. However, it could be concluded that the SoraHAIC group showed a 38.8% desire to be economical in the high-income region. In the medium-, low-income regions, the results were less economical (Supplemental Table 1). This led to the question that if there were different expectations of treatment accessibility across different regions of China, to match their differential GDP thresholds. Additionally, there was raised a question of fairness for treatment access across regions if these regional WTP thresholds were considered. There should be some method developed to rectify basing cost-effectiveness analysis (CEA) treatment thresholds on GDP when variation across regions were so great.

Published studies in U.S. indicated that cancer drugs were associated with more than 2-fold higher ICERs in comparison with non-cancer drugs. Both the majority of cancer and non-cancer WTP fell in the $100,000–150,000 or $50,000–100,000 ranges (35, 36). Most anticancer drugs focus on prolonging life, whose heightened value may support this higher WTP threshold per QALY and should be a topic for further research. We used the conservative three times of GDP per capita as the WTP threshold per QALY in conformity with the World Health Organization guidelines. If the WTP increased, our results would change and the SoraHAIC was more likely to be cost-effective. Under the trend of medical reform, China has invested a lot of vigor to address the outstanding problems in its medical system. The main problems of current medical and health care included the inequality of health care conditions across regions and the high financial burden faced by patients. Recognizing this, the “Healthy China 2020” initiative was proposed (37). Administration played a role of “strategic purchaser” of the medical insurance fund, and this could drastically lower the cost of medicines through various mechanisms such as multilateral negotiations, reductions in drug prices in exchange for volume, and others. On the other hand, the costs of other factors rather than just drug prices should be considered such as the special drugs delivery systems, like HAIC, TACE, which were studied here. These factors also added financial burden to patients along with their life saving value, and these are often ignored by the public and decision makers. So our work would evoke renewed attention to the importance of the economics of special drug administration routes, especially for HCC. Annually, it is estimated that 460,000 patients are diagnosed as HCC in China, and about 420,000 of them have died from HCC (19). If those approximately 12% patients in HCC with portal vein invasion can receive the benefit of HAIC treatment, and it will make a huge contribution to Chinese society cancer survival.

An important strength in our research was that we adopted the risk of HCC recurrence after resection to build a more accurate model. Based on the CRS created to predict cumulative incidences of recurrence beyond MC, patients with a score of 0, 1, 2 and 3 had recurrence rates of 18.7%, 33.5%, 48.5%, and 67.1% cumulatively across 5-year, respectively (30). Notably, in the light of the CRS criteria, combined with the characteristics of the enrolled patients in the NCT02774187 experiment, postoperative patients were regarded as having a CRS score of 1 and a 5-year recurrence rate of liver cancer of 33.5% in our model.

It should be noted that, our analysis had several limitations. First, the hepatic artery catheterization fee was acquired from the Fujian Provincial Price Bureau due to the lack of unified price across China. Although it might cause some bias, the sensitivity analysis demonstrated it did not result in a reversal result. Second, according to the comprehensive NCT02774187 trial, when patients developed disease progression or unacceptable toxicity after first-line treatment, more than 50% of patients received sorafenib and SoraHAIC as their second-line regimens. Regorafenib, cabozantinib, nivolumab, and Pembrolizumab have been approved by China Food and Drug Administration (CFDA) for second-line treatment of patients with advanced HCC in China. However, lacking of survival data for enrolled patients received the above-mentioned medications was a barrier for further analysis. In addition, in our model, the additional cost and utility values were sourced from the published literature, which didn’t provide more demographic information. If relevant data are available in the future, the analysis could be carried out correspondingly. Third, due to the lack of the utility values data of patients in SoraHAIC group in the PFS and PD stage, we used the same health utility value of HCC for two treatment strategies and adjusted the utility scores with SAEs≥3. Meanwhile, there was a brief decrease to the utility values after the first few days of catheterization. Actually, we excluded this transient change in the model due to the lack of an accurate disutility value and the disutility caused by catheterization was less than 2 days, thus might produce only subtle impact on our model. Furthermore, the underestimated disutility of HAIC would result in a better QALYs in our base case result than reality. In reality situation, the lower QALYs of SoraHAIC would rise the ICER and strengthen our uneconomic result instead of changing it. Fourth, modeling with the Weibull function to fit the long-term OS survival of HCC patients became an unavoidable limitation of this study. With more mature fitting methods available, the model could be validated against the actual long-term survival data in future. Finally, unlike western countries, hepatitis B virus is the main etiology of HCC than hepatitis C virus in China (14), so whether our finding was suitable for Western countries or not is still an open question. Nevertheless, our research still reflects the current treatment condition of HCC patients in China, which has brought an unbearable economic burden to the patients, families, and the medical system. Therefore, we considered that the results of this study could provide an effective reference for clinical and policy decision makers in China and added to the conversation of how regional differences in GDP based thresholds should be used in determinations of cost-effectiveness of different cancer treatments.



Conclusions

From the perspective of Chinese health system, SoraHAIC was estimated not cost-effective vs sorafenib for the treatment of HCC patients with portal vein invasion at a WTP threshold of $30,492/QALY in China. When considered economic differences of regions, SoraHAIC was not cost-effective in medium-, low-income regions, but it showed litter favorable in developed areas of China (Beijing). Our findings suggested that clinicians and policy makers should take cautious to interpret our results with consideration of regional difference. Further discussion is warranted when selecting appropriate WTP thresholds for cost-effectiveness of cancer treatments.
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Drug resistance is one of the critical challenges faced in the treatment of Glioma. There are only limited drugs available in the treatment of Glioma and among them Temozolomide (TMZ) has shown some effectiveness in treating Glioma patients, however, the rate of recovery remains poor due to the inability of this drug to act on the drug resistant tumor sub-populations. Hence, in this study three novel Acridone derivative drugs AC2, AC7, and AC26 have been proposed. These molecules when combined with TMZ show major tumor cytotoxicity that is effective in suppressing growth of cancer cells in both drug sensitive and resistant sub-populations of a tumor. In this study a novel mathematical model has been developed to explore the various drug combinations that may be useful for the treatment of resistant Glioma and show that the combinations of TMZ and Acridone derivatives have a synergistic effect. Also, acute toxicity studies of all three acridone derivatives were carried out for 14 days and were found safe for oral administration of 400 mg/kg body weight on albino Wistar rats. Molecular Docking studies of acridone derivatives with P-glycoprotein (P-gp), multiple resistant protein (MRP), and O6-methylguanine-DNA methyltransferase (MGMT) revealed different binding affinities to the transporters contributing to drug resistance. It is observed that while the Acridone derivatives bind with these drug resistance causing proteins, the TMZ can produce its cytotoxicity at a much lower concentration leading to the synergistic effect. The in silico analysis corroborate well with our experimental findings using TMZ resistant (T-98) and drug sensitive (U-87) Glioma cell lines and we propose three novel drug combinations (TMZ with AC2, AC7, and AC26) and dosages that show high synergy, high selectivity and low collateral toxicity for the use in the treatment of drug resistant Glioma, which could be future drugs in the treatment of Glioblastoma.
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INTRODUCTION

Glioblastoma multiforme or Gliomas are the most commonly occurring primary tumors in the brain and spinal cord. Repeated failures and multiple challenges are seen in treating Glioma due to the development of drug resistance, recurrence, collateral toxicity to healthy cells, and detrimental adverse effects. Amongst these, one of the greatest challenges faced is the development of drug resistance, which can occur as a result of several complex mechanisms. These include poor absorption of the drug, efflux transport pumps, metabolic reprogramming, de-regulation in gene, and protein expression responsible for apoptosis as well as tumor heterogeneity (1–3).

Over the past few decades, several chemotherapeutic drugs like Carmustine, Lomustine, Vincristine, Cisplatin, Bevacizumab etc., have been studied for the treatment of Glioma (4, 5). However, at present, Temozolomide (TMZ) is the one of the well-known and the most effective drug used for the treatment and management of Glioma. It is an alkylating agent belonging to the tetrazine class (Figure 1A) having a molecular weight of 194 g/mol and has shown the ability to penetrate the Blood Brain Barrier (BBB) (6). Reports suggest TMZ increases survival advantage by 2.5 times when the drug is administered along with surgery and radiotherapy (7). It is an alkylating agent that transfers a methyl group (CH3) to a purine base of DNA (N7-guanine, O6-guanine, and N3-adenine) causing both single and double stranded breaks leading to apoptotic cell death (8). However, it has been observed that although the malignant cells respond to this TMZ induced apoptosis during the initial phases, they gradually develop resistance to it during the later phase of cancer progression. This is because the cytotoxic action of TMZ is reversed by removal of methyl group from O6-methylguanine (O6-MeG) by the methylguanine methyltransferase enzyme (MGMT) (9). The MGMT is an enzyme that is overexpressed in the tumor and the most common reason for the development of drug resistance. Additionally, administration of TMZ results in certain side effects like alopecia, fatigue, nausea, vomiting, headache, constipation, anorexia, convulsions, rash, fever, dizziness, amnesia, insomnia, lymphopenia, thrombocytopenia, neutropenia, and leucopenia, and also leads to severe toxicity at high doses (more than 250 μM) (10). Furthermore, as per equation proposed by Levin-log permeability it was observed that TMZ has a very low brain capillary permeability with a value close to 2.7 × 10−6 cm/s (11). Hence, it may be assumed that permeability of TMZ can be improved by combining it with another lipophilic drug and these acridone molecules fulfill this gap.


[image: Figure 1]
FIGURE 1. Chemical Structure of the drugs TMZ and Acridone derivatives for Glioma Therapy. (A) Temozolomide (TMZ): (3-Methyl-4-oxo-3,4-dihydroimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide; (B) AC26: N'(1-(2-hydroxyphenyl)ethylidene)-9-oxo-9,10-dihydroacridine-4-carbohydrazide; (C) AC2: 9-oxo-N'-(3-phenylallylidene)-9,10-dihydroacridine-4-carbohydrazide; (D) AC7: N'-(2-chlorobenzylidene)-9-oxo-9,10-dihydroacridine-4-carbohydrazide.


However, regardless of these obstacles, TMZ is used as a standard drug in treating Glioma and is the most promising drug known to treat Glioma till today. Hence, in this present study we aim to thwart resistance by combining TMZ with acridone molecules which may have a synergistic effect and help in effectively treating the drug resistant tumor cells. Nevertheless, the question arises which other drugs should be selected that would give synergistic effect with TMZ? In order to circumvent the shortcomings faced due to the use of the known drugs, it has become crucial to consider novel drugs for fighting Glioma and the drug resistance. In one of our recent work, we have shown that certain novel acridone derivatives have shown high cytotoxic effect against Cervical, Lung, and Breast Cancers (12, 13). In Breast Cancer studies, using MCF-7 cell lines, it has been observed that certain acridone derivatives have the ability to bind to multiple targets and prevent multiple mechanisms responsible for drug resistance in cancer. These molecules can intercalate with DNA and inhibit the process of cell division, initiate reactive oxygen species (ROS) mediated oxidative stress, and bind to the proteins expressed in the plasma membrane responsible for efflux of the drugs like P-glycoprotein(P-gp) (14). The studies have revealed that overexpression of proteins and actions of efflux pumps are the main reason for the drug resistance as this leads to drugs failing to accumulate and exert their activity at the site of action. Apart from this, acridone moieties also showed unique properties of high lipophilicity enabling penetration of the drug into the BBB. It has also been observed that certain structural modifications in these acridone derivatives could result into more potent drugs AC2, AC7, and AC26 which have shown 100 times more cytotoxicity in comparison to the other acridone derivatives (15) (Figures 1B–D). These Acridone compounds (AC2, AC7, and AC26) on evaluation of histopathology demonstrated liver with minimal hyperchromatic, anaplasia, and cellular infiltration. Studies conducted using these compounds showed no cardiotoxicity, nephrotoxicity and necrosis. In recent past, these acridone molecules were able to successfully act on breast cancer MCF-7 cell line (Michigan Cancer Foundation-7) at lower concentration and have shown ability to modulate cytotoxicity in drug resistant MCF-7/ADR (Adriamycin) cell lines when administered in combination with Vinblastine (14). Thus, due to high cytotoxicity of acridone compounds at low dose in MCF-7/ADR cell lines and because of their ability to overcome drug resistance, we aim to test its effectiveness in the treatment of Glioma. In order to have an effective Glioma therapy with minimal toxicity and to overcome drug resistance, in this study, we have tested different combinations of acridone derivatives with TMZ. Here, for the first time in-vitro and in-silico strategies have been employed together to evaluate efficacy of combinatorial drugs-TMZ + AC26, TMZ + AC2, and TMZ + AC7 in the treatment of Glioma and to evaluate their synergistic action to overcome the drug resistance in Glioma.

Sulforhodamine B (SRB) Assay of the novel acridone derivatives, viz., AC2, AC7, and AC26 have been performed on U-87 (Uppsala 87-WT) and T-98 (Temozolomide resistant) malignant Glioma cell lines to determine the effectiveness of the individual drugs on the drug sensitive and drug resistant cancer cells. In order to gain insights into the molecular mechanism underlying the effectiveness of the Acridone derivatives in overcoming the drug resistance in Glioma, Molecular Docking studies have been performed to compare the binding affinities of the three Acridone derivatives with MGMT, P-gp, and MRP proteins which are responsible for conferring resistance to the Glioma cells. Thereafter, to determine the effectiveness of these drugs in combination with TMZ and to observe the dose responses under different dosage combinations, we have developed a mathematical model to mimic the effect of these drugs on heterogeneous subpopulation of cancer cells (drug sensitive cancer cells and drug resistant cancer cells) in a tumor. The model has been parameterized using the experimental data and its outcome have been validated with our in vitro experiments on the Glioma cell lines in order to ensure correct predictions and to provide the optimum concentration of both the drugs within the toxicity limits for maximum efficacy. The dose response matrices generated from the simulation of the mathematical model have been used for screening 10,000 combinations of doses for each pair of drugs for evaluating the synergistic intensity of each dose combinations of the TMZ and Acridone derivative using in-silico method. Experimental studies have also been performed to validate the synergistic dosage combinations of each pair of drugs. This study throws light on new treatment strategies for Glioma by the selection of most beneficial doses of the combinatorial drugs with minimum side effects and determination of the optimum doses for synergy and highest efficacy.



MATERIALS AND METHODS


Drugs Characterization

Characterization of acridone derivatives AC2, AC7, and AC26 were carried out by using all the chemicals of analytical grade. Hydrochloric acid and sodium hydroxide were procured from Sisco Research Lab Pvt. Ltd (Mumbai, India). Potassium dihydrogen orthophosphate, methanol and ortho-phosphoric acid (85% pure) was received from Loba Chemie Pvt. Ltd. (Mumbai, India). Sodium chloride was received from SD Fine-Chem Limited (Mumbai, India). Milli-pore water was used throughout the study. Chemical information like the molecular weight of compounds was determined by obtaining ESI-MS spectroscopy using methanol as solvent. pH calculated by using pH analyzer (Lab India) and PKa determined by using UV-Vis spectrophotometer (Shimadzu, Japan). Melting point was calculated by Digital Melting point apparatus (Veego India). Lipophilicity was determined by using software like Chem Draw 15 and ALGOPS 2.1 (16). In order to determine the Blood Brain Barrier (BBB) permeability of the compounds, we have used Online BBB Predictor (https://www.cbligand.org/BBB/predictor.php) using SVM Machine Learning algorithm and PubChem as the fingerprint (17).



Molecular Docking

Molecular docking of the Acridone derivatives AC2, AC7, and AC26 were performed to investigate the binding interactions and patterns at the active pockets of the drug resistance causing target proteins. X-ray crystallographic structures of the target proteins [i.e., P-gp (PDB ID- 6QEX), MRP (PDB ID- 2CBZ), and MGMT (PDB ID- 1QNT) were retrieved from Protein Data Bank (PDB) (18)]. All the crystallographic structures were processed individually in Discovery Studio Visualizer. All the water molecules, unwanted chains, heteroatoms of respective protein structure were removed and hydrogen atoms were added in Discovery Studio Visualizer (19). Receptor cavities of individual proteins were identified by selecting the co-crystallized ligand in the Discovery Studio Visualizer and attributes were documented for docking calculations (19). Thereafter the processed proteins were loaded to AutoDock Tools, both Kollman and Gasteiger charges were added and saved in pdbqt format (20). All the ligands were sketched in Avogadro software and optimized with Universal Force Field (UFF) and Steepest Descent algorithm (21). Prepared ligands were loaded to AutoDock and saved in pdbqt format. Attributes of individual target protein obtained from Discovery Studio (Supplementary Table 1), name of protein and ligands were written in configuration file and submitted to molecular docking. Docking parameters were optimized using Genetic Algorithm (GA) approach with 1,000 runs. Docked pose with highest binding affinity was visualized and interaction analysis was performed in Biovia Discovery Studio Visualizer. All the docking calculations were carried out in a laptop running with Windows 10 64 bit operating system, 8GB RAM and i3 processor.



Sulforhodamine B Assay for Individual Drugs

In order to test the growth inhibition potential of the TMZ and Acridone derivatives on Glioma, the U-87 (Uppsala 87) Glioma cell lines and T-98 (Temozolomide resistant) Glioma cell lines were treated with Temozolomide (TMZ) and Acridone derivatives AC2, AC7, and AC26. The African Green Monkey Kidney Vero cell lines were used as control for the study. The Vero cell lines were obtained from the National Center for Cell Sciences (NCCS), Pune, while the U-87 and T-98 cell lines were carried in the lab of Dr. GJ Peters, Cancer Center Amsterdam (CCA), VU University Medical Center, Amsterdam, Netherlands. The Mycoplasma testing was done by using the Universal Mycoplasma Detection Kit (ATCC® 30-1012K™) every 6 months. The Vero cell lines have been used as control as they are normal kidney epithelial cells and are non-cancerous in nature. The Vero cell lines have been routinely used for testing cytotoxicity of small molecules by various researchers (22, 23). Also, in our previous study, Vero cell lines have been used for testing safety and efficacy of Acridone derivatives for Lung, Cervical, and Breast Cancer studies (13).

Cell viability was found using the Sulforhodamine B (SRB) assay to measure the cellular protein content which provides better sensitivity in comparison to MTT assay (24). Moreover, as this method is dependent on the property of the SRB dye, it acts by binding to proteins under slightly acidic conditions and can be exposed to basic conditions for its extraction. The resulting amount of bound dye is then utilized as a proxy for cell mass (25). This cell mass can then be extrapolated to measure cell growth.

Glioma cells were cultured in Gibco (RPMI 1640) complemented with 10% fetal calf serum (Gibco). The cultures were then treated with trypsin-EDTA in order to detach/separate the cells from their culture flasks. The quickly proliferating cells were harvested, counted and plated at suitable concentrations in 96-well microplates. These microplates were subsequently incubated for 24 h. After incubation, drug compounds were dissolved in the culture media and placed in 96 well plates in triplicates, which were again incubated at 37°C under 5% CO2 for 72 h. 72 h later, the plates were removed and the cells were treated with cold Trichloroacetic acid (TCA) to fix the cultures and. 0.4% of SRB dissolved in 1% acetic acid was then added to the culture in order to stain the cells. Next, the bound stain was dissolved in 150 μl of 10 mM unbuffered Tris base left on a gyrator shaker. Thereafter, absorbance of the solution was measured at 540 nm utilizing a microplate reader. Absorbance readings (triplicate values) recorded were used to calculate percentage growth inhibition due to the effect of drugs using the following equations.

% Cell growth = Absorbance sample/Absorbance of control or untreated × 100

% Growth inhibition = 100 - % cell growth

The Inhibitory concentration (IC50) of the drugs were determined on the basis of concentration that induced 50% growth inhibition of the treated cells in comparison to untreated cells after 72-h treatment (as given in Table 4). The IC50 was calculated based on the log graph sheet which was developed in-house at the CCA, VU University Medical Center.


Selectivity Index

Selectivity Index (SI) is a ratio that measures the window between cytotoxicity and anticancer activity of the drugs (26). Thus, to evaluate effectiveness of all the 4 drugs, SI has been calculated using the formula SI = CC50 of Vero cell line /IC50 of Cancer cell line, after 72 h of TMZ/AC treatment (27). Here, IC50 is the inhibition concentration for inhibiting 50% of cancer cells and CC50 is cytotoxic concentration causing death of 50% viable cells in the host. Ideally, IC50 concentration should be below CC50 concentration suggesting that cancer cells are killed before host cells.




Model Development

The data obtained from the in-vitro experiments were used to develop an Ordinary Differential Equations (ODEs) based model that can mimic the tumor development in-silico. The model consists of 4 variables representing the heterogeneous sub-populations of cells in a tumor and 29 parameters that govern the differentiation pattern and growth dynamics of each sub-population. The model has been calibrated and parameters set to capture the growth dynamics of U-87 and T-98 cells that represent the drug resistant and drug sensitive cell sub-populations in a developing tumor. The primary objective of this model development is to screen the effect of varying dosage combinations of TMZ and the Acridone derivatives on the tumor growth to determine the dosage combinations showing high synergistic effects within the toxicity limits.


Tumor Growth Model

The tumor growth model developed (Figure 2), assumes existence of few non-cancerous precursor cells (N) which tend to acquire mutation (ρ) over a period of time to form cancerous cells (C) (Equations 1–4). The process of acquisition of mutation in non-cancerous precursor cell population can be the result of their exposure to several factors like radiations, air pollution, chemicals, other factors (such as Viruses,) etc., (28). Since non-cancerous cells are acquiring mutation with a probability ρ to form cancer cells, the non-cancerous precursor cell population tend to renew their pool of cells with (1- ρ) probability (Equation 1). The model further considers that cancer cell population undergoes differentiation to give rise to heterogeneous subpopulations consisting of the resistant cancer cells (CR) and sensitive cancer cells (CS) (29). The sensitive cells are susceptible to therapy, while therapy is hardly effective against resistant cells. The probability that cancer population would differentiate into Drug resistant cancer population (CR) is γR and into Drug sensitive cancer (CS) population is ωS where γR + ωS = 1. Tracing the past footprints in the literature, it can be understood that transitions are allowed to occur between drug sensitive cancer cells and drug resistant cancer cells with more probability [image: image] of transformation occurring in forward direction and less probability [image: image], that resistant cell population will switch back into sensitive cancer cell population (29, 30). This rare transformation process is well-documented in literature where experiments show that drug resistant cell population reduces in drug free medium (31) or refractoriness to drug therapy can be sometimes reversed by epigenetic programming (32). In mathematical terms, it may be noted here that αC and δc denote the natural birth and death rates of C cells. An identical nomenclature has been followed for other types of cells. The resistant cancer cells are developed from the conversion of a C to CR. The CR trail an identical pattern of self-renewal and differentiation resulting in the replenishment of the CR pool and development of Cs.


[image: Figure 2]
FIGURE 2. Diagrammatic representation of tumor growth model. (A) Tumor growth model showing Non-cancerous precursor cells (N), Cancer cells (C), Drug sensitive (CS), and Drug Resistant (CR) cells without the effect of drugs; (B) Tumor growth model with combinatorial drug therapy using TMZ and Acridone derivatives AC26, AC2, and AC7.


Though a plethora of models exist on the basis of the assumption that proliferation of a constant fraction of tumor volume follows exponential growth but in this model we have considered the widely accepted and well-known model of Gomphertz to describe growth dynamics of cancer cells and their heterogeneous subpopulations (33, 34). Mathematical representation of growth kinetics followed by cancer cells can be given as αC*C[image: image], where K denotes carrying capacity of the cancerous cells (35). In this model, it has been considered that CR and CS follow identical Gompertzian growth kinetics and all types of cancerous cells have a common carrying capacity. On the contrary, the model assumes that non-cancerous precursor cells are growing logistically, which can be mathematically represented as [image: image] (36, 37).



Model Equations

Based on the biological significance and mathematical assumptions, four ODEs were developed for four different types of tumor cells using 29 parameters (Supplementary Table 2) in order to describe evolutionary dynamics of tumor growth. The model equations have been listed below:

[image: image]
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Parameter Estimation and Validation of Tumor Growth Model

For the simulation and validation of the tumor growth dynamics, the calibration of the model has been carried out and the unknown parameters present in the model have been estimated by appropriately fitting the initial growth kinetics of the model with experimental data of drug sensitive and resistant cell lines of Glioma origin (without the effect of any drugs) for 96 h (38–40). The parameter estimation was performed using the MATLAB based toolbox that uses Markov Chain Monte Carlo (MCMC)-DRAM algorithm (41). Trace plots and Histograms are given in Supplementary Figure 1. For this purpose, the U-87 cell growth data has been considered as drug sensitive Glioma cells as U87 cells express low level of MGMT (42). On the other hand, T-98 has been considered as drug resistant cell line due to high expression of cystine-glutamate exchanger (xCT), MGMT, NAMPT (nicotinamide phosphoribosyl transferase), BER (base excision repair), ubiquitin-specific peptidase (Usp18) etc. (42). These protein expressions have been correlated in literature with activity of the transporters (influx, efflux), metabolism, increased DNA repair activity and other processes leading to drug resistance (43).

In this study, the tumor growth model (without drug) consists of four variables and 15 parameters. Out of these values, three parameter values are known from experiments and literature, 10 parameters were estimated using the MCMC technique, and other two parameters were assumed and labeled as expected values as these have been estimated to obtain a close fit of all the four variables during the model simulation The MATLAB codes for performing the parameter estimation have been made available in Supplementary Text 2 (Scripts 1–4). The model contains additional 14 parameters related to TMZ and the Acridone derivative that regulates drug response behavior of the model (Section model initialization and numerical simulations). The parameter values used for the simulation have been enlisted in Supplementary Table 2.



Model Initialization and Numerical Simulations

Using the parameter values and initial values, the system of ODEs were solved numerically utilizing Runge-Kutta methods (RK). In this model, two types of cells non-cancerous cells (N) and Cancer cells (C) have been considered. The C is thought to be consisting of subpopulations-Drug resistant cancer cells (CR) and Drug sensitive cancer cells (CS). Numerical simulation of this model was carried out using ODE45, variable order solver present in MATLAB® 2017a platform. The model was initialized and simulated by considering initial values of N, C, CR, and CS similar to that of the initial values considered in experiments (Supplementary Table 3).



Incorporation of Effects of TMZ and Acridone Derivative

After validating the natural growth dynamics of the tumor, without incorporating the effect of any drug, the model equations have been modified with additional terms to capture the cell kill dynamics under the influence of individual drugs (TMZ and Acridone derivative) and when administered in combination. For this, the Maximum response (Emax) model for drug induced cell death has been considered in our model for comparing efficacy of the drugs. Functional form of Emax model along with an additional parameter (Hill exponent to show steeper relationship of concentration) to the concentration can be depicted as [image: image], where C50 is the concentration at 50% of Emax (44, 45). Similarly, effects of drugs on two different cancerous cells have been introduced in this mathematical model. In order to capture this, Equations 3, 4 have been modified as follows:

[image: image]
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Here D1 is the dose of the TMZ in μM, while D2 is the dose updated every time with the parameter values of the Acridone derivatives for AC2, AC7, and AC26 in μM, εmax is given for Drug 1 and Drug 2 in different cancer cells (Drug resistant cancer cells and drug sensitive cancer cells), ηD1r and ηD2r (Hill exponents) represents efficacy of the Drug 1 and Drug 2 in for resistant cancer cells (similarly ηD1s and ηD2s are for sensitive cells), while IC50 stands for inhibitory concentration of Drug 1 and Drug 2 at which 50% of tumor response is inhibited. After incorporation of the effect of drugs (TMZ and Acridone derivative) the model now consists of 29 parameters. However, it is to be noted that each of the parameters related to the Acridone derivative (Drug 2 or D2) can have three possible values related to AC2, AC7, and AC26, thereby making the total number of possible values of the parameters 43 (Supplementary Table 2, Supplementary Text 2: Scripts 5 and 6). Here, the doses for the four drugs (TMZ, AC2, AC7, and AC26) were varied to study the change in cellular dynamics under different dosages. The parameter values related to these drugs considered in our model equations have been determined by varying the parameters to obtain a close fit with the experimental observations from the SRB Assay.



Numerical Simulation With Drug Therapy

Numerical simulations were carried out by varying the dose of the drug (D1) [i.e., TMZ while keeping the dose of the Acridone derivative drug (D2) as zero]. Simulations were run using an ODE variable solver in MATLAB until a steady state solution was reached. For the study of the effect of the individual drugs on the inhibition of cellular growth, simulations for AC2, AC7, and AC26 were also performed in a similar way by varying the dose of the Acridone derivatives. These simulation results in capturing the effect of the individual drugs on the drug sensitive and resistant cell lines were fitted and validated with our experimental findings obtained from the Sulforhodamine B Assay mentioned in Section Sulforhodamine B assay for individual drugs.



Administration of Combinatorial Drugs

After studying the effect of drugs individually on the growth of different Glioma cells, combinational studies were carried out to observe how the growth inhibition of TMZ resistant Glioma cells could be achieved when TMZ and Acridone derivatives were administered in combination. For this, combinatorial drugs (AC26 + TMZ, AC2 + TMZ, and AC7 + TMZ) were administered and their effect on growth of drug resistant cancer cells and drug sensitive cancer cells were observed. Simulations were performed by varying doses of both the drugs for each combinational drug within the range that would not lead to drug toxicity. Toxicity range was considered as more than 100 μM for Acridone compounds and more than 250 μM for TMZ (42). Also, because it was observed from the experiment and the previous simulations that Acridone compounds were highly cytotoxic and potent at lower concentrations so the range of Acridone moieties in simulations were varied from 0 to 6 μM only. For each of the drugs, both TMZ and the Acridone derivatives, 100 dosages were considered and simulated using our mathematical model to generate 100 × 100 = 10,000 dosage combinations in silico (Supplementary Text 2: Scripts 7 and 8). The dose response matrix of CR and CS generated from the simulation was used to calculate the Synergy Scores (SC) of each combination.



Sensitivity Analysis

In order to determine the effect of the different model parameters and the dosages of TMZ and Acridone derivatives on the model variables and the dose response matrices, the Sensitivity Analysis was performed using LHS-PRCC (Latin Hypercube Sampling - Partial Rank Correlation Coefficient) method in MATLAB (46). This method is useful for global uncertainty analysis for monotonic systems. The sensitivity analysis was performed on 29 parameters including the parameters related to TMZ (D1) and Acridone derivatives (D2). The parameters range related to the Acridone derivatives (D2) were considered such that it covers the values of all the three derivatives, viz., AC2, AC7, and AC26. The sensitive parameters were identified for all the four variables based on their PRCC values with a p < 0.05 (Supplementary Text 2: Scripts 10–12).



In-silico Drug Synergy Estimation

The synergy scores (SC) for each pair of drug combinations in the resistant cells were calculated using the R-based package Synergy Finder using the Bliss reference model (47). The dose-response matrix obtained from the numerical simulation of the model for the CR cells was used as an input matrix (100 × 100) for Synergy Finder to calculate the synergy scores (SC). For the calculation of synergy scores, the assumption is that if an experiment drug A at dose x1 is combined with drug B at dose x2, then the effect of such a combination is yc as compared to the monotherapy effect of A at x1 and B at x2. In order to quantify the degree of synergy, the value of yc needs to be compared with the expected effect ye of non-interaction. In the Bliss model yc is calculated as
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The synergy score is calculated as the difference between the observed effect (yC) and the expected effect (ye). This method has been used when the two drugs are acting independently on the phenotype.




Sulforhodamine B Assay for Combinatorial Drugs

Sulforhodamine B Assay procedure used for evaluation of combinatorial drugs is the same as that of the individual drugs. Cell lines were treated with various concentrations of drug combinations TMZ+AC2, TMZ+AC7, and TMZ+AC26 instead of individual drugs. Combination index (CI) of these combinatorial drugs were evaluated in drug-sensitive (U-87) and drug-resistant (T-98) cancer cell lines. The 100 μM concentration of TMZ with IC10 concentration of the AC2, AC7, and AC26 were used for the combination assay. Based on CI values obtained for these drug combinations, it is possible to determine the type of interaction. If CI value is <0.8, then combinatorial drugs show synergism (i.e., its effect is better than the expected theoretical effect); when CI value lies between 0.8 and 1.2, combinatorial drugs show additive behavior i.e., it means the effect of combination will be equal to sum or product of each separate effect; and when CI value is more than 1.2, combinatorial drugs show antagonism i.e., its effect is worse than expected theoretical effect (48, 49).



Acute Toxicity Study of Acridone Derivatives

Animal study was conducted for acridone derivatives AC2, AC7, and AC26 alone and in combination with Temozolomide for Acute Oral Toxicity - Fixed Dose procedure. The Institutional Animal Ethics Committee bearing CPCSEA/IAEC/P-52/2016 was approved for undertaking the study. Acute oral toxicity was conducted on female albino Wistar rats for 8–12 weeks and were maintained at 25 ± 20C in a conditioned room with 50–60% of humidity and free access to food and water was given. Rats were kept for fasting overnight (12 h) before dosing and weights were recorded periodically. Rats in two groups were given acridone derivatives alone at a dose of 300 and 2,000 mg, rats in two groups were given a combination of Temozolomide : acridone derivatives at dose of 10:1 mg/kg and 15:1.5 mg/kg body weight and one group was kept as control. Dose of Temozolomide was taken as per previously published article (50). Compounds alone and combination were suspended in 2.0% of Tween 80 in normal saline and control group was taken for vehicle only. After administering the compound, food was not provided for 3 h. All the rats were monitored periodically for 1 h upto 12 h on the 1st day and thereafter twice in a day for mortality, behavioral changes, signs and symptoms of toxicity for 14 days. Individual weights of rats were taken for all the 14 days and study was conducted twice for each dose.




RESULTS


Characterization of the Drugs

Successful delivery of any anti-cancer drug across the blood brain barrier depends mainly on the lipophilicity of the drug (51). The Acridone derivatives (AC2, AC7, and AC26) are weak bases existing in both the uncharged (unprotonated) and charged (protonated) forms (52). Characteristics of novel Acridone derivatives like molecular weight, melting point, Log P (or partition co-efficient) and pKa have been evaluated and results of the same are shown in Table 1. It seems that the lipophilicity of the compounds contributes to the anti-neoplastic activity to some extent. The results from the Online BBB Predictor show that all the three Acridone derivatives AC2, AC7, and AC26 have blood brain barrier permeability with BBB scores 0.238, 0.236, and 0.144, respectively. On the other hand, the tool predicts TMZ to have a BBB score of 0.034 (Supplementary Figure 3) (17).


Table 1. Physical data for acridone derivatives.
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Molecular Docking of Acridones With P-gp, MRP, and MGMT

In order to determine the binding affinities of these Acridone derivatives with drug resistant causing proteins P-gp, MRP, and MGMT, Molecular docking studies have been performed. Acridone derivatives are very much recognized as substrates of efflux pumps P-gp and MRP proteins with potential DNA intercalating property for multidrug resistant (MDR) cancers (52). Acridones being substrates or inhibitors of these efflux pumps enhances the concentration of drugs like Temozolomide inside the cell, which can lead to cell death. Also the combination of anticancer drugs with acridone derivatives can modulate or prevent the cause of drug resistance (53). Same hypothesis might have improved the cytotoxicity against drug resistant cancer cells in SRB assay. To further verify the experimental results and predict the binding affinity of acridone derivatives, molecular docking was performed against P-gp, MRP, and MGMT target proteins.

Docking of Acridones with P-gp has identified AC26 with highest binding affinity of −10.2 kcal/mol (Table 2). Complex was found stabilized by hydrogen bonding with TYR A:310; Pi-Pi Stacking with TYR A:232, PHE A:343, and Pi-Alkyl interactions with ALA A:229 residues (Figure 3). The AC2 has demonstrated binding affinity of −10.1 kcal/mol by hydrogen bonding with GLN A:725, Pi-Pi Stacking with TRP A:232; PHE A:343; PHE A:983, Pi-Sulfur with MET A:986, and Pi-Alkyl interactions with ALA A:229, ALA A:987 residues. Most of the interactions were found common with AC26 unlike hydrogen bonding and Pi-Sulfur interacting residues. Surprisingly, AC7 was found stabilized with −9.5 kcal/mol without hydrogen bonding interactions. All the three compounds have interacted with different binding patterns and interactions with P-gp. Complex structure and size of active pocket might have led to different interactions.


Table 2. Docking of acridones with P-gp and MRP.
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FIGURE 3. 2D docked poses of AC26, AC2, and AC7 with P-gp and MRP. The interactions shown in the figure have been color coded as Green: Hydrogen bonding; Yellow: Pi-Sulfur; Pink: Pi-Pi Stacking; Light Pink: Pi-Alkyl; Blue: Pi-Sigma.


Similarly, docking of Acridones with MRP has identified AC26 with binding affinity of −7.5 kcal/mol (Table 2). Interestingly, complex was found stabilized by hydrogen bonding with four residues [i.e., SER A:796; SER A:828; SER A:830; TYR A:831, Pi-anion with HIS A:872, and Pi-alkyl interactions with LEU A:795; ALA A:800 (Figure 3)]. AC2 and AC7 have exhibited −7.1 and −7.2 kcal/mol. Only AC2 has formed Van der Waals interaction with HIS A:801. Pi-alkyl interaction with LEU A:795 and Pi-anion with HIS A:872 was found common with all the three compounds. AC7 also demonstrated four hydrogen bonding interactions. Unlike AC26 and AC2 hydrogen bonding with SER A:830 was found missing with AC7. This particular interaction might have reduced the binding affinity to −7.2 kcal/mol. All the three compounds have exhibited a good number of interactions at the active pocket of MRP.

Finally, docking of Acridones with MGMT has revealed interesting insights. The AC2 and AC26 were found stabilized with good binding affinity of −7.8 and −7.7 kcal/mol (Table 3). Also AC2 has demonstrated hydrogen bonding with ARG A:135, Pi-Pi stacking with TYR A:114, Pi-alkyl with ARG A:128; MET A:134; CYS A:145, and Pi-sulfur with CYS A:150. Only AC2 has formed Pi-sulfur interaction among the three compounds (Figure 4). AC7 has also exhibited hydrogen bonding interactions with ARG A:135; GLY A:132, and other Pi-Pi stacking, Pi-alkyl, Pi-sigma interactions at the active pocket of MGMT. Also, only compounds formed Pi-sigma interactions. Surprisingly, AC26 was found stabilized by Pi-Pi Stacking with TYR A:114; MET A:134 and Pi-alkyl with ARG A:128; ARG A:135 interactions. Compound has shown −7.7 kcal/mol binding affinity with no hydrogen bonding interactions. Pi-Pi stacking with TYR A:114 and Pi-alkyl with ARG A:128 were found common with all the three compounds.


Table 3. Docking of acridones with MGMT.
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FIGURE 4. 2D docked poses of AC26, AC2, and AC7 with MGMT. The interactions shown in the figure have been color coded as- Green: Hydrogen bonding; Yellow: Pi-Sulfur; Pink: Pi-Pi Stacking; Light Pink: Pi-Alkyl; Blue: Pi-Sigma.


Overall, docking calculations revealed that acridones have good binding affinity to P-gp and MGMT. Compounds have exhibited lesser binding affinity with MRP compared to other targets. Particularly, AC26 has demonstrated highest binding affinity with all the three target proteins. Molecular docking studies of acridones against P-gp target has revealed that compounds have the ability to modulate or reverse drug resistance mediated by efflux pumps like P-gp with good binding affinity. Docking studies have once again supported that Acridones are known to modulate MDR as P-gp substrate/inhibitor. Study suggests that Acridone derivatives can be further optimized for the design of safe and potent MGMT inhibitors.



Sulforhodamine B Assay for Individual Drugs

The cell growth inhibition potential of the Acridone derivatives on the drug sensitive and drug resistant Glioma is studied using the Sulforhodamine B (SRB) assay. Here the IC50 (μM) values for the drugs AC2, AC7, AC26, and TMZ were determined and tabulated in Table 4. We have found out IC50 values of acridone derivatives using SRB Assay and have confirmed safety dose by conducting acute toxicity studies on albino Wistar rats. However, the reported IC50 values of acridone derivatives are based on in vitro study only and is yet to be tested for clinical application. Also, this experimental data was used to plot growth inhibition curves for AC2, AC7, AC26, and TMZ in U-87 drug sensitive Glioma cell lines and T-98 TMZ resistant Glioma cell lines (Figure 5). All the four compounds AC26, AC2, AC7, and TMZ were found active. Here we observe that the compound AC26 containing substituent like 1-(2-hydroxyphenyl) ethylidene have shown better results in both drug resistant and sensitive types of Glioma cell lines (U-87 and T-98). Results show that this substitution is responsible for high anti-proliferative activity. Also, substitution of –Cl in phenyl group in AC7 was found to overcome drug resistance to a larger extent in comparison to having no substitution in phenyl group in AC2. One important aspect related to AC7 is that the presence of –Cl group in the phenyl group is also one of the main reasons for the drug not being effective on U-87. From this we observe that in comparison to other Acridone derivatives, AC26 showed highest cytotoxicity when compared with AC7 and AC2, respectively.


Table 4. Dose-effect relationships of TMZ and AC in Glioma cell lines#.
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FIGURE 5. IC50 values obtained from experimental data: (A) Growth Inhibition Curve for AC26 in U-87 Glioma Cell Lines; (B) Growth Inhibition Curve for AC26 in T-98 Glioma Cell Lines; (C) Growth Inhibition Curve for TMZ in U-87 Glioma Cell Lines; (D) Growth Inhibition Curve for TMZ in T-98 Glioma Cell Lines; (E) Growth Inhibition Curve for AC2 in U-87 Glioma Cell Lines; (F) Growth Inhibition Curve for AC2 in T-98 Glioma Cell Lines; (G) Growth Inhibition Curve for AC7 in U-87 Glioma Cell Lines; (H) Growth Inhibition Curve for AC7 in T-98 Glioma Cell Lines. X axis showing log concentration of the drug in μM.




Selectivity Index

Selectivity indices (SI) of all the four drugs, were obtained from the experiments, have been tabulated (Table 4). A drug with high SI is able to act against cancer cells effectively at concentrations below its cytotoxic concentration. The SI data shows that AC26 is more selective toward T-98 (drug resistant cancer cell line) and U-87 (drug sensitive cancer cell lines) than its selectivity toward Vero cell lines. These results indicate the supremacy of AC26 as a better choice of drug for treatment of cancer that would be effective both on T-98 and U-87 drug lines.



Numerical Simulations and Parameter Estimation (Without Drug)

In order to mimic the experimental observations in silico, first the Glioma cell growth model was developed without the administration of any drug (Equations 1–4). The unknown values of 10 parameters were estimated by MCMC method. Sensitive parameters regulating the growth of the variables C, CR, and CS were varied within biologically feasible ranges. Time course cell growth experimental data of 96 h for Glioma, U-87 and T-98 cells lines were used to fit the model parameters (red circles, Figure 6) (29–31). It was assumed that the prior distribution is normal. The MCMC simulation was run for 500,000 iterations to assure convergence of the chain. The final parameter values estimated by MCMC algorithm for the mathematical model have been listed in Supplementary Table 2. The simulated predictive plots, with the estimated parameters, obtained for cancer cells C (Figure 6A), Cancer Resistant CR (Figure 6B), and Cancer Sensitive cells CS (Figure 6C) show a good fit with the experimental data points (indicated with red circles) and mostly lie within the 95% confidence interval. This ensures the validity of the parameter chosen and the mathematical model for closely mimicking the in vitro experiments.
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FIGURE 6. Parameter estimation and validation studies. Predictive Plots using estimated parameter values for (A) Cancer cells (C), (B) Drug resistant cancer cells (CR) and (C) Drug sensitive cancer cells (CS). The red circle in predictive plots represents cell proliferation values obtained from Glioma cell line data; (D) Temporal Dynamics shown by Normal (N), Cancer cells (C), Drug resistant cancer cells (CR), and Drug sensitive cancer cells (CS).


The model was then simulated for 300 h to ensure that all four variables representing the tumor sub-populations reach steady state. Figure 6D shows the temporal dynamics of all four of cellular sub-populations. Here it is observed that at steady state the CR population reaches a much higher concentration as compared to the CS cells which makes the tumor resistant to therapeutic interventions.



Numerical Simulations With TMZ and the Combinations

After successful validation of the tumor cell growth model, it is now used to test the cellular inhibition effect of the drugs individually and then in combinations. Experimental data from the SRB assay was used to calibrate and validate the model outcome.


Administration of Individual Drugs

Numerical simulations were performed to study the growth inhibition of the drug sensitive CS and drug resistant CR cancer cells by varying the doses of TMZ, AC26, AC2, and AC7 individually. The Figures 7A,B obtained shows relative tumor growth (%) with the changing concentration of TMZ. Here, it can be observed that both the simulated data (cyan) and experimental data (royal blue) closely fit. The spearman's rank-order correlation R2 values for both drug resistant cancer cells (T-98) and drug sensitive cancer cells (U-87) indicating very strong correlation between both the experimental data and simulated results. The IC50 values obtained from the simulations also match with the experimental data pretty well.


[image: Figure 7]
FIGURE 7. Fitting growth inhibition curves of experimental data with simulated data after administration of drugs on cancer resistant CR (T-98) and sensitive cell lines CS (U-87). (A) TMZ to CR (T-98); (B) TMZ to CS (U-87); (C) AC26 to CR (T-98); (D) AC26 to CS (U-87); (E) AC2 to CR (T-98); (F) AC2 to CS (U-87); (G) AC7 to CR (T-98); (H) AC7 to CS (U-87).


Similarly, the growth inhibition effect of the Acridone derivatives AC26 (Figures 7C,D), AC2 (Figures 7E,F), and AC7 (Figures 7G,H) were also studied on the drug resistant CR and drug sensitive CS cancer cells. The simulation results show a good fit of experimental data for all the three drugs (R2 > 0.98).



Administration of Combinatorial Drugs—TMZ With Acridone Derivative

Various doses of combinatorial drugs D1 -TMZ and D2- Acridone derivatives (AC26/AC2/AC7) were administered to the model and the simulations were run until steady state was reached. The dose response matrix showing the relative growth percentage (along Z-axis) of drug resistant cancer cells and drug sensitive cancer cells have been depicted through surface plots (Figure 8) for 10,000 dosage combinations of each pair of TMZ and Acridone derivative (AC26/AC2/AC7). The Figure 8A shows that when dose of D1 (TMZ) is 0, tumor growth is maximum (represented by red color), but as dose is increased slowly from 0 to 200, the TMZ inhibits tumor growth reduction by 50%. Here we also observe that, alongside TMZ, as dose of D2 (i.e., AC26) is increased, drastic fall in the number of drug resistant cancer cells is observed (more than 20% tumor growth reduction). While comparing the efficacy of both the drugs, it was observed that AC26 was more successful in inhibiting drug resistant cancer cell growth at lower concentration than TMZ. Conversely, Figure 8B shows that increase in the dose of TMZ results in sudden fall in concentration of drug sensitive cancer cells (40% tumor growth reduction) whereas increase in the dose of AC26 leads to moderate reduction in drug sensitive cancer population (10–20% of tumor growth reduction).


[image: Figure 8]
FIGURE 8. Drug dosage variation study. The percentage relative growth of drug resistant (CR) and sensitive cancer (CS) cells growth under varying drug combinations: (A) Resistant cells with TMZ and AC26; (B) Sensitive cells with TMZ and AC26; (C) Resistant cells TMZ and AC2; (D) Sensitive cells with TMZ and AC2; (E) Resistant cells with TMZ and AC7; (F) Sensitive cells with TMZ and AC7. The figure represents the relative growth (%) for 10,000 dosage combinations for each pair of drugs.


Similarly, the dosage of the drugs TMZ and AC2 were varied from 0 to 200 and 0 to 2, respectively (Figures 8C,D), while in the third drug combination study, TMZ and AC7 were varied from 0 to 200 and 0 to 6, respectively (Figures 8E,F). In both the cases we observed a better growth inhibition of the resistant tumor cells on administration of the Acridone derivative AC2 and AC7 when combined with TMZ as opposed to when they were administered individually. From the dose response matrices, the fold change in the IC50 values of TMZ and the Acridone derivatives when used in combinations as opposed to when they are administered individually were also calculated (Table 6). Here we observe that when the drugs are used in combination, the IC50 value of TMZ and Acridone derivatives reduces substantially. This observation throws light on the possibility of existence of synergistic effects of the drugs when used in combination with TMZ in the drug resistant cancer cells.

In order to determine the parameters that govern this dose response dynamics of the CR and CS cells, to the administration of the TMZ and Acridone derivatives, sensitivity analysis was performed. Here it was observed that the CR cells were sensitive to 13 out of 29 parameter values (p < 0.05), while the CS cells were sensitive to 12 parameters (p < 0.05) (Supplementary Figure 2). However, the Partial Rank Correlation Coefficient calculated for the parameters show that while the CS cells are more sensitive (|PRCC| > 0.5) to the parameters governing cellular growth such as ∝N,αCS, αCR, K (carrying capacity of the tumor), and the efficacy of TMZ [image: image] the parameters of CR cells with |PRCC| > 0.5 comprises the dosage of Acridone derivative (D2), [image: image] and the efficacy of TMZ on the resistant cells [image: image]. The outcome of the analysis show that there is a strong correlation of the dosage of the Acridone derivative (D2) with response of the CR cells which further motivates to determine the dosage combinations where synergy of the two drugs can be obtained for maximal inhibition of the drug resistant Glioma cells.



Drug Synergy Estimation

In order to determine the dosage combinations of the drug pairs (TMZ and Acridone derivatives) that show synergism for the drug resistant cells, the dose response matrix (Figures 8A,C,E) for the resistant cells (CR) for all the 10,000 dosage combinations of each of the three drug pairs (as obtained from the mathematical model) was tested for synergy. The synergy scores (SC) have been calculated based on the observed growth inhibition data obtained from the simulation (Figures 8A,C,E) with each drug pair for the resistant cell line using the Bliss Independence method. The corresponding synergy scores (SC) calculated for each combination have been shown in Figures 9A–C. Here a positive SI score shows antagonism while a negative SC score shows synergy. The 10,000 combinations were simulated for each drug pair and we observed good synergy of all the three Acridone derivatives, AC2, AC7, and AC26 when combined with TMZ for a large number of dosage combinations. The Figure 9 also shows three points on the surface plots that denote the combination that have been tested using experiment for the validation of our simulation results.


[image: Figure 9]
FIGURE 9. Synergy Score (SC) of 10,000 drug combinations for each of the three pairs of drugs combining the Acridone derivatives with TMZ on CR cells using Bliss Independence Method. (A) AC2 and TMZ; (B) AC7 and TMZ; (C) AC26 and TMZ. The red points show the combinations that have been validated with experiments. The synergy scores have been calculated based on the dose-response matrix represented in Figures 8A,C,E, respectively. The color bar represents the calculated synergy scores. Here negative value represents synergy, while the positive values represent antagonism of the drug.





Sulforhodamine B Assay for Combinatorial Drugs

With the leads obtained from the synergy estimations in-silico, CI was calculated for all the three combinatorial drug pairs using SRB assay (Table 5). The observations from the experiments showed that combinatorial drugs (TMZ+AC2, TMZ+AC7, and TMZ+AC26) showed synergistic inhibitory effect on growth of T-98 cell lines at low concentration (IC50) with respective CIs of 0.4, 0.41, and 0.32 (marked with red on Figures 9A–C). It has to be noted here that the Synergy Score (SC) estimated using the Bliss Independence method in silico (Figure 9) has been performed independently from the CI calculated from the SRB assay (Table 5). However, the result obtained from the SRB assay corroborates well within the in-silico findings and we observe synergy for the same drug dosage combinations from both the in silico and experimental studies. Our results indicate that, TMZ+AC26 shows the highest synergistic inhibitory effect amongst all the combinations.


Table 5. Dose-effect relationships of TMZ and AC in Glioma cell lines.
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Acute Toxicity

Acridone derivatives AC2, AC7, and AC26 alone and in combination with Temozolomide were evaluated for oral toxicity by administering compounds suspended in normal saline with Tween 80 through oral route. Rats were kept for overnight night fasting before the day of dosing and for 3 h after dosing. On the 1st day of dosing, they were monitored periodically for every hour upto 12 h for mortality, clinical signs, and behavioral changes. And thereafter observed twice in a day for 14 days and body weight was recorded daily. No clinical sign of toxicity was observed during the period of 14 days under observation among the control and treated groups. The gain in body weight of rats was found to be normal in the control and treated groups (Supplementary Tables 4–6). Present study suggests that acridone derivatives alone (of 2,000 mg/kg) and in combination with Temozolomide (15:1.5 mg/kg) are safe for oral administration in single dose to albino Wistar rats of female.




DISCUSSION

Drug resistance and recurrence are one of the major issues associated in the treatment of Glioma. Better strategies are required to be adapted for enhancing the efficacy of the treatment of Glioma patients. Development of experimentally validated mathematical models is a promising approach to estimate the efficacy of a particular therapy and predicting what percentage of tumor growth inhibition can be achieved under a particular therapy. Given the current scenario, various trial and error experiments for drug screening and drug combination study with high synergy can be carried out at economical costs and rapid rate by employing mathematical models for designing effective cancer therapy.

In this study, we propose three novel drug combinations using TMZ and Acridone derivatives as well as show their efficacy of tumor inhibition over a wide range of dosage combinations using both in-silico and in-vitro studies. The simple four variable mathematical model developed in this study captures the formation and development of a malignant Glioma and its differentiation into drug resistant and sensitive cells. This model effectively captures the cellular dynamics of a growing tumor using simple mathematical assumptions and minimal unknown parameters. The model here has been parameterized to closely mimic the behavior of U-87 drug sensitive and T-98 drug resistant Glioma cells using experimental data (Figure 6). This has been useful in screening the effectiveness and growth inhibition potential of TMZ and Acridone derivatives individually and also in combination for a wide range of doses (Figures 7, 8). Sensitivity Analysis performed on the model parameters revealed that the inhibition of the drug resistant cells correlated highly with the dosage of the Acridone derivative (D2) and the efficacy of TMZ on the drug resistant cells([image: image]) (Supplementary Figure 2). This analysis indicates a need to determine the optimum dosage of Acridone derivatives as well as the throws light on the necessity to enhance the effectiveness of the TMZ on the drug resistant cells which may be achieved through the inhibition of the resistance causing target proteins. Our analysis also reveals a significant fold change in the IC50 value of the drugs when used individually as opposed to when they are used in combination (Table 6). This indicates the plausibility of synergy between the drugs TMZ and Acridone derivatives. Hence, the dose response matrix obtained from the model simulations of the drug resistant cells was used to analyse the existence of synergy between TMZ and Acridone derivatives for the treatment of resistant Glioma (Figure 9). Although a key limitation of this model may be that being a deterministic model, it is governed by fixed parameters values and thus fails to capture the immense heterogeneity of Cancer cells, the effect of angiogenesis, the influence surrounding immune cells and other micro-environmental factors explicitly, it may be noted that the parameters are estimated using experimental data that has helped in calibrating the model to closely mimic a real life scenario. Nevertheless, the outcomes from our in-silico mathematical model corroborate well with our experimental findings and provide insights into the entire synergy landscape of these drugs when used in combination for the treatment of resistant tumors.


Table 6. Fold change of the combinatorial drugs.
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The study of drug synergy revealed that the combination of TMZ and AC26 was found to show synergistic effect on the drug resistant Glioma cell lines (T-98) as well as drug sensitive Glioma cell lines (U-87) with CI 0.6. Here we also observe that 100 μM of TMZ and IC10 of AC26 could effectively destroy drug sensitive cancer cells and IC10 of TMZ and IC50 of AC26 could exterminate drug resistant cancer cells. Thus, we put forward a treatment strategy i.e., use of combinatorial drugs 100 μM of TMZ and IC10 of AC26, which is the lowest dose possible, in order to combat drug resistance in cancers. Furthermore, we also show that these doses showing synergistic effect are below the toxicity levels shown by the individual drugs. All these results have been experimentally validated to confirm effectiveness of these combinatorial drugs.

A close observation from the results obtained, reveal a comparison between the individual activity of acridone derivatives where we note that the relative efficacy of the drugs may vary as AC26 > AC7 > AC2. These results are also confirmed from the experimental observations of drug combinations, synergy and selectivity index calculations of the drugs (Table 4) which reinforce the efficacy of the drug combinations on drug resistant cancer cells in the order TMZ + AC26 > TMZ + AC7 > TMZ + AC2. Acute toxicity studies for 14 days as per OECD guidelines have indicated that all the acridone derivatives alone and in combination with Temozolomide were found safe in single dose to female albino Wistar rats. Additionally, using in silico prediction tool, it has been observed that all the Acridone derivatives show BBB permeability higher than TMZ which gives hope for its clinical efficacy (Supplementary Figure 3). However, to establish the clinical usefulness of the proposed combination, further in vitro and in vivo assays are currently being undertaken for the determination of other pharmacokinetic parameters.

The molecular docking study shows that the synergistic effect of combining TMZ and Acridone derivatives might be due to inhibitory action exerted by the acridone derivatives on the resistant cells due to interactions with P-gp, MRP, and MGMT proteins that contributes to the development of drug resistance. Through the in silico studies it has been observed that the acridone derivatives show particularly good binding affinity to P-gp and MGMT compared to MRP. Particularly, AC26 have demonstrated highest binding affinity to all three targets P-gp, MRP, and MGMT and observed same with experimental findings. Study suggests that acridone derivatives can be further optimized for the design of safe and potent MGMT inhibitors. Good interactions at the active pocket and binding affinity of AC26 with efflux pumps and MGMT might be responsible for synergistic effect against resistant Glioma cells in combination with TMZ. Through our previous studies we have demonstrated that Acridone derivatives have DNA intercalating property which implicates that these derivatives might also be effective in killing resistant glioblastoma through MGMT-independent mechanisms as well (15, 54, 55). Whether these acridone derivatives also have an effect on the expression levels of P-gp, MRP, and MGMT proteins is currently under investigation and will be reported in another study. It is to be mentioned here that, although, in this study we have only reported the experimental verification of one dosage per drug combinations (Table 5), using our in silico analysis, we have been able to show the entire synergy landscape for each drug combination pair that can be tested in vivo using orthotropic xenografts for establishing its clinical efficacy. Along with the novel drug combinations reported in this study, we also propose a validated mathematical model, albeit simple, and in-silico approach to test the efficacy and synergy of novel drugs combinations in future.



CONCLUSION

The novel drug combinations, involving TMZ and Acridone derivatives, proposed in this study provides new insights for the treatment of drug resistant Gliomas. The effective dosages of each of these combinations suggested in our study have been supported using both our simulation outcomes as well as experimental data. For this, the mathematical model developed here throws light on the effectiveness of each of these dosage combinations in terms of tumor reduction for wide range dosages that is not possible to screen experimentally. This is an extremely important step for the estimation of the synergistic effect of the drug pairs. Hence, it may be mentioned here that, albeit the simplicity of the model, which can be further modified in future with the inclusion of new variables, parameters and stochasticity to capture the tumor heterogeneity, the model provides useful insights in the tumor development and drug effectiveness that have been corroborated experimentally in its present form. Thus, not only does the experimental finding and docking studies of this work provide new hopes for the treatment of drug resistant Glioma, but the mathematical model developed in this study will be an invaluable tool to estimate dosage and effectiveness of other drugs for Glioma therapy in future.
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The treatment of anaplastic lymphoma kinase (ALK)-positive locally advanced non-small-cell lung cancer (NSCLC) is challenging because there is no randomized controlled trial has been reported. The value of neoadjuvant and adjuvant targeted therapy remains unclear. Herein, we show that systemic treatment with ALK inhibitor crizotinib before surgery can provide the potential to cure the initially inoperable tumor. A 27-year-old man was diagnosed with a stage IIIAcT3N2M0 (7thUICC/AJCC) upper left lung adenocarcinoma harboring EML4-ALK fusion gene. Clinically, the patient had a large primary lesion adjacent to the pericardium and regional lymph node metastasis at the ipsilateral mediastinum. Poor tumor response was observed after 3 cycles of chemotherapy (gemcitabine plus cisplatin), and upon multidisciplinary discussion, the patient was started with 250 mg crizotinib twice daily. Successive clinical examinations showed a progressive reduction of the lesions. After 2 months of therapy, the patient was downstaged to cT2aN2M0, then video-assisted thoracic surgery was performed and the final histopathological stage was ypT2aN2M0. The treatment with crizotinib (250 mg, qd) was continued more than 30 months post surgery and stopped until intracranial oligometastasis. The patient’s overall survival (OS) time is 68 months at last follow-up. This case presented here supports the use of neoadjuvant and adjuvant treatment with ALK inhibitors in ALK positive locally advanced NSCLC.
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Introduction

According to the report of the International Agency for Research on Cancer, 2,093,876 cases of lung cancer were newly diagnosed worldwide in 2018, accounting for 11.6% of newly diagnosed cancers in the same year (1). Approximately 85% of lung cancers are classified as non-small-cell lung cancer (NSCLC), and 30% of which are defined as stage III at diagnosis (2, 3).

Stage III NSCLC is considered highly heterogeneous. Most patients have lost the opportunity for radical surgery at the time of initial diagnosis. The overall clinical efficacy of treatment for stage III NSCLC is not satisfactory, with 5-year survival rates of only 13~36% despite multimodality treatments (4, 5). In recent years, as small-molecule tyrosine kinase inhibitors (TKIs) have been widely used in patients with advanced NSCLC with genetic mutations, the survival outcomes of patients have become highly promising, and the benefits are obvious (6–9), reflecting the need to explore the application of small-molecule TKIs in locally advanced NSCLC with genetic mutations.

For locally advanced NSCLC with epidermal growth factor receptor (EGFR) mutation, previous studies (10–12) have focused on the application of neoadjuvant and adjuvant targeted therapy, and the results are promising. Among these patients, neoadjuvant targeted therapy is significantly superior to chemotherapy, and the regression of the primary tumor is more pronounced, rendering patients more likely to be eligible for radical surgery (10–12). Adjuvant targeted therapy offers a convenient treatment option, and patients can also benefit from survival outcomes (10). However, no randomized controlled trial for patients with anaplastic lymphoma kinase (ALK)-positive locally advanced NSCLC has been reported. The value of neoadjuvant and adjuvant targeted therapy remains unclear and requires further exploration. This case report describes initial crizotinib use as neoadjuvant and adjuvant targeted therapy for an ALK-positive locally advanced NSCLC patient.



Case Presentation

In April 2015, a 27-year-old male who presented with cough and phlegm was diagnosed with left upper lung adenocarcinoma by biopsy, with a performance status score of 1. The histological features were characterized by solid growth with mucus production (60%) and acinar growth (40%). The patient’s clinical stage was cT3N2M0 (stage IIIA, 7th UICC/AJCC). After preoperative evaluation, the initial tumor was considered unresectable since it was adjacent to the pericardium, and regional lymph node metastasis at the ipsilateral mediastinum was observed.

Three cycles of gemcitabine (1250mg/m2, day 1 and day 8) plus cisplatin (75 mg/m2, day 1) were given after diagnosis. Simultaneously, the positive ALK expression was detected by Ventana immunohistochemistry (IHC) staining (Figure 1). Contrast chest computed tomography (CT) after 3 cycles of gemcitabine plus cisplatin showed that the primary tumor remained stable according to the RECIST 1.1 criteria compared with the initial CT scan (Figures 2A, B). Thereafter, crizotinib (250 mg, bid) was adopted, replacing the initial treatment. Encouragingly, the patient was downstaged to cT2aN2M0 within 2 months (Figure 2C).




Figure 1 | Pretreatment biopsy. (A) Histological aspect of lung adenocarcinoma (HE staining), (B) Intense cytoplasmic ALK protein expression on immunohistochemistry. HE, hematoxylin-eosin; ALK, anaplastic lymphoma kinase.






Figure 2 | Radiological evaluation of the primary tumor and lymph nodes. (A) Baseline, (B) After 3 chemotherapy cycles, (C) After 2 months of crizotinib treatment.



In September 2015, video-assisted thoracic surgery (VATS) with left upper lobectomy plus lymph node dissection and partial pericardial resection was performed. The pathological stage was ypT2aN2M0. Then, postoperative radiotherapy (PORT) was performed with a total dose of 50 Gy in 25 fractions. Given the limitation of IHC detection, genomic sequencing was performed for the patient’s resected tumor tissue sample. Next-generation sequencing (NGS) analysis was carried out using a commercially available capture-based targeted sequencing panel, targeting 8 genes (ALK, BRAF, EGFR, ERBB2, KRAS, MET, RET and ROS1) (Burning Rock Biotech, Guangzhou, China). EML4-ALK (E13:A20) fusion oncogene was found by NGS assay. Crizotinib (250 mg, qd) was administered as adjuvant targeted therapy until an intracranial oligometastasis was first detected in July 2018, with a first progression-free survival (PFS 1) time of 39 months. Subsequently, stereotactic radiosurgery (SRS) of the intracranial oligometastasis followed by crizotinib treatment (250 mg, bid) was performed. Five months after SRS, the intracranial oligometastasis showed a complete response based on the RECIST 1.1 criteria (Figure 3). At the final follow-up in December 2020, no grade 3/4 adverse events or disease progression had occurred. Remarkably, a second PFS time has not been reached. The patient’s overall survival (OS) time is currently 68 months.




Figure 3 | Radiological evaluation of intracranial oligometastasis. (A) Initial detection, (B) Five months after stereotactic radiosurgery.





Discussion

Based on NCCN guidelines, stage III NSCLC patients should receive multimodality therapies. Radical resection is recommended for operable patients. Potentially operable patients can gain opportunities for radical resection through neoadjuvant therapies including chemotherapy, radiotherapy, or a combination of both. Additionally, concurrent radical chemoradiotherapy followed by immunotherapy maintenance is preferred for inoperable patients. Notably, for locally advanced NSCLC patients with gene mutations, the NCCN guidelines do not indicate whether targeted therapy is superior to traditional chemotherapy as neoadjuvant or adjuvant treatment. This case report describes the application of neoadjuvant and adjuvant targeted therapy in a patient with stage IIIA-N2 ALK-positive NSCLC for the first time.

Approximately 7% of NSCLCs have ALK gene fusions, and EML4 is the most common ALK fusion partner, accounting for 90~95% of ALK rearrangements (13). A variety of rare ALK fusion partners, such as KIF5B, KLC1, TFG, TPR, HIP1, STRN, DCTN1, SQSTM1, NPM1, BCL11A and BIRC6, have also been detected, summarized in a study by Du Xue et al. and colleagues (14). EML4-ALK is further divided into diverse fusion subtypes, among which V1 (E13:A20) and V3 (E6:A20) account for the highest proportion, both at approximately 32%, and other EML4-ALK fusion subtypes are relatively rare (each accounts for less than 10%) (13). The identification of these mutations enables target-specific therapies. The application of ALK inhibitors indeed prolongs patient survival; however, a certain proportion of patients will inevitably acquire resistance to ALK inhibitors (15, 16). Therefore, it is of great significance to identify predictors of response or resistance to ALK inhibitors. In addition, NGS of dynamic plasma or tissue gene mutation abundance detection is effective in predicting the response to ALK inhibitors, as illustrated by Zhang Chao et al. (17). Hence, future clinical research in the era of precision targeted therapy should take dynamic NGS into account.

Crizotinib is an oral small-molecule TKI of ALK, MET, and ROS1 kinases (18) and is a Category 1 recommendation for advanced ALK-positive NSCLC according to the NCCN guidelines since previous studies have demonstrated its superior efficacy over chemotherapy (9, 19). In a profile 1014 study (9), crizotinib was associated with better progression-free survival (PFS) compared to pemetrexed plus cisplatin or carboplatin chemotherapy in patients with advanced ALK-positive NSCLC (median, 10.9 months vs. 7.0 months; P<0.001). A similar outcome was also observed in a profile 1029 study (20). Thus, the potential clinical benefits of targeted therapy adoption for ALK-positive locally advanced NSCLC should also be explored. In this case, the patient was not sensitive to first-line chemotherapy with gemcitabine plus cisplatin and was therefore switched to crizotinib based on his gene mutations, which enabled radical surgery. Kaoru Kaseda et al. and colleagues (21) reported the first case of crizotinib application before surgical resection in ALK-positive NSCLC and showed promising disease reduction. Zhang et al. showed that neoadjuvant crizotinib can achieve complete resection (22). Moreover, the SAKULA trial demonstrated that ceritinib contributed to a high pathologic response rate in ALK-positive resectable locally advanced NSCLC (23). Dumont and colleagues (24) explored crizotinib as a second-line neoadjuvant treatment when chemotherapy failed to achieve satisfactory regression of the tumor burden and observed no disease recurrence at 18 months post-surgery. However, whether the benefit of neoadjuvant ALK inhibitors can transform into long-term survival is controversial. In the present case, unlike the studies of Kaoru Kaseda and Delphine Dumont, a long-term follow-up of 68 months was performed (21, 24).

Previous studies (25, 26) have demonstrated that stage N2 NSCLC patients benefit from PORT. However, in the CTONG 1103 trial (10), PORT was not administered. Nevertheless, PORT was adopted for this patient. In terms of adjuvant targeted therapy, earlier trials (11, 12) explored the application of oral TKIs for EGFR-positive NSCLC patients, and the results were encouraging. ADJUVANT (11) is the first prospective study comparing gefitinib with vinorelbine plus cisplatin as adjuvant treatments in patients with EGFR-positive stage II-IIIA (N1-N2) NSCLC, which showed that gefitinib significantly prolongs PFS (median, 28.7 months vs.18.0 months; P = 0.0054). The EVAN study (12) explored erlotinib vs. vinorelbine plus cisplatin as adjuvant treatments in patients with EGFR-positive stage IIIA NSCLC and demonstrated substantially higher 2-year PFS rates of 81.2% in the erlotinib group and 44.6% in the chemotherapy group with oral TKI administration (P<0.001), reflecting the reliability of adopting oral TKIs as adjuvant treatment for certain groups. No relevant study has described ALK-positive NSCLC patients in this setting. Ultimately, the patient was given adjuvant crizotinib targeted therapy and has achieved considerable efficacy in terms of both PFS and OS, with a PFS 1 of 39 months and an OS of 68 months thus far. Notably, clinical stage IIIB NSCLC is associated with a poor survival outcome, with a median survival time of approximately 14.1 months (5), which is substantially shorter than the PFS 1 of 39 months in this case.

To date, this is the first case of stage IIIA-N2 ALK-positive NSCLC treated with neoadjuvant and adjuvant targeted therapy combined with surgery and PORT to show remarkable clinical efficacy. Further exploration of this treatment model for stage III ALK-positive NSCLC is urgently needed.
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B-cell acute lymphocytic leukemia (B-ALL) is a malignant blood cancer that develops in children and adults and leads to high mortality. THZ1, a covalent cyclin-dependent kinase 7 (CDK7) inhibitor, shows anti-tumor effects in various cancers by inhibiting cell proliferation and inducing apoptosis. However, whether THZ1 has an inhibitory effect on B-ALL cells and the underlying mechanism remains obscure. In this study, we showed that THZ1 arrested the cell cycle of B-ALL cells in vitro in a low concentration, while inducing the apoptosis of B-ALL cells in vitro in a high concentration by activating the apoptotic pathways. In addition, RNA-SEQ results revealed that THZ1 disrupted the cellular metabolic pathways of B-ALL cells. Moreover, THZ1 suppressed the cellular metabolism and blocked the production of cellular metabolic intermediates in B-ALL cells. Mechanistically, THZ1 inhibited the cellular metabolism of B-ALL by downregulating the expression of c-MYC-mediated metabolic enzymes. However, THZ1 treatment enhanced cell apoptosis in over-expressed c-MYC B-ALL cells, which was involved in the upregulation of p53 expression. Collectively, our data demonstrated that CDK7 inhibitor THZ1 induced the apoptosis of B-ALL cells by perturbing c-MYC-mediated cellular metabolism, thereby providing a novel treatment option for B-ALL.

Keywords: B-cell acute lymphocytic leukemia, CDK7 inhibitor, cell apoptosis, metabolism, c-MYC


INTRODUCTION

B-cell acute lymphocytic leukemia (B-ALL) is a lymphocytic malignancy that frequently occurs in children and adults, which can infiltrate the bone marrow and extramedullary sites. With recent advances in multi-modal chemotherapy regimens, the 5-year overall survival has reached 90% in children with B-ALL, whereas the outcome of older patients (≥40 years) remains poor (1). Moreover, the refractory and relapsed B-ALL patients show no response to existing therapeutic drugs, and a proportion of patients cannot tolerate the side-effects of multi-drug combination therapy (2). Therefore, identifying new alternative drugs for the treatment of B-ALL is necessary.

Cyclin-dependent kinases (CDKs) are serine/threonine protein kinases that play pivotal regulatory roles in gene transcription (e.g., CDKs 7–13 and 19–20) and cell cycle progression (e.g., CDKs 1–6 and 14–18) (3, 4). Cyclin-dependent protein 7 (CDK7) is a member of the CDK family, which forms the trimeric complex CDK-activating kinase by combining with cyclin H and MAT1 and renders CDK7 uniquely involved in the regulation of transcription and cell cycle transitions. CDK7 regulates mRNA transcription initiation and elongation by phosphorylating Ser-2 and Ser-5 of the carboxyl terminal domain (CTD) of RNA polymerase II (RNA Pol II) (5–7). Several studies have reported that aberrant expression of CDK7 has been found in many types of tumor, such as hepatocellular carcinoma, gastric cancer, colorectal cancer, and epithelial ovarian cancer, and correlated with poor prognosis (8–10). Therefore, CDK7 is a potential drug target for the treatment of tumors. THZ1 is the first selective and covalent CDK7 inhibitor, which shows anti-tumor effects in various cancers by inhibiting cell proliferation and inducing apoptosis (11–14). However, whether THZ1 has an inhibitory effect on B-ALL cells and the underlying mechanism remains unclear.

Metabolic reprogramming is a hallmark of tumor cells. The cellular metabolism of tumor cells is reprogrammed to fulfill the excessive metabolic demands for uncontrolled cell proliferation (15, 16). Glycolysis, also known as the Warburg effect, is the initial step in glucose metabolism, which consumes a large number of glucose and results in lactate production even under adequate oxygen conditions. The metabolic intermediates of glycolysis provide the materials for nucleotide synthesis in tumor cells (17). Several studies have suggested that cell cycle progression is closely coupled to the cellular metabolism of tumors. CDK6 inhibits the catalytic activity of two key enzymes, 6-phosphofructokinase and pyruvate kinase M2, in the glycolytic pathway and promotes the cell cycle progression of tumors (18). CDK8 promotes glycolysis by regulating the expression of many components of the glycolytic cascade in tumor cells (19). Recent studies have demonstrated that CDK7 regulates the expression of proto-oncogenes, including MYC and MCL1. MYC-amplified tumors are highly vulnerable to the treatment of CDK7 inhibitors, such as THZ1 (20–22). MYC facilitates tumor progression by modulating the expression of genes that are involved in the cellular metabolism of tumor cells (23, 24). CDK7 inhibitors induce cell cycle arrest and apoptosis of lung cancer cells via blocking the glucose consumption or interfering with cancer metabolism (25, 26). However, whether CDK7 inhibitors induce cell apoptosis in B-ALL by suppressing MYC-mediated cellular metabolism remains unknown.

In this study, we demonstrated that THZ1 induced the apoptosis of B-ALL cells in vitro in a high concentration. Moreover, THZ1 suppressed the cellular metabolism and blocked the production of cellular metabolic intermediates in B-ALL cells. Mechanistically, THZ1 inhibited the cellular metabolism of B-ALL by downregulating the expression of c-MYC-mediated metabolic enzymes. However, THZ1 treatment enhanced the cell apoptosis in over-expressed c-MYC B-ALL cells, which was involved in the upregulation of p53 expression. Therefore, these findings provide a novel clinical treatment option for B-ALL.



MATERIALS AND METHODS


Clinical Samples

Bone marrow samples from children with B-ALL were collected as part of the initial diagnostic investigations at Shanghai Children's Medical Center (SCMC). Sample usage and protocols were approved and supervised by the SCMC Ethics Committee. All the samples were stored at SCMC and analyzed in a blind manner. B-ALL cells were seeded at a density of 1 × 106 cells/ml in a STEMSPAN medium supplemented with 20 ng/ml recombinant human IL3 (rhIL3), 10 ng/ml rhIL7, 10 ng/ml rhIL6, 10 ng/ml rhIL2, 10 ng/ml rhIGF-1, 20 ng/ml rhFlt3L, and 10 ng/ml rhVcam1. B-ALL cells were treated with or without 500 nM of THZ1 hydrochloride (Med Chem Express (MCE) for 24 h, and the apoptotic percentage was detected by flow cytometry (BD Biosciences).



Culture of Cell Lines

Human cell lines, NALM6 and REH, were obtained from the American Type Culture Collection (ATCC) (Manassas, VA) and cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin–streptomycin (Gibco) at 37°C in a 5% CO2 atmosphere. Cell lines were routinely evaluated using short tandem repeat (STR) DNA profiling, and all cell lines were negative for mycoplasma. Overexpression stable cell lines of c-MYC and vector plasmids were acquired from Dr. Li T (SCMC, China). Furthermore, overexpression efficiency was verified by Western blot analysis.



Drug Sensitivity Assay

For drug sensitivity assay, cells (10,000 cells per well) were plated in a 96-well plate and then treated with a gradient concentration of THZ1 for 72 h. Cell viability was determined using CTG (Promega CellTiter-Glo™ Luminescent Cell Viability Assay Kit) according to the manufacturer's protocol. The absorbance optical density of 405 nm was recorded using a microplate reader (Synerge2; BioTek Instruments, Winooski, VT, USA), and the half-maximal inhibitory concentration (IC50) was calculated using GraphPad Prism (GraphPad Software, La Jolla, CA, USA).



Real-Time PCR Analysis

Total RNA was isolated from cell lines by a TRIzol reagent (Life technologies). Then, cDNA reverse was transcribed, and real-time polymerase chain reaction was performed in accordance with the instructions of PrimeScript RT reagent kit (Vazyme). Real-time PCR was conducted using the YEASEN Hieff qPCR SYBR Green Master Mix. The relative mRNA expression was calculated by the comparative Ct method using β-actin as a control. The primers are listed as follows:
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RNA-SEQ Analysis

Total cellular RNA was isolated using the TRIzol reagent. In brief, RNA was reversed to cDNA for constructing the library. Then, RNA sequencing was conducted on the cDNA library. The raw reads were filtered, and clean reads were mapped to GRCh37 whole genome using STAR2.7.3a. The raw gene counts was calculated using htseq-count. The gene expression level (FPKM) was calculated according to the RSEM, and the data were analyzed.



Western Blot

Cells were harvested and lysed in SDS sample buffer. The same amount of protein samples was electrophoresed through 8–10% SDS-PAGE and transferred to a nitrocellulose blotting membrane. Following 5% non-fat milk or BSA blocking, these membranes were incubated at 4°C overnight with primary antibodies. Detailed information regarding antibodies were as follows: ACTIN, TUBULIN as internal control (1:2,000; Hua An Biotechnology, Hangzhou, China); Phospho-Rpb1 CTD (Ser2) (#13499, 1:1,000; CST); Phospho-Rpb1 CTD (Ser5) (#13523, 1:1,000; CST), Phospho-Rpb1 CTD (Ser7) (#13780, 1:1,000; CST); Rpb1 CTD (1:1,000; AM39097); BCL2 (1:1,000; Biotime); caspase 3 (ab13847, 1:1,000; Abcam); cleaved caspase 3 (#9661, 1:1,000; CST); HK1 (#2024T, 1:1,000; CST); LDHA (#3582, 1:1,000; CST); c-MYC (#5605, 1:1,000; CST, Danvers, MA, USA); Flag (0912-1, 1:1,000; Hua An Biotechnology, Hangzhou, China); PFKP (#12746, 1:1,000, CST); PKM2 (#4053, 1:1,000, CST). After incubation with the fluorescence-labeled secondary antibody, fluorescence signals were analyzed using the BIO-RAD ChemiDocTM MP Imaging System.



Apoptosis Assay

Cells were incubated with THZ1 or DMSO at indicated concentrations and harvested after 6–24 h. After washing with phosphate-buffered saline (PBS) two times, cell apoptosis was measured using the Annexin-V apoptosis detection kit (BD Bioscience, San Jose, CA, USA) according to the manufacturer's protocol. The percentage of Annexin-V-positive cells was detected by flow cytometry, and the data were analyzed using FlowJo Version 10.0 software.



Cell Cycle Analysis

After treatment for 2–24 h with THZ1 or DMSO, EdU was added into the cells, and the cells were incubated for 2 h. Cell proliferation was conducted using Click-iT EdU flow cytometry assay kit (Beyotime) according to the manufacturer's protocol. The stained cells were then analyzed using a flow cytometer.



Measurements of Metabolites

After cells were treated with 500 nM THZ1 or DMSO in RPMI 1640 complete medium for 24 h, 2-NBDG (Invitrogen) was used to detect the glucose uptake ability of the cells. Other metabolic dyes, such as mitochondrial membrane potential probe MitoTrackerTM orange (Life Technologies, M7511), total ROS probe DCFDA (Life Technologies, C369), and MitoSOXTM Red mitochondrial superoxide indicator (Life Technologies, 2189134) were used to stain the samples. Then, the samples were analyzed by flow cytometry. An enhanced ATP assay kit (Beyotime Biotechnology) was used to determine the intracellular ATP of cells.



Metabolite Analysis

A total of 2 × 106 cells were harvested after treatment with drugs for 24 h and washed with pre-cooled PBS. Cells were cracked in ice-cold 80% methanol and centrifuged at 1,500 rpm for 10 min to obtain the supernatant. Finally, the supernatant was analyzed by liquid chromatography–tandem mass spectrometry (LC–MS/MS).



Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 7.0 (GraphPad Software). Data were presented as mean ± SD of three independent experiments. Differences between samples were analyzed using two-tailed Student's t-test. The results with values of P < 0.05 were considered statistically significant.




RESULTS


THZ1 Arrests the Cell Cycle of B-ALL Cell Lines in vitro

To investigate the anti-proliferative effect of CDK7 inhibitor on the B-ALL cells, we first determined the CDK7 expression in B-ALL patients' sample and human peripheral blood mononuclear cells (PBMCs). The elevated CDK7 expression was observed in primary B-ALL cells (Figure 1A). Then, the cell viability of B-ALL cell lines, NALM6 and REH, was measured by ATP detection kit after treatment with a gradient concentration of THZ1 for 72 h. The half-maximal inhibitory concentration (IC50) values of NALM6 and REH were 101.2 and 26.26 nM, respectively (Figure 1B). Cell count assay showed that 100 nM of THZ1 evidently inhibited the growth of B-ALL cells (Figure 1C). Subsequently, cell proliferation was also assessed by staining with EdU, and the results showed that THZ1 treatment dramatically arrested B-ALL cells at the G2/M phase of cell cycle in a concentration and time-dependent manner (Figures 1D,E). In addition, we performed RNA sequencing (RNA-SEQ) and qRT-PCR to detect the expression of cell cycle-related genes. The RNA-SEQ results displayed that THZ1 treatment significantly downregulated the expression of cell proliferation-related genes, such as CDK1, CDK2, CDK6, and CDK8, and upregulated the expression of cell cycle arrest-related genes, such as CDKN1A and CDKN1B (Figure 1F). These results were also confirmed by qRT-PCR (Figures 1G,H). Pathway analysis demonstrated that the downregulated cell proliferation-related genes were associated with the cell cycle of B-ALL cells after treatment with THZ1 (Figure 1I). The anti-proliferative effects of THZ1 were verified through phosphorylating serine 2, 5, and 7 in the CTD of RNA Pol II in B-ALL cells but not the mRNA expression of CDK7 (Figures 1F,J,K). Thus, these data indicated that THZ1 covalently bound to CDK7 and inhibited the downstream genes that were regulated by CDK7 transcription complex, which was consistent with previous reports (11, 13, 20, 27).
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FIGURE 1. THZ1 inhibits cell proliferation in B-ALL cells. (A) Relative mRNA expression of CDK7 in primary B-ALL sample and human PBMCs. (B) Drug sensitivity assay of NALM6 and REH cells after treatment with different concentrations of THZ1 for 72 h. (C) Cell count assay of NALM6 and REH cells after treatment with different concentrations of THZ1. (D) EdU-labeled cell cycle of B-ALL cell lines was analyzed by flow cytometry after treatment with different concentrations of THZ1 for 24 h. (E) Cell cycle of B-ALL cell lines was analyzed by flow cytometry after treatment with THZ1 for 2, 12, and 24 h. (F) CDKs expression was detected by RNA-SEQ in THZ1- and DMSO-treated NALM6 cells. (G) The mRNA expression of CDKs and E2F family was measured by qRT-PCR in THZ1- and DMSO-treated B-ALL cells. (H) The mRNA expression of p21 and p53 was measured by qRT-PCR in THZ1- and DMSO-treated B-ALL cells. (I) Pathview analysis of down and upregulated cell cycle-related genes in THZ1-treated NALM6 cells. (J) The mRNA expression of the POLR family was assessed by RNA-SEQ in THZ1- and DMSO-treated NALM6 cells. (K) The protein expression of Ser2, Ser5, Ser7, and total RNAPII was determined by Western blot in THZ1- and DMSO-treated B-ALL cells. Values were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




THZ1 Induces the Cell Apoptosis of B-ALL Cell Lines in vitro

Previous studies indicated that different THZ1 concentrations have distinct cytotoxic effects on tumor cells, with low THZ1 concentrations inhibiting cell proliferation and high THZ1 concentrations inducing cell apoptosis (13, 14). Cell apoptosis was tested by Annexin-V and PI double staining to evaluate whether THZ1 could induce cell death of B-ALL cells in a high concentration. Exposure of B-ALL cells to increasing concentrations of THZ1 for 24 h variably reduced cell survival, of which only high THZ1 concentrations induced cell apoptosis (Figure 2A). In a high concentration, THZ1 treatment promoted apoptotic death within 6 h (Figure 2B), indicating that THZ1 also induced the cell apoptotic death of B-ALL. The cell apoptosis of B-ALL samples from patients was also determined, and the result exhibited that the apoptotic rates increased in THZ1-treated sample compared with that of DMSO-treated sample (Figure 2C, Supplementary Table 1). We further checked the expression of apoptosis- and anti-apoptosis-related genes. THZ1 treatment significantly downregulated the expression of anti-apoptotic genes, such as BCL2 and BCL-XL (Figures 2D–F), which are the key regulators in the mitochondrial apoptotic pathway. In addition, the protein expression levels of anti-apoptotic gene BCL2 and apoptotic gene Caspase 3 were determined by Western blot. The results demonstrated that THZ1 treatment remarkably decreased BCL2 and increased cleaved caspase 3 of B-ALL cells (Figure 2G). Collectively, these data suggested that CDK7 inhibitor THZ1 induced cell apoptosis of B-ALL in vitro by activating the mitochondrial apoptotic signal pathway.
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FIGURE 2. THZ1 induces apoptosis in B-ALL cells. (A) Cell apoptosis of NALM6 and REH cells was analyzed by flow cytometry using Annexin V and PI double staining after treatment with different concentrations of THZ1. (B) Cell apoptosis of NALM6 and REH cells was analyzed by flow cytometry after treatment with THZ1 for 6, 12, and 24 h. (C) Cell apoptosis of primary B-ALL cells was analyzed by flow cytometry using Annexin V and PI double staining after treatment with THZ1 for 24 h. (D) Heatmap of cell apoptosis-related genes in THZ1- and DMSO-treated NALM6 cells. (E) The mRNA expression of BCL2, BCL-XL, and XIAP was measured by qRT-PCR in THZ1- and DMSO-treated B-ALL cells. (F) Pathview analysis of down and upregulated cell apoptosis-related genes in THZ1-treated B-ALL cells. (G) Anti-apoptotic BCL2 and apoptotic Caspase 3 proteins of B-ALL cells were detected by Western blot. B-ALL cells were treated with THZ1 for 24 h. Values were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




THZ1 Disrupts the Cellular Metabolic Pathways of B-ALL Cells in vitro

During tumor progression, tumor cells reprogramed their metabolic state from catabolism to anabolism for uncontrolled cell proliferation (15, 16). Previous study reported that CDK7 inhibition suppresses human non-small-cell lung cancer cells through interference with cancer metabolism (25). However, whether CDK7 inhibitors interfere with the cellular metabolism of B-ALL cells remains unknown. In addressing this question, the RNA-SEQ data of THZ1- and DMSO-treated cells were re-analyzed by correlation analysis and principal component analysis, and the results exhibited that THZ1- and DMSO-treated cell populations were fairly clustered (Figures 3A,B). THZ1 treatment globally changed the transcript profile of B-ALL cells, with 2,614 genes upregulated and 1,892 genes downregulated when compared with those of DMSO-treated cells (Figures 3C,D). We then performed Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis to enrich the pathways of upregulated and downregulated genes. THZ1 treatment significantly disturbed the mRNA expression of the metabolic pathways, DNA replication, p53 signaling pathway, and cell cycle (Figure 3E), where the top 20 downregulated genes were clustered such as the metabolic pathways, purine metabolism, DNA replication, and carbon metabolism (Figure 3E). Furthermore, the downregulated metabolic pathways were subdivided into pentose phosphate pathway (PPP), pyrimidine and purine metabolism, and TCA cycle (Figures 3F–H). Our data indicated that THZ1 perturbed the cellular metabolic pathways of B-ALL cells in vitro.
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FIGURE 3. THZ1 perturbs the cellular metabolic pathways of B-ALL cells. (A,B) Principal component analysis and correlation analysis of the RNA-SEQ data in THZ1- and DMSO-treated NALM6 cells. (C,D) Volcano plot and heatmap of differentially expressed genes by a log2-fold change ≥ 1.5 or ≤ −1.5 (p < 0.05) in THZ1- and DMSO-treated NALM6 cells. (E) Pathway analysis of upregulated and downregulated genes (p < 0.05) in THZ1- and DMSO-treated NALM6 cells. (F) KEGG pathway analysis of downregulated metabolic genes (p < 0.05) in THZ1- and DMSO-treated NALM6 cells. (G) KEGG pathway analysis of downregulated metabolic genes (p < 0.05) in THZ1- and DMSO-treated NALM6 cells. (H) Gene set enrichment analysis of the genes related to glucose, amino acid, and nucleotide metabolism. B-ALL cells were treated with THZ1 for 24 h.




THZ1 Suppresses the Cellular Metabolism of B-ALL Cells

A recent study identified that CDK7 is a key regulator of glucose consumption, and CDK7 inhibitors block glucose consumption in lung cancer cells (26). The glucose uptake of B-ALL cells was detected by incubating fluorescence-labeled 2-deoxy-glucose analog (2-DG) to prove that THZ1 treatment had an inhibitory effect on the cellular metabolism of B-ALL cells. However, THZ1 treatment did not significantly decreased the glucose uptake activities in B-ALL cells (Figure 4A). Nevertheless, the results of metabolic analysis showed that THZ1 treatment markedly reduced the mitochondrial membrane potential (MMP), mitochondrial mass (MM), total reactive oxygen species, and ATP content in B-ALL cells (Figures 4B–F). Notably, the mitochondrial reactive oxygen species (Mito-ROS) was increased in THZ1-treated cells (Figure 4G), implying that Mito-ROS activated the mitochondrial apoptotic pathway. SoNar probe, a metabolic sensor, was used to dynamically monitor the metabolic change, and the SoNar-high cells preferred glycolysis (28, 29). The results of flow cytometry revealed that THZ1 treatment dramatically reduced the ratios of SoNar-high cells (Figures 4H,I). Therefore, THZ1 suppressed the cellular metabolism of B-ALL cells by restraining the downstream of glucose uptake.
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FIGURE 4. THZ1 suppresses the cellular metabolism of B-ALL cells. (A) The glucose uptake of NALM6 and REH cells was detected by flow cytometry. (B–E) The mitochondrial membrane potential (MMP), mitochondrial mass (MM), and total ROS of B-ALL cells were detected by flow cytometry. (F) The quantification of intracellular ATP in B-ALL cells was assessed using the ATP determination kit. (G) The mitochondrial ROS (Mito-ROS) of B-ALL cells were detected by flow cytometry. (H,I) SoNar-low or -high B-ALL cells were measured by flow cytometry with 405 and 488 nm excitation. B-ALL cells were treated with THZ1 for 24 h. Values were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




THZ1 Restrains the Production of Cellular Glycolytic and Nucleotide Intermediates in B-ALL Cells

The intermediates of total energy metabolism in THZ1-treated B-ALL cells were measured by LC–MS/MS to further confirm that CDK7 inhibitor THZ1 blocked the cellular metabolism of B-ALL cells in vitro. Correlation analysis and principal component analysis revealed that the three THZ1- and DMSO-treated cell populations were legitimately clustered (Figures 5A,B). THZ1 treatment considerably altered the metabolic intermediate profile of B-ALL cells, leading to an increase of 27 metabolites and a decreased of 50 metabolites in NALM6 and an increase of 40 metabolites and a decrease of 46 metabolites in REH (Figures 5C–F). The rising and falling of metabolic intermediates enriched purine and pyrimidine metabolism; glycolytic and TCA cycle metabolism (Figures 5G,H), which is consistent with the results of RNA-SEQ. In addition, THZ1 treatment significantly led to the drop of the metabolic intermediate levels of purine and pyrimidine metabolism, such as guanosine monophosphate and cytidine triphosphate; and TCA cycle, such as fumaric acid and citric acid (Figures 5I,J, Supplementary Table 2). Thus, THZ1 restrained the cellular metabolic intermediates of B-ALL cells in vitro.
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FIGURE 5. THZ1 blocks the production of metabolic intermediates in B-ALL cells. (A,B) Correlation analysis and principal component analysis of the metabonomic data in THZ1- and DMSO-treated NALM6 and REH cells. (C,D) Volcano plot of differentially metabolic intermediates by a log2-fold change ≥ 1.0 or ≤ −1.0 (p < 0.05) in THZ1- and DMSO-treated NALM6 and REH cells. (E,F) Heatmap of differentially metabolic intermediates by a log2-fold change ≥ 1.0 or ≤ −1.0 (p < 0.05) in THZ1- and DMSO-treated NALM6 and REH cells. (G,H) Pathway analysis of upregulated and downregulated metabolic intermediates (p < 0.05) in THZ1- and DMSO-treated NALM6 and REH cells. (I,J) Pathway analysis of downregulated metabolic intermediates (p < 0.05) in THZ1- and DMSO-treated NALM6 and REH cells. B-ALL cells were treated with THZ1 for 24 h.




THZ1 Inhibits Cell Metabolism of B-ALL by Downregulating the Expression of c-MYC-Mediated Metabolic Enzymes

Selectively targeting CDK7 has been proven as a useful therapy for cancers that are driven by MYC amplification (20, 22). THZ1 treatment significantly inhibits the growth of tumors with concurrent abrogation of MYC expression (21, 22). Studies have shown that MYC facilitates the anabolism of cancer cells by modulating the expression of multiple metabolic enzyme genes, such as GLUT1, PKM2, and LDHA (30, 31). In verifying whether THZ1 induces cell apoptosis by repressing the expression of c-MYC-mediated metabolic genes, the mRNA and protein expression of c-MYC was measured in THZ1-treated B-ALL cells. THZ1 treatment significantly suppressed the expression of c-MYC (Figures 6A,B). We first detected the expression of GLUT1, a main glucose transporter, and found that THZ1 treatment did not significantly downregulated the expression of GLUT1 (Figure 6C), which was consistent with the result that THZ1 did not affect the glucose uptake activities (Figure 4A). Nevertheless, the results of RNA-SEQ data showed that THZ1 treatment markedly downregulated the expression of rate-limiting enzymes of glycolytic metabolism, such as PFKP, PDHA, and LDHA, and TCA cycle metabolism, such as FH and IDH2 (Figure 6D). Moreover, THZ1 treatment significantly decreased the expression of rate-limiting enzymes of purine and pyrimidine metabolism (Figure 6E). In addition, the protein expression levels of the rate-limiting enzymes in the glycolytic pathway were detected by Western blot. We found that THZ1 treatment markedly downregulated the protein expression levels of rate-limiting enzymes, such as HK1, LDHA, and PFKP (Figure 6F). Collectively, these data suggested that THZ1 disturbed the cellular metabolism of B-ALL cells by inhibiting the expression of metabolic enzymes.
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FIGURE 6. THZ1 disturbs the cellular metabolism of B-ALL cells by downregulating c-MYC-mediated metabolic enzymes. (A) Relative mRNA expression of c-MYC was measured by qRT-PCR in THZ1- and DMSO-treated NALM6 and REH cells. (B) Protein expression of c-MYC was determined by Western blot in THZ1- and DMSO-treated NALM6 and REH cells. (C) Relative mRNA expression of GLUT1 was measured by RNA-SEQ in THZ1- and DMSO-treated NALM6 cells. (D,E) Heatmap of glucose, amino acid, and nucleotide metabolism-related genes was analyzed by RNA-SEQ in THZ1- and DMSO-treated NALM6 cells. (F) Protein expression levels of glucose and nucleotide metabolism-related genes, such as HK1, LDHA, and PFKP, were detected by Western blot in THZ1- and DMSO-treated NALM6 and REH cells. B-ALL cells were treated with THZ1 for 24 h. Values were shown as mean ± SEM. **p < 0.01, ***p < 0.001, and ****p < 0.0001.




THZ1 Enhances the Cell Apoptosis of c-MYC-Overexpressing B-ALL Cells

The c-MYC was over-expressed on REH cells by lentivirus infection and Western blot to verify whether the THZ1-induced reduction of cellular metabolism in B-ALL cells was regulated by c-MYC, and the result confirmed that the mRNA and protein levels of c-MYC were upregulated in REH cells (Figures 7A,B). Then, the c-MYC over-expressing REH cells were treated with THZ1. Unexpectedly, the ratios of cell apoptosis were evidently increased in c-MYC over-expressing REH cells after intervention with THZ1 (Figure 7C). Meanwhile, the levels of glucose uptake and MM were partially increased in c-MYC-overexpressing REH cells after treatment with THZ1 (Figures 7D,E). The MMP was evidently reduced in c-MYC-overexpressing REH cells after treatment with THZ1 (Figures 7F,G). THZ1 treatment did not affect the level of total ROS (Figure 7H), but this treatment boosted more Mito-ROS production in overexpressed c-MYC REH cells (Figure 7I), indicating that THZ1 resulted in the activation of the Mito-ROS mitochondrial apoptotic pathway. Recently, two studies have shown that CDK7 inhibitors augmented anti-tumor activity through activating the p53 transcriptional program in tumor cells (32, 33). We examined the mRNA expression of p53 gene by qRT-PCR to test whether over-expressing c-MYC in REH cells resulted in the upregulation of p53. Our data demonstrated that the mRNA expression of p53 was robustly increased in overexpressed c-MYC REH cells (Figure 7J). These findings implied that CDK7 inhibitor enhanced the cell apoptosis of c-MYC-overexpressing B-ALL cells by partly increasing the p53 expression because of c-MYC over-expression.
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FIGURE 7. THZ1 enhances cell apoptosis in c-MYC-overexpressed B-ALL cells. (A,B) Overexpressed mRNA and protein levels of c-MYC in REH cells was detected by qRT-PCR and Western blot, respectively. (C) Annexin V- and PI-labeled cell apoptosis of c-MYC-overexpressed REH cells were analyzed by flow cytometry. (D) Glucose uptake of vector and c-MYC-overexpressed REH cells was analyzed by flow cytometry. (E–H) Mitochondrial membrane potential (MMP), mitochondrial mass (MM), and total ROS of vector and c-MYC-overexpressed REH cells were analyzed by flow cytometry. (I) The mitochondrial ROS (Mito-ROS) of vector and c-MYC-overexpressed REH cells were analyzed by flow cytometry. (J) The mRNA expression of p53 in vector and c-MYC-overexpressed REH cells were determined by qRT-PCR. B-ALL cells were treated with THZ1 for 24 h. Values were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





DISCUSSION

In the present study, we showed that THZ1 arrested the cell cycle of B-ALL cells in vitro in a low concentration, while inducing the apoptosis of B-ALL cells in vitro in a high concentration by activating the apoptotic pathways. In addition, RNA-SEQ results revealed that THZ1 disrupted the cellular metabolic pathways of B-ALL cells. Moreover, THZ1 suppressed the cellular metabolism and blocked the production of cellular metabolic intermediates in B-ALL cells. Mechanistically, THZ1 inhibited the cellular metabolism of B-ALL by downregulating the expression of c-MYC-mediated metabolic enzymes, such as HK1, PFKP, PKM2, and LDHA.

Transcription addiction contributes to the uncontrolled cell proliferation of tumors. Therefore, therapeutically targeting of transcription factors is an attractive target for tumor therapy (34). CDK7 is a transcription addiction factor that is upregulated in various types of tumor and correlated with prognosis of patients (5). In the present study, we first determined that CDK7 was upregulated in B-ALL cell lines, indicating that CDK7 might be a transcription factor for B-ALL cell proliferation. THZ1, a covalent CDK7 inhibitor, treats tumor types that are dependent on transcription addiction (7, 35). Therefore, we evaluated the therapeutic potential of THZ1 as a candidate drug for the treatment of B-ALL. Our results showed that THZ1 arrested B-ALL cells in the G2/M phase of cell cycle in a low concentration, with the downregulation of cyclins and CDKs. Moreover, THZ1 induced the apoptosis of B-ALL cells in a high concentration. We also performed apoptosis assay to test the effect of THZ1 on normal human peripheral blood mononuclear cells (PBMCs). Admittedly, we found that high concentration of THZ1, to a large extent, induced apoptosis of PBMCs (data not shown), indicating that THZ1 may lead to severe side effects, such as myelosuppression. The possible reason is that the cellular uptake and absorption rate of THZ1 might be low in leukemic cells. We further discovered that THZ1 treatment remarkably decreased anti-apoptotic protein BCL2 and increased cleaved caspase 3 in B-ALL cells, suggesting that the therapeutic effect of CDK7 inhibitor was dependent on triggering programmed cell death. Our findings are consistent with the results that are reported in solid tumors (8, 9, 11, 13, 14). We also confirmed that the inhibitory effect of THZ1 on B-ALL cells was associated with the reduction of CTD phosphorylation of RNA Pol II at Ser-2, Ser-5, and Ser-7. These data were consistent with the results of previous studies, which showed that CDK7 was closely involved in cell cycle and transcription (36).

Tumor cells reprogrammed their metabolism from catabolism to anabolism to support rapid cell proliferation. The cellular metabolism of cancer cells is characterized by enhanced glycolysis, accompanied with increased rates of lactate and ATP production, nucleotide synthesis, and biosynthesis of lipids and other macromolecules (15, 17). Recently, studies have found that B-ALL cells heavily rely on the ATP supply and pyruvate and TCA cycle metabolites derived from glycolysis by repressing rate-limiting PPP enzymes (37–39). CDKs promote the cell cycle progression of tumor cells by regulating the catalytic activity of metabolic rate-limiting enzymes (18, 40). However, the effect of CDK7 inhibitors on the cellular metabolism of leukemia is unclear. In accordance with previous studies indicating that CDK7 inhibitors induce cell cycle arrest and apoptosis of tumor cells via blocking the glucose consumption or interfering with cancer metabolism (25, 26). Our RNA-SEQ data also showed that THZ1 disrupted the cellular metabolic pathways of B-ALL cells, particularly the glycolysis and nucleotide synthesis pathway. Thus, we proposed that CDK7 inhibitors resulted in the apoptosis of B-ALL cells by perturbing the cellular metabolism. We also discovered that THZ1 could significantly restrain the glycolysis of B-ALL cells by inhibiting glucose absorption and metabolic process, thereby reducing the metabolic intermediates, such as lactate and ATP, which were the main materials and energy sources for cell synthesis (41, 42). Based on the results of RNA-SEQ, THZ1 downregulated the expression of many key enzymes of the cellular metabolism, such as HK1, PFKP, and LDHA. These results provide additional evidence that cell cycle progression is inextricably bound up with cellular metabolism, supporting the conclusion that CDK6 and CDK8 play a role in regulating glucose consumption and glycolysis (18, 19).

More recently, several studies have reported that THZ1 suppresses cell growth and induces cell apoptosis of tumors by downregulating the c-MYC expression (13, 20, 43). A new study has revealed that THZ1 enhances anti-PD-1 therapy efficacy via the c-MYC-mediated signaling pathway in non-small cell lung cancer (44). Consistent with these findings, we uncovered that THZ1 considerably diminished the mRNA levels and protein expression of c-MYC in B-ALL cells. c-MYC contributes to the glucose metabolic reprogramming of tumor cells by regulating the expression of different target genes (45, 46). Thus, we infer that the cellular metabolism of B-ALL cells is disturbed by CDK7 inhibitor THZ1 through the reduction of the c-MYC level. Subsequently, we performed a rescue experiment by overexpressing c-MYC in REH cells, and the cells were treated with THZ1. Consequently, THZ1 treatment enhanced cell apoptosis in over-expressed c-MYC REH cells. Meanwhile, we observed that THZ1 treatment increased the glucose uptake and quantity of the mitochondria, while decreasing MMP in REH cells with overexpressed c-MYC. However, THZ1 treatment boosted more mito-ROS production in overexpressed c-MYC REH cells, indicating that THZ1 resulted in the activation of the mito-ROS mitochondrial apoptotic pathway. CDK7 inhibitors augmented the anti-tumor activity through activating the p53 transcriptional program in tumor cells (32, 33). In addition, we examined the expression of p53 gene to explore the mechanism of overexpressing c-MYC REH cells sensitive to THZ1 treatment. Our data demonstrated that the mRNA expression of p53 was robustly increased in overexpressed c-MYC REH cells. Our study further supports that MYC-amplified tumors are highly vulnerable to the treatment of CDK7 inhibitors (20–22). Whether MYC-amplified B-ALL cells are sensitive to the treatment of CDK7 inhibitors requires further exploration. In addition, whether c-MYC regulated the expression of the key enzymes through directly binding to the promoters of glycolytic genes requires further exploration.



CONCLUSION

Our data demonstrated that THZ1 induced the apoptosis of B-ALL cells in vitro in a high concentration. THZ1 suppressed the cellular metabolism and blocked the production of cellular metabolic intermediates in B-ALL cells by downregulating the expression of c-MYC-mediated metabolic enzymes. Thus, these findings indicated that CDK7 was a potential clinical therapeutic target for B-ALL.
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Multiple drug resistance (MDR), referring to the resistance of cancer cells to a broad spectrum of structurally and mechanistically unrelated drugs across membranes, severely impairs the response to chemotherapy and leads to chemotherapy failure. Overexpression of ATP binding cassette (ABC) transporters is a major contributing factor resulting in MDR, which can recognize and mediate the efflux of diverse drugs from cancer cells, thereby decreasing intracellular drug concentration. Therefore, modulators of ABC transporter could be used in combination with standard chemotherapeutic anticancer drugs to augment the therapeutic efficacy. This review summarizes the recent advances of important cancer-related ABC transporters, focusing on their physiological functions, structures, and the development of new compounds as ABC transporter inhibitors.
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INTRODUCTION
Multidrug resistance (MDR) refers to the resistance of a wide spectrum of structurally and mechanistically unrelated drugs across the membrane. This process is among the culprits of failure of cancer chemotherapy, since the cancer cells can efflux chemotherapy agents and therefore reduce the intracellular drug levels (Ahmed et al., 2020). Members of the ATP-binding cassette family have been found to be involved in this process. To be specific, the ABC transporter family can be divided into seven subfamilies according to their genome sequences and TMDs (transmembrane domain) structures (Taylor et al., 2017). Some of them have been reported to act both as importers and exporters of bacteria, however, in eukaryotic cells, they all efflux pumps (Robey et al., 2018). P-glycoprotein (P-gp) was the first identified member within this family and a high-resolution structure of the mouse homolog, which has 87% sequence identity with human has been elucidated (Juliano and Ling, 1976). Except for P-gp, ABCC1(also known as MRP1)and ABCG2 (also known as BCRP) have also been extensively studied (Toyoda et al., 2019; Ambjørner et al., 2020), confirming their prominent roles in multidrug resistance of cancer cells. During the past few decades, numerous efforts have been made to solve the drug resistance caused by these transporter proteins. However, most of these attempts lead to disappointing results for both the first generation and the second generation of inhibitors, because they exhibit either unacceptable levels of toxicity or less potential inhibiting effects (Adamska and Falasca, 2018). So far, more inhibitors have been exploited (from nature or synthetic sources Gonçalves et al., 2020). In addition, researchers have achieved a deeper understanding of the phenomenon of chemotherapy resistance through their concerns to the genes and signaling pathways that modulate the expression of these proteins (Li et al., 2018; Sultan et al., 2018; Huang et al., 2020; Zhou et al., 2020). In this review, we summarize the recent progress of the most clinically significant ABC transporters ABCB1, ABCG2, and ABCC1 that cause multi-drug resistance during cancer therapy, with the emphasis on novel small molecule compounds that are tested in preclinical and clinical studies, mainly on natural products, synthetic compounds, aiming to provide a wider perspective to understand the multidrug resistance and new strategies targeting ABC transporters in cancer treatment.
LOCATIONS, SUBSTRATES, CANCER TYPE
ABCB1 (P-gp)
P-gp was the first found human ABC transporter of all known ones and was identified as a glycoprotein responsible for modulating drug permeability (Juliano and Ling, 1976). MDR, the gene encoding P-gp, is located in chromosome 7 at q21 and contains 28 exons encoding 1280 amino acids of this 170 kDa protein (Gottesman et al., 1995). P-gp are similarly expressed in human and mouse tissues, with a more biased expression in excretory tissues, including breast, blood-brain barrier, liver, pancreas, and kidney, and in the apical membrane of epithelial cells located at physiological barriers (Sita et al., 2017; Wang et al., 2017; Christie et al., 2019; Zhang et al., 2020). P-gp exports neutral or positively charged hydrophobic compounds and xenobiotics from cells, thereby protecting them from cytotoxicity (Sharom, 2011; Fletcher et al., 2016). The critical role of P-gp in the blood-brain barrier (also known as BBB), was first illustrated by Schinkel et al. (Schinkel et al., 1994). They found the deletion of Abcb1a and Abcb1b can lead to CNS toxicity from ivermectin, however, despite its defensive role in protecting cells, the overexpression of P-gp mRNA and protein in clinical specimens in breast, kidney, and lung cancers portends a poor response to chemotherapy, resulting in low survival rates (Robey et al., 2010; Amiri-Kordestani et al., 2012). P-gp can efflux chemotherapy agents and reduce intracellular drug levels (Ahmed et al., 2020), which is one of the major causes of chemo-resistance. The major substrates involved in the multidrug resistance of P-gp are structurally and mechanistically unrelated drugs (Abdallah et al., 2015; Yu et al., 2016; Bugde et al., 2017; Gameiro et al., 2017; Lu et al., 2017). Moreover, P-gp is preferable to express in poorly differentiated and most invasive cells (Ohtsuki et al., 2007; Mesraoua et al., 2019). In a range of soft tissue sarcomas, P-gp expresses most in the largest and most aggressive tumors (Oda et al., 2005). Single-nucleotide polymorphisms (SNP) occurring in ABCB1 genes can result in increased or decreased transporter efficacy, depending on the gene type of the variants, which remains complex so far (Dulucq et al., 2008; Zu et al., 2014).
ABCG2
ABCG2 plays a pivotal role in extruding exogenous and endogenous substrates and drugs (Ando et al., 2007; Chen YL et al., 2016; Halwachs et al., 2016; Gewin et al., 2019; Mares et al., 2019; Orlando et al., 2019; Traxl et al., 2019), which is related to many multidrug resistant cancer cell lines, including acute lymphoblastic leukemia (ALL), retinal progenitors, hepatic metastases, gastric carcinoma, fibrosarcoma, nonsmall cell lung cancer, glioblastoma and myeloma (Natarajan et al., 2012; Olarte Carrillo et al., 2017; Abdel Gaber et al., 2018; Reustle et al., 2018; Zhang et al., 2018). ABCG2 locates in the plasma membrane of the cell and expresses in normal tissues like placenta, prostate, kidney, blood-brain barrier, liver, ovary, small intestine, and seminal vesicle (Jackson et al., 2018), which is responsible for regulating the intracellular levels of hormones, lipids, ion and intracellular organelles such as mitochondrion (Ding et al., 2019), lysosome (Chapuy et al., 2008), endoplasmic reticulum (Kashiwayama et al., 2009), Golgi apparatus (Tsuchida et al., 2008). ABCG2 also has a wide range of mechanistically and structurally different substrates, such as mitoxantrone, methotrexate, camptothecins, topotecan and irinotecan, SN-38, epipodophyllotoxin, imidazoacridinones, the anthracycline doxorubicin (Bram et al., 2009a; Bram et al., 2009b; Mao and Unadkat, 2015) and tyrosine kinase inhibitors (Dohse et al., 2010; Hegedüs et al., 2012). ABCG2 has a less important role in uric acid transport, however, its dysfunction leads to several diseases linked to hyperuricaemia such as gout, kidney disease, and hypertension (Bram et al., 2009b; Ishikawa et al., 2013). What is more, phytoestrogen sulfate conjugates (Wetering and Sapthu, 2012), uremic toxin, and indoxyl sulfate (Takada et al., 2018) are unique substrates of ABCG2. A genetically engineered mouse model about BRCA1-associated breast cancer (Brca1−/−p53−/− mice) has identified that ABCG2 overexpression is the cause of acquired topotecan resistance, and the genetic ablation of ABCG2 improves the survival rate of topotecan-treated animals (Zander et al., 2010). In fact, in some cancer cell lines, more than one ABC transporter is overexpressed. High levels of ABCG2, ABCB1, and ABCC1 have been found within primitive leukemic CD34+/38- cells (Raaijmakers et al., 2005). The co-expression contributes to multidrug resistance, which requires multi-transporter inhibitors to achieve a better clinical outcome (Robey et al., 2010). However, although the ABCG2-involved multidrug resistance mechanisms are basically clear, the clinical trial relevant to ABCG2 inhibitors has received few satisfying results (Fletcher et al., 2016).
ABCC1
ABCC1 was identified in 1992 from human small-cell lung cancer cell lines whose drug resistant behavior occurred without the overexpression of P-gp (Cole et al., 1992). ABCC1 expresses in the plasma membrane of some normal tissues and cells including liver, kidney, lung, intestine, blood-brain barrier and peripheral blood monocellular cells (Uhlén et al., 2015). Overexpression of ABCC1 is related to endometria, acute myeloblastic, glioma, lymphoblastic leukemia, head and neck, non-small cell lung cancer, neuroblastoma, melanoma, prostate, breast, renal, thyroid cancer (Cole, 2014; Johnson and Chen, 2017; Emmanouilidi et al., 2020; Si et al., 2020). To be specific, ABCC1 is a lipophilic anion pump, conferring resistance to anti-cancer drugs (Cole, 2014). Compared with P-gp, the substrates of ABCC1 have more diverse structures and most of them are amphipathic organic acids with large hydrophobic groups (Kumar and Jaitak, 2019). Endogenous substrates are mainly pro-inflammatory molecules such as Leukotrienes C4 (LTC4), hormones such as estrogens and prostaglandins, sphingosine-1-phosphate, antioxidants like glutathione and glutathione disulphide (Csandl et al., 2016; Basu et al., 2017; Fallatah and Georges, 2017). Noteworthy, Glutathione (GSH) has an impact on ABCC1 transport activities (Nasr et al., 2020). ABCC1 and GSH are synergistic to some extent. They co-transport anticancer drugs such as doxorubicin, vincristine and etoposide. ABCC1 also transports GS-conjugated anions such as LTC4 and reduced GSH with low affinity and GSSG with a higher affinity (Leier et al., 1994; Drozd et al., 2016; Zhang et al., 2016; Gana et al., 2019). Exogenous substrates include many natural products like flavonoids, vincristine, daunorubicin, doxorubicin, imatinib, methotrexate and organic anions, metabolites of drugs (Zhou et al., 2008; Whitt et al., 2016). Importantly, the MYCN oncogene, a driver of tumorigenesis in neuroblastoma, can regulate ABCC1 drug transporter at the level of transcription (Weiss et al., 1997; Porro et al., 2010; Henderson et al., 2011).
STRUCTURE AND FUNCTION
The ABC transporter family is divided into 7 subfamilies according to their genome sequences and core TMDs (transmembrane domain) structures (Taylor et al., 2017). The three transporters we discuss here belong to the type III ABC system, for they all consist of 2 × 6 TMs (transmembrane helix), a striking difference between the type I ABC systems with a minimal core of 2 × 5 transmembrane helices (TMs) and type II ABC systems harboring 2 × 10 TMs (Parcej and Tampé, 2010; Braunová et al., 2019). Except from ABCC1, ABCB1 and ABCG2 are both half-transporters, working as a homodimer. Two NBDs dimerize to form two ATPase binding sites, which catalyze the ATP hydrolysis following a common mechanism: a glutamate residue interacts with hydrolytic water for the attack of the ATP phosphate (Moody et al., 2002; Oldham and Chen, 2011; Weigl et al., 2018). In NBD1 of ABCC1, the corresponding residue is not a glutamate but an aspartate whose side chain is not long enough to interact with the hydrolytic water (Geourjon et al., 2001).
ABCB1
ABCB1 has been viewed as a “hydrophobic vacuum clearer” (Waghray and Zhang, 2018) because most of the substrates transported by this protein are hydrophobic and distributed into the lipid bilayer (Gatlik-Landwojtowicz et al., 2006). Each ABCB1 contains 1 TMD, 1 nucleotide binding domain (NBD), and forms an active transporter through dimerization. The specific binding site is located in the TMDs and the ATP hydrolysis occurs in the intracellular NBDs (Alam et al., 2019). In the apo state, the portals open to the cytoplasm and the inner leaflet of the lipid bilayer (Figure 1A). The portals are large enough to accommodate the potential substrates from the lipid bilayer and allow these hydrophobic compounds to pass through. The portals are formed by the proximity TMs (TM4/6, TM10/12). Most of the amino acid residues in the binding pocket are hydrophobic and located in the upper side of the pocket. Only 15 of the 80 residues are polar and located in the lower half of the pocket (Dawson and Locher, 2006). Different substrates or inhibitors, due to their different structures, may bind to different residues. Paclitaxel (Taxol) interacts with residues Q725, Q347, Q990 while zosuquidar interacts with M985, F982 (Alam et al., 2018; Alam et al., 2019). The conserved glutamine Q475 in NBD1, Q1118 in NBD2 can coordinate with Mg2+ and gama-phosphate of ATP, thus they play an important role in ATP hydrolysis and drug transport (Kim and Chen, 2018) (Figure 1B). In addition, tyrosine residues also play an important role as hydrogen bond donors and acceptors in ABCB1 drug transport activity. To evaluate the importance of the hydrogen bond in ligand-protein interactions, 15 conserved residues interacting with substrates are substituted with tyrosine residues. This so-called 15Y mutants can still transport small and medium size substrates, however, large substrates like Bodipy-Vinblastine cannot be normally transported. This demonstrates that in some cases it is not the hydrogen bond but the physico-chemical properties which affect the transportation (Vahedi et al., 2017).
[image: Figure 1]FIGURE 1 | Ribbon representation of the ABCB1 structure. (A) apo state of ABCB1, and (B) ATP-binding state of ABCB1.
ABCG2
ABCG2 is a half transporter, with 6 transmembrane helixes and 1 ATP-binding site. The high-resolution structure which was first elucidated in 2017 (Taylor et al., 2017; Figure 2A) brings an insight of the molecular mechanisms underlying the transport behavior. ABCG2 has 1 NBD and 1 TMD located on a single polypeptide chain and forms a homodimer as an active transporter. Unlike ABCB1 transporter, the distance between the NBDs and the membrane within the ABCG2 is smaller due to the shorter transmembrane helix and intracellular loops (Locher et al., 2002; Woo et al., 2012). The interface of TMD is formed by TM2 and TM5a from opposing ABCG2 monomers (Taylor et al., 2017). ABCG2 has two cavities involved in the transport behavior (Figure 2B). The larger cavity 1 and the smaller cavity 2 are separated by two leucine (L554, L554’) motifs (Khunweeraphong et al., 2017; Jackson et al., 2018; Manolaridis et al., 2018). Cavity 1 opens to the cytoplasm and inner leaflet of the lipid bilayer, and cavity 2 opens to the extracellular, which is located below the EL3 external loop (Khunweeraphong et al., 2019). The function of cavity 1 is to accommodate potential substrates, especially the flat, polycylic and hydrophobic ones, while cavity 2 possesses lower affinity for these substrates because of its less pronounced hydrophobic interface (Orlando and Liao, 2020). However, the lower affinity may release substrates more easily (Taylor et al., 2017). Two critical steps are involved in the process of substrate transport. Firstly, the di-leucine valve regulates the small molecules to enter the upper cavity, which is a key element for the catalytic cycle. Secondly, the essential residue E585 are harbored by the re-entry helix in the roof, making it more accessible to the extracellular (Khunweeraphong et al., 2019). The mutants N436A, F439A decrease both the substrate transport activity and ATPase activity which proves the functions of these two residues in binding and transporting estrone-3-sulfate (E1S) (Figure 2C). Moreover, the hydrogen bond between N436 and the sulfate group of E1S and the stacking interaction between the phenyl ring of F439 and the ring system of E1S are important for binding affinity. Another mutant V546F reduces the transport activity but simultaneously increases the ATPase activity, indicating that the addition of two phenyl rings at this position mimics the binding of a substrate and stimulates the ATPase activity, but can cause “clog” upon binding with E1S (Manolaridis et al., 2018).
[image: Figure 2]FIGURE 2 | Ribbon representation of the ABCG2 structure (A) ribbon representation of the ABCG2 structure, with the two halves of ABCG2 colored purple and orange, respectively. (B) Surface representation of cavity 1, cavity 2 and Leucine plug (C) ABCG2 binds with E1S and the residues F439 and N436 can form stacking interactions and hydrogen bond with E1S, respectively.
ABCC1
ABCC1 transporter is encoded by ABCC1 gene, with the weight of 190 kDa and contains 1580 amino acids (Cole et al., 1992). Although there is a 23% sequence identity between P-gp and ABCC1, they have an intriguing substrate overlap. ABCC1 is a single polypeptide, containing transmembrane domains (TMDs) and two nucleotide-binding domains (NBDs) (Johnson and Chen, 2017). Only the one nucleotide-binding domain located on the NBD2 is responsible for hydrolyzing ATP and providing energy for translocation (Conseil et al., 2019). ABCC1 contains a N-terminal membrane-bound region (TMDo) domain that links to the transporter core through a Lo linker (Figure 3A). The truncation of TMDo behaves like wild-type (Bakos et al., 1998; Johnson and Chen, 2017), whereas the loss or mutation of Lo linker results in false protein folding and defective function (Bakos et al., 1998; Bakos E et al., 2000; Bakos É et al., 2000). The binding pocket of ABCC1 transporter is formed by two bundles, TM1 and TM2, and the inner-face residues provided by these two bundles are quite different (Conseil et al., 2019). Positively charged residues locate in TM1 while hydrophobic residues locate in TM2. The positive charged region usually binds with the moiety of GSH and another region rich in hydrophobic residues binds to the substrate (Johnson and Chen, 2017). LTC4 can be selectively transported by ABCC1 (Figures 3B,C) and the way in which LTC4-GSH conjugates to pass through ABCC1 has been elucidated by several studies (Loe et al., 1996; Liening et al., 2016; Conseil et al., 2019). Amphipathic substrates that contain both negatively charged and hydrophobic residues can be transported without conjugating with GSH. Besides MYCN oncogene regulates the transcription of ABCC1, the transfection of MCF-7/VP-16 breast cancer cells with miR-326 can downregulate ABCC1 expression and increase cancer cell sensitivity to etoposide and doxorubicin (Liang et al., 2010).
[image: Figure 3]FIGURE 3 | Ribbon representation of the ABCC1 structure (A) ribbon representation of the ABCC1 structure, with the TMDo colored dark blue and Lo linker colored purple (B) three-dimension of ABCC1 binding with LTC4, the proximity residues, and their interactions with LTC4 are annotated in the picture (C) the systematic illustration of ABCC1 binding with LTC4.
ABC TRANSPORTER INHIBITORS
The past few decades have seen numerous efforts made to solve the drug resistance caused by ABC transporter proteins. Many of the first and second-generation ABC transporter inhibitors exhibit either high levels of toxicity or low potential inhibiting effects (Adamska and Falasca, 2018). Researchers are exploiting more potent inhibitors, mainly focusing on synthetic compounds and chemicals from nature plants. The chemical structures of representative ABC inhibitors are shown in Figures 4–6.
[image: Figure 4]FIGURE 4 | The chemical structures of representative P-gp inhibitors.
[image: Figure 5]FIGURE 5 | The chemical structures of representative ABCG2 inhibitors.
[image: Figure 6]FIGURE 6 | The chemical structures of representative ABCC1 inhibitors.
P-GP INHIBITORS
Natural Products
Flavonoids
Majority of flavonoids are inhibitors of P-gp (Boumendjel et al., 2002; Falcone Ferreyra et al., 2012) and their inhibitory mechanisms are different, such as blockage of the binding site (Nabekura et al., 2008), interference with ATP hydrolysis (Shapiro and Ling, 1997), decrease of P-gp expression (Sun et al., 2013). Naringenin (1), isolated from the aerial parts of Euphorbia pedroi, exhibits multiple cellular functions such as antioxidant, anti-inflammatory, P-gp inhibitory activities (Chen et al., 2019). Upon applying together with felodipine in KB-V1 cells, it can decrease the P-gp expression level in KB-V1cells and increase the concentration of felodipine (Surya Sandeep et al., 2014). Quercetin (2), which is abundant in onions, apples, broccoli and berries, has a wide range of biological activities including antiproliferation and proapoptotic actions with cancer cells. Used in combination with the chemotherapeutic agent daunorubicin in gastric cancer cells, quercetin can down-regulate the ABCB1 gene, reduce the overexpression of P-glycoprotein, and inhibit the efflux of drugs. Finally, quercetin significantly sensitizes cancer cells to action of daunorubicin and increases the percentage of apoptosis (Borska et al., 2012). Another study found that methylated EGC and GC derivatives (3) exhibited better inhibitory effects targeting ABCB1 with an EC50 range from 102 to 195 nM, meanwhile they are not the substrates of ABCB1(Wong et al., 2015). Chalcones are precursors for the synthesis of flavonoids, which can also reverse multidrug resistance (Yin et al., 2019). 2′,4′-Dihydroxy-6′-methoxy-3′,5′-dimethylchalcone modulates the expression of P-gp gene. When combined with 5-fluorouracil (5-FU), it can significantly elevate tumor inhibition rate to 72.2% in BEL-7402/5-FU cell lines (Huang et al., 2012). SAR studies demonstrate that the introduction of a basic group on the chalcone moiety could enhance the P-gp inhibition and weaken the BCRP inhibition. The basic chalcones are better P-gp inhibitors, while the non-basic chalcones are better BCRP inhibitors. The good activity of chalcone is mainly related to properly placed electron donor atoms rather than lipophilicity, especially the meta-disubstituted dimethoxy motif on either ring A or B (Figure 7; Liu et al., 2008).
[image: Figure 7]FIGURE 7 | The structure-activity relationship of chalcones as ABC transporter inhibitors.
Alkaloids
Alkaloids are secondary metabolites found in plants, fungi, and bacteria. The main structural feature of alkaloids is a heterocyclic ring bearing one or more basic nitrogen. Such nitrogen atom is necessary for P-gp inhibitory activity (Qiu et al., 2014). Quinine (4), is reported to reverse doxorubin resistance in 8226/DOX6 myeloma cells and the quinine dimer can reverse the Rh123 efflux in MCF-7/DX1 cells through P-gp inhibition. Further modifications focus on the variations of the linker within the dimer and the introduction of triazole ring systems (Pires et al., 2009). Sanguinarine (5) is a benzylisoquinoline that can increase the bax/bcl2 ratio, thereby activating caspases to reverse the P-gp-induced drug resistance (Eid et al., 2012). Berberine (6) is a calcium channel blocker, which can inhibit the Wnt signaling pathway and P-gp so as to increase the intracellular accumulation of drugs (Zhang et al., 2019). Berbamine (7) can downregulate the mRNA of P-gp in imatinib-resistant BCR-ABL-positive human leukemia K562 (K562-r) cells (Wei et al., 2009). Tetrandrine (8), a bisbenzyl isoquinoline, can regulate NF-κB signaling pathway and inhibit P-gp in MCF-7/ADR cell lines when synergistically used with paclitaxel as self-assembled nanoparticles (Jiang et al., 2017). Verapamil (9), a papaverine derivative, is a classic chemosensitizer and the first found P-gp inhibitor. It can competitively inhibit the transport function of P-gp without interrupting ATP hydrolysis, and increase the intracellular accumulation of many anticancer drugs to overcome the P-gp-mediated MDR (Wang and Sun, 2020).
Indole alkaloids such as Reserpine (10), Indole-3-carbinol and indole-3-carbaldehyde can inhibit P-gp mediated efflux of drugs like doxorubicin, vincristine (Henrich et al., 2006; Wei et al., 2012). 3,4,5-trimethoxybenzyl leuconicine A (11), a derivative of leuconicine A, is a potent P-gp inhibitor as it decreases the dose of vincristine in a resistant cancer cell lines (Munagala et al., 2014).
Lamellarin O (12), isolated from southern Australian marine sponge, possesses inhibitory effects on both P-gp and ABCG2. It increases the accumulation of P-gp transporting drugs like DOX in SW620/DOX300 cells through the blockage of the binding site (Huang et al., 2014). Cyanogramide bearing a novel spirocyclic pyrrolo [1,2-c]imidazole skeleton, which is isolated from Actinoalloteichus cyanogriseus WH1-2216-6 can reverse the DOX-induced resistance in K562/A02 and MCF-7/DOX cells, the vincristine (VCR)-induced resistance in KB/VCR cells (Fu et al., 2014) with moderate activities in micro-molar range. A series of 5-halogenated-7-azaindolin-2-onederivatives containing a 2,4-dimethylpyrrole moiety are evaluated for their anticancer effects in MCF-7, HepG2, HT-29, A549, PANC-1, Hela. The most active one (13), IC50s: 4.49–15.39 μM) was proved to be even more potent than Sunitinib (IC50s: 4.70–>30 μM) against all tested cancer cell lines (Wang M et al., 2015). Another polysubstituted pyrrole, 4-acetyl-3- (4-fluorophenyl)- 1-(p-tolyl)-5-methylpyrrole, was found to reverse digoxin with a IC50 value of 11.2 µM and enhance the pharmacokinetic properties of P-gp substrates (Bharate et al., 2015). Piperine, a piperidine alkaloid from Indian spice black pepper, can downregulate the expression level of transporter ABCB1, ABCC1, and ABCG2 genes (Manayi et al., 2018). Piperine mainly inhibits P-gp activity by interacting with its nucleotide binding domain, that is to say, it competes with ATP binding site in P-gp (Singh et al., 2013). Take this into consideration, two piperine analogs Pip1 (14) and Pip2 were synthesized and exhibited better interaction with P-gp than piperine (Syed et al., 2017). Tertiary alkaloids like stemocurtisine and oxystemokerrine, isolated from Stemona aphylla and Stemofoline burkillii, also can inhibit P-gp to some extent. Stemofoline can inhibit P-gp of human cervical carcinima cell line (KB-V1) in a dose and time-dependent manner (Chanmahasathien et al., 2011).
Terponoids
Terponoids can be divided into several types according to the number of isoprene units within their parent structure like monoterponoids (bearing 10 C), diterponoids (bearing 20 C), sesquiterponoids (bearing 15 C), tetraterpenes (bearing 40 C). Studies have shown that lipophilic substituents at C6 position and the carbonyl group at C2, C3, C8 positions are required to make terponoids ideal P-gp inhibitors (Kumar and Jaitak, 2019).
Sooneuphanone D (15), isolated from Euphorbia soongarica, is a potent P-gp inhibitor with a remarkable MDR reversal activity much higher than verapamil. When sooneuphanone D is applied together with navelbine, it can significantly reduce the IC50 values of navelbine within KBV200 cell lines, indicating its reversal effects in P-gp overexpressed cancer cell lines (Gao and Aisa, 2017). In another study, 28 cucurbitane-type triterponoids, isolated from Momordica balsamina and their derivatives were studied for their collateral sensitivity effect on three different human cancer entities. Balsaminol F (16) exhibits collateral sensitivity effect through high anti-proliferative activity in gastrolic cancer cell lines (EPG85-457). Its derivatives such as balsaminagenin C exhibit reversal of multidrug resistance in human MDR1 gene-transfected mouse lymphoma cells (Ramalhete et al., 2016; Ramalhete et al., 2018). A myrsinol diterpene J196-10-1, isolated from LANGDU, exhibits reversal effects through competitively inhibiting P-gp transporters and increasing intracellular drug accumulation without altering MDR1 gene expression (Wang et al., 2016). Sipholenol A (17), isolated from Red Sea Sponge Callyspongia siphonella, mediates drug efflux activities of P-gp without altering the expression level of P-gp. Substitution of the methyl group at C15 and the oxidation of the hyroxyl group to a ketone at C4 can both cause reduced reversal activity (Jain et al., 2007; Shi et al., 2007).
ABCG2 INHIBITORS
Natural Product
Flavonoids
Naringenin (1) is a common dietary flavanone which can be found in citrus fruits like oranges, bergamots and lemons (Ferreira et al., 2018). Naringenin and its derivatives were evaluated as multidrug resistance (MDR) reversers in cancer cells. The carbonyl group of naringenin was modified into hydrazones, azines, carbohydrazides which contain nitrogen atom or extra aromatic moieties. Azines and carbohydrazide derivatives exhibit potent efflux inhibition. Among them, the azine derivatives exert high inhibitory activity due to the introduction of C=N-N=C moiety and have dual inhibition on both ABCG2 and ABCC1 (Ferreira et al., 2018). Chrysin (18) shows inhibitory activities toward ABCG2 with an IC50 of 4.6 ± 0.5 μM, while tectochrysin and 6-prenylchrysin exhibit inhibitory activities in R482 ABCG2-transfected HEK-293 cells with an IC50 of 3.0 ± 0.9 μM and 0.29 ± 0.06 μM, respectively. In general, flavones inhibit ABCG2 more efficiently than flavonols, isoflavones and flavanones (Ahmed-Belkacem et al., 2005). As mentioned earlier, introducing different groups on the chalcone template can produce corresponding inhibitory effects on P-gp and BCRP. With respect to chalcone derivatives, the replacement of B-ring with a quinoxaline moiety accompanied with different patterns of hydroxy and methoxy substitutions at A-ring can result in higher and obvious BCRP inhibitory effects in HEK293-ABCG2 cells (Winter et al., 2014). The quinoxaline contributes the electrostatic interactions between the two nitrogen atoms and the ABCG2 protein (Kraege et al., 2016b). There are four key structural features that improve the ABCG2 inhibition: the ortho-position of the amide linker; the presence of a phenyl or 2-thienyl substitution at the amide linker; 3,4-dimethoxy substitution on ring B (Kraege et al., 2016a; Kraege et al., 2016c; Silbermann et al., 2019; Yin et al., 2019).
Terponoids
Guajadial (19), isolated from the leaves of Psidium guajava, is a natural meroterpenoid which has been found to have anti-tumor activity, especially in breast cancer cell lines. Guajadial has reversal effects in MCF-7/ADR and MCF-7/PTX cells by inhibiting both expressions of P-gp and ABCG2. Meanwhile, it suppresses the PI3K/Akt pathway, which is related to cell proliferation, apoptosis, and migration (Li et al., 2019).
Tariquidar Analogs
Tariquidar (20) was an intrinsically the third-generation P-gp inhibitor which can reverse the resistance of doxorubicin, vinblastine in advanced breast cancer (Durante et al., 2017). However, due to its high toxicity in a phase III clinical trial for non-small cell lung cancer (NSCLC) (Nobili et al., 2006) and susceptibility to hydrolysis, a large number of tariquidar analogs have been synthesized to optimize its pharmacological properties. In a recent study, researchers synthesized a series of tariquidar derivatives and found that some of them are able to reverse both ABCB1 and ABCG2-mediated drug efflux, respectively. The mechanism may be related to the inhibition of ATP hydrolysis, but needs to be further verified by ATPase assay (Teodori et al., 2017). The unstable ester moiety was further replaced by ketones, which increase the stability in mouse plasma. UR-MB108 (21) and UR-MB136 (22) are the most effective ABCG2 inhibitors so far with the IC50 value about 80 nM in a Hoechst 33,342 transport assay. The molecular mechanism of their inhibitory effects lies in the depressing of ATPase by locking the inward-facing conformation (Antoni et al., 2020).
Ko143 Analogs
The fungal toxin fumitremorgin C (23, FTC) is a specific inhibitor targeting ABCG2, however, the neurotoxicity prevents its further use (Allen et al., 2002). Later, tetracyclic analogs of FTC were developed, among which Ko143 (24) was found to be the most potent one, but it is unstable in mouse plasma and has nonspecific effects on ABCC1 and ABCB1. These have led to further structural study of ABCG2 and the development of Ko143 analogs as specific ABCG2 inhibitors (Weidner et al., 2015). Ko143 analogs are as potent as or even superior than Ko143. The modifications at C-9 position with methoxy group forms a hydrogen bond with T435 in cavity 1. The removal of methoxy groups and addition of small hydrophilic groups reduce the binding energy, while small hydrophobic groups do not make any differences. The tert-butyloxycarbonyl group, which can form van der Waals interactions with residues at C-3 position, also leads to decreased inhibitory effects when exchanged with ion-bearing moieties (Jackson et al., 2018).
ABCC1 INHIBITORS
Natural Products
Flavonoids
Flavonoids-type compounds can also exert ABCC1 inhibitory activity in MDCKII-MRP1 cells. Chromones bearing substituted amino groups with N-substituted carboxamide moieties in C-2 are synthesized and tested for their inhibitory activities, among which (2- [4-(Benzo [c][1,2,5]oxadiazol-5-ylmethyl)piperazin-1-yl]-5,7-dimethoxy-4H-chromen-4-one (25) is proved to be the most potent ABCC1 inhibitor and stable in mouse plasma (Obreque-Balboa et al., 2016; B et al., 2020). In another study, flavonoid dimers are found to be more potent toward ABCC1 than their counterpart monomers (Dury et al., 2017). Three flavono stilbenes isolated from Sophora alopecuroides L were found to have an inhibitory effect toward ABCC1, which can increase the intracellular concentrations of 6-carboxyfluorescein diacetate and doxorubicin in MRP1-transfected U-2 OS cells (Ni et al., 2014). Timosaponin A-III (26, TAIII), a saponin isolated from the rhizome of Anemarrhena asphodeloides, were found to reverse both P-gp and ABCC1-induced drug resistance through regulation of PI3K/Akt signaling pathway (Chen J-R et al., 2016; Gergely et al., 2018). Chrysin (18), 3-methoxy-chrysin and 5,7-dihydroxy-4′-fluoro-flavone are more effective and less toxic than verapamil. Hydroxylation at different places of chrysin can alter the activity, for example, hydroxylation at C-5 or C-7 can increase GSH efflux, while hydroxylation at C-6 leads to the opposite results. However, when hydroxylation occurs both at C-5 and C-7, the activity does not increase (Lorendeau et al., 2014). In general, structure-activity relationships demonstrated that although the absence of a hydroxyl group at C-3 of flavonoid C ring is absolutely required to induce ABCC1-cell death, but it cannot to stimulate GSH efflux (Lorendeau et al., 2014).
Alkaloids
The inhibitory effects of pyrrolo [3,2-d]pyrimidines toward ABCC1 show that piperazine, which bears large phenylalkyl side chains at C-4 position, can increase the inhibitory activities, whereas when piperazine is replaced with an amino group, the activity decreases. Moreover, the aliphatic and aliphatic aromatic variations in C-5 and C-6, especially the large aliphatic side chain at position 5, can inhibit ABCC1 effectively with IC50 value in the nanomolar range (Figure 8; Schmitt et al., 2016). A novel triazolonaphthalimide derivative named LSS-11 (9-amino-6-(2-dimethylamino)propyl]-1-(3-(dimethylamino)-propyl)benzo [de] [1,2,3]triazolo [5,4-g]isoquinoline-5,7(1H, 6H)-dione (27) acts as a potent inhibitor toward ABCC1 through DR5/PARP1 pathway and STAT3/MDR1/MRP1 STAT3 inhibition (Ji et al., 2017). Recently, a series of 9-deazapurines are synthesized (Figure 8), among which the 4-(4-(2-(1H-Indol-3-yl)ethyl)piperazin-1-yl)-5-(3-phenylpropyl)-5H-pyrrolo [3,2-d]pyrimidine-7-carbonitrile (28), has been identified to be a broad-spectrum inhibitors which regulate P-gp-mediated efflux of Calcein AM, ABCC1-mediated efflux of daunorubicin, and ABCG2-mediated efflux of pheophorbide A (Stefan et al., 2017).
[image: Figure 8]FIGURE 8 | The structure-activity relationship of pyrrolo [3,2-d]pyrimidines.
Other Inhibitors
3β-Acetyl tormentic acid (29) can reverse the resistance of doxorubicin and vincristine by mediating intracellular levels of GSH and inhibition of glutathione-s-transferase (GST) activity, instead of modulating the expression of ABCC1(Rocha Gda et al., 2014).
TYROSINE KINASE INHIBITORS
TKIs bind to the catalytic domain of tyrosine kinases and inhibit cross-phosphoralation and thereby interfere downstream signaling pathways, subsequently impairing cell proliferation and survival. The mechanism underlying the inhibitory effects of TKIs on ABC transporters may be similar to that of tyrosine kinase, that is, they compete with ATP and bind to the ATP-binding sites (Wang et al., 2015). Whether TKIs are substrates or inhibitors of ABC transporters depends on their concentrations and the cancer cells they target (Figure 9).
[image: Figure 9]FIGURE 9 | The chemical structures of representative tyrosine kinase inhibitors.
Imatinib and Nilotinib
Imatinib (30) is a kinase inhibitor which targets BCR-ABL (BCR, break point cluster region; ABL, Abelson virus tyrosine kinase). Studies revealed that imatinib could reverse the drug resistance to doxorubicin by downregulating expression level of ABCB1 and subsequently resulting in accumulation of doxorubicin (Sims et al., 2013). Imatinib also exhibits inhibitory effects toward ABCG2 even at low concentration and the expression level of ABCG2 did not affect the efflux and accumulation of imatinib, which indicates that imatinib may have a higher affinity for ABCG2 than ABCB1(Ozvegy-Laczka et al., 2004). Nilotinib (31), an aminopyrimidine ATP-competitive second-generation TKI, was designed to overcome resistance to imatinib in many BCR-ABL mutants (Sacha and Saglio, 2019). It exhibits reversal effects in the doxorubicin-resistant MG63/DOX cell line (Zhou et al., 2016). Moreover, it specifically reverses mitoxantrone efflux caused by ABCG2 and increases the intracellular accumulation of mitoxantrone in over-expressing ABCG2 cells (Jordanides et al., 2006).
Gefitinib, Erlotinib and Lapatinib
Gefinitib (32), one of the most famous EGFR inhibitors, has been used to treat NSCLC. However, enhanced ABCG2 expression has been detected within gefinitib-resistant cancer cells (Chen et al., 2011; Hegedüs et al., 2012). Inhibition of EGFR by erlotinib (33) can also induce the alteration in ABCG2 gene and protein expression level, supporting the fact that EGFR/AKT pathway is involved in the regulation of ABCG2 expression (Porcelli et al., 2014). What is more, a synergistic effect of lapatinib (34) and doxorubicin was also found in tumorspheres which generates from human breast cancer cells and exhibits drug resistance due to the overexpression of ABCB1 and increased EGFR/HER2 signaling (Lainey et al., 2012; Lainey et al., 2013).
Sunitinib
Recently, a study has shown that in doxorubicin-resistant endothelial cell lines, the over-expression of ABCG2 and ABCB1 has a cross-resistant effect on sunitinib (35). The blockage of ABCG2 can result in a restored sunitinib cytotoxic effect (Huang et al., 2015). In another study, RCC cells with ABCG2 overexpression due to the treatment of sunitinib, were treated with elacridar, a dual inhibitor of ABCG2 and ABCB1, resulting in the restored cytotoxicity of sunitinib (Sato et al., 2015). This indicates that sunitinib is mainly transported by ABCG2 and efficient inhibition of ABCG2 is needed in sunitinib-resistant cancer cells.
Other TKIs
There are dozens of newly found TKIs which efficiently targeted ABC transporters. For example, osimeritinib (36), a third-generation EGFR inhibitor, have been found to reverse the drug resistance within ABCB1-overexpressed bone marrow cells collected from AML patients. Evidences show that osimeritinib can increase the accumulation of Rhodamine 123 (Chen Z et al., 2016). Ibrutinib (37), an inhibitor of Bruton’s tyrosine kinase, can increase the accumulation of ABCC1 substrates within ABCC1-overexpressed HEK293/MRP1 and HL60/Adr cells (Zhang et al., 2014). Dinaciclib (38), a cyclin-dependent tyrosine kinase inhibitor, can decrease the daunorubicin efflux of MDCKII-ABCC1 and human cancer T47D cells, thus exhibit a synergistic effect when co-administrated with other anti-cancer drugs (Cihalova et al., 2015). GSK1904529A (39), an IGF-IR inhibitor, can also increase the intracellular concentration thus enhancing the cytotoxicity of ABCC1 substrate vinblastine in HEK293/MRP1 cells by inhibiting its efflux (Gupta et al., 2017). In general, TKIs have been deeply implicated in counteracting ABC-induced multidrug resistance through ways like inhibiting efflux activity, co-administration with drugs, which provides new opportunities for clinical treatment of multidrug resistance.
CONCLUSION AND PERSPECTIVE
In recent years, many efforts have been made to modulate these ABC transporters, thus increase the intracellular concentration of drugs and reverse multidrug resistance (Kathawala et al., 2015). Several chemo-sensitizers were tested in clinical trials, like cyclosporine A, tariquidar, however, they did not show satisfying therapeutic effects due to their high toxicity, drug-drug interactions and clinical trial design problems (Robey et al., 2018). However, there are also novel strategies that can reverse multidrug resistance such as using DNA methyltransferase inhibitors (DNMTi), hypomethylating agents (HMAs) and histone deacetylase inhibitors (HDACi) (Ball et al., 2017). A DNA methyltransferase (DNMT), 5-AC (5-azacytidine) can reverse irinotecan resistance in metastatic CRC patients when combined with irinotecan (Sharma et al., 2017). In a phase II clinical trial, 17 pretreated and platinum-resistant patients with ovarian cancer were re-sensitized to carboplatin after being treated with HDACi (Matei et al., 2012). Expression of ABC transporters can also be regulated by miRNAs. For example, ABCB1/MDR1 encoding for P-gp can be downregulated by miR-30a in advanced gastric cancer and miR-9-3p in CML to reverse drug resistance (Li et al., 2016; Li et al., 2017). miR-145 can decrease the level of ABCC1/MRP1 and increase cisplatin toxicity in gallbladder cancer (Zhan et al., 2016). miR-490-3p regulates ABCC2/MRP2 in ovarian cancer and possibly increases response to cisplatin (Tian et al., 2017). This provides us with an insight for finding other ways to reduce the mortality caused by multidrug resistance. More importantly, efflux of drugs has recently been found not to be the only role for ABC transporters in the failure of cancer therapy. They may also release signaling molecules, hormones, and metabolites andregulate cellular redox status, membrane lipid composition and tumor microenvironment. Additionally, MAPK, WNT, VEGF, and p53 and other signaling pathways involved in cell differentiation and proliferation should also be concerned, because they also regulate the expression and membrane localization of ABC transporters. Conclusively, the clinical failure of the ABC inhibitors makes it urgent to discover a more effective strategy.
Regarding further research on multidrug resistance, three main aspects could be focused on in future: 1) Develop a more precise drug delivery system, especially target cancer stem cells and other poorly differentiated cells. From the previous studies on cancer and multidrug resistance, we know that ABC transporters mainly over-express in poorly differentiated cells and lead to multidrug resistance. However, when drugs are delivered, they also nonspecifically target the ABC transporters of normal cells, causing many side effects. Therefore, precise delivery systems are necessary to ensure alleviation of side effects. 2) Find more about the signaling pathways related to ABC transporters. Researchers have found that signaling pathways like MAPK, WNT, VEGF, and p53 are deeply involved in regulating the expression, location of ABC transporters. Proper inhibition or activation of these signaling pathways can also reduce multidrug resistance. 3) Further investigate the molecular mechanism of ABC transporters in complex with different substrates in details by using structural biology, which provides insights in drug design and development.
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Chemoresistance is one of the leading causes for the failure of tumor treatment. Hence, it is necessary to study further and understand the potential mechanisms of tumor resistance to design and develop novel anti-tumor drugs. Post-translational modifications are critical for proteins’ function under physiological and pathological conditions, among which ubiquitination is the most common one. The protein degradation process mediated by the ubiquitin-proteasome system is the most well-known function of ubiquitination modification. However, ubiquitination also participates in the regulation of many other biological processes, such as protein trafficking and protein-protein interaction. A group of proteins named deubiquitinases can hydrolyze the isopeptide bond and disassemble the ubiquitin-protein conjugates, thus preventing substrate proteins form degradation or other outcomes. Ubiquitin-specific protease 7 (USP7) is one of the most extensively studied deubiquitinases. USP7 exhibits a high expression signature in various malignant tumors, and increased USP7 expression often indicates the poor tumor prognosis, suggesting that USP7 is a marker of tumor prognosis and a potential drug target for anti-tumor therapy. In this review, we first discussed the structure and function of USP7. Further, we summarized the underlying mechanisms by which tumor cells develop resistance to anti-tumor therapies, provided theoretical support for targeting USP7 to overcome drug resistance, and some inspiration for the design and development of USP7 inhibitors.
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INTRODUCTION
Cancer is a significant public health problem worldwide, which seriously threatens patients’ health and lives and brings a heavy burden to individuals, families and society (Chen et al., 2016; Siegel et al., 2021). With the emergence and development of traditional chemotherapy, radiotherapy, targeted therapy, immunotherapy and other medical technologies, some tumors have been effectively controlled and even cured. However, clinically there are still phenomena such as poor efficacy, tumor recurrence, metastasis, and drug resistance remain (Holohan et al., 2013; Quail and Joyce, 2013; Mahvi et al., 2018). Statistically, chemoresistance is one of the main causes of tumor treatment failure, which significantly limits the choice and use of anti-tumor drugs in the clinic and breaks cancer patients’ hope time and time again. Hence, it is necessary to study further and understand the potential mechanisms of tumor resistance to design and develop novel anti-tumor drugs.
Post-translational modification (PTM) of proteins is an important way to regulate protein structure, and is critical for proteins’ function under physiological and pathological conditions (Dai and Gu, 2010). Protein PTMs include phosphorylation, ubiquitination, acetylation, methylation, glycosylation, SUMOylation, and so on. Protein ubiquitination is one of the most common forms of PTM. Ubiquitin is a highly conserved endogenous protein consisting of 76 amino acids and widely exists in eukaryotic cells, from where it got the name “ubiquitin”. Ubiquitination refers to a reversible modification process in which ubiquitin molecules specifically covalently bind to target protein residues identified from cellular protein molecules under the catalysis of a series of special enzymes (Mansour, 2018).
The ubiquitin-proteasome system (UPS) is an intracellular non-lysosomal protein degradation pathway. Under the catalysis of the ubiquitin-activating enzymes (E1s), the ubiquitin-conjugating enzymes (E2s) and the ubiquitin ligases (E3s), the ubiquitin covalently binds to the targeted protein, leading to its degradation by the 26S proteasome complex. Due to the large variety of substrate proteins modified by ubiquitination, therefore, the UPS pathway plays a critical part in diverse cellular processes, including cell proliferation, apoptosis, differentiation, gene expression, transcription regulation, signal transduction, damage repair, inflammation, and immunity (Narayanan et al., 2020). The protein degradation process mediated by UPS is the most well-known function of ubiquitination modification. However, ubiquitination also participates in the regulation of many other biological processes, such as protein trafficking, protein-protein interaction, kinase activity regulation, receptor response, DNA replication and repair, gene transcription, etc. (Leslie et al., 2016; Mansour, 2018).
Correspondingly, a group of proteins named deubiquitinases (DUBs) can hydrolyze the isopeptide bond and disassemble the ubiquitin-protein conjugates, thus preventing substrate proteins from degradation or other biological processes. Ubiquitin-specific protease 7 (USP7), also known as herpesvirus-associated ubiquitin-specific protease (HAUSP), is one of the most extensively studied DUBs. A large number of previous studies have found that USP7 exhibits a high expression signature in a variety of malignant tumors, including myeloma (Chauhan et al., 2012), prostate (Qi et al., 2020), hepatocellular (Cai et al., 2015), ovarian cancer (Ma and Yu, 2016) and glioma (Cheng et al., 2013). Also, the increased USP7 expression often indicates a poor tumor prognosis. As a result, some scholars considered USP to be a marker of tumor prognosis and a potential drug target for anti-tumor therapy (Wang et al., 2019).
Furthermore, we have also observed that USP7 is closely related to the emergence of anti-tumor drug resistance. Therefore, in this review, we will start from the structure and function of USP7, reveal the inextricable connection between USP7 and tumor resistance, and propose that targeting USP7 might be a new insight to overcome drug resistance.
THE STRUCTURE AND FUNCTION OF THE HUMAN UBIQUITIN-SPECIFIC PROTEASE 7
The human USP7 gene is located on chromosome 16p13.2, and it encodes the USP7 protein, which consists of 1,102 amino acids. USP7 protein contains three major domains, including a N-terminal tumor necrosis factor receptor-associated factor (TRAF) domain (amino acids 53–206), a central catalytic domain (amino acids 208–560), and a C-terminal tandem ubiquitin-like (Ubl) domain (amino acids 560–1,102) (Figure 1A) (Hu et al., 2006). Among them, the TRAF domain can directly bind with the substrates via the P/AxxS motifs and it can also regulate the nuclear localization process of USP7 to a certain extent. The catalytic core of USP7 includes three conserved functional areas (Fingers, Palm, and Thumb), where an anti-parallel β-sheet structure creates a deep cleft for ubiquitin-binding. The catalytically active Cys box (∼19 amino acids) and His box (60–90 amino acids) locate at the opposing sides of the cleft, between the Palm and Thumb domain (Hu et al., 2002). The C-terminal Ubl domain contains five Ubl-subunits arranging in a 2–1–2 manner (Ubl1/2, Ubl3, and Ubl4/5), which ultimately enhances the binding ability of USP7 for substrates and its deubiquitinating activity. Specifically, Ubl1/2/3 contribute to the allosteric transition partly by activating GMP synthetase while Ubl4/5 can interact with the switching loop in the catalytic domain and help rearrange the catalytic triad to an active conformation (Faesen et al., 2011).
[image: Figure 1]FIGURE 1 | The structure and function of USP7.
The role of USP7 is to deubiquitinate the ubiquitinated substrate proteins, thereby preventing them from ubiquitination-dependent proteasome degradation or ubiquitination-mediated protein trafficking, consequently stabilizing them or maintaining their subcellular localization (Figure 1B). The Fingers precisely coordinate the ubiquitin N-terminal residues at the catalytic domain of USP7 and guided the C terminus into the catalytic cleft between the Palm and the Thumb, which is rich in acidic amino acids (Hu et al., 2002; Molland et al., 2014; Turnbull et al., 2017). There’s a unique structural feature, known as the switching loop, located between helices α4 and α5 of USP7, by which the catalytic core undergoes conformational changes, rearranging the catalytic triplet (Cys223, His464, and Asp481) to close proximity, thus allowing ubiquitin interaction (Hu et al., 2002; Molland et al., 2014). Upon the binding, the Phe409 side chain in the binding channel rotates to open a hydrophobic pocket to accommodate ubiquitin (Turnbull et al., 2017). The isopeptide bonds between ubiquitin and substrates would be hydrolyzed through a three-step mechanism: binding, acylation, and deacylation. Initially, USP7 binds with the substrate proteins, undergoing the mentioned conformational changes. Afterward, the highly conserved catalytic Cys223 is deprotonated by a histidine residue, resulting in a nucleophilic attack by deprotonated sulfhydryl of cysteine on the carbonyl carbon atom of glycine 76 on ubiquitin to generate an acyl-enzyme intermediate. Finally, the intermediate is hydrolyzed to release free enzymes and ubiquitin (Daviet and Colland, 2008). A recent study reported that USP7 preferentially interacts with and cleaves ubiquitin moieties with free Lys48 side chains rather than Lys63 ones (Kategaya et al., 2017).
An accurate characterization of the structure of USP7 and a deep understanding of its function could help better explain the relationship between USP7 and tumorigenesis, progression, and the phenomenon of drug resistance; also, these characterizations may bring new insights for developing new-type USP7-targeted drugs with higher potency.
UBIQUITIN-SPECIFIC PROTEASE 7 IS CLOSELY ASSOCIATED WITH ANTI-TUMOR THERAPIES RESISTANCE
Now, based on a large number of scientific observations and studies, we can make clear that USP7 plays a vital role in the development of drug resistance in multiple tumors in response to the threat of therapeutic agents. While the specific signaling pathways regulated by USP7 may differ in the above processes, the consequence is always that the deubiquitinating activity of USP7 leads to an aberrant fate of substrate proteins and consequent involvement in the generation of drug resistance. This section will enumerate examples of USP7’s involvement in anti-tumor therapy resistance to demonstrate USP7 as a biomarker for the phenomenon of tumor resistance and an important prognostic indicator for tumor therapy.
Proteasome Inhibitors
Multiple myeloma (MM) is one of the most frequent hematological malignancies characterized primarily by the abnormal synthesis and secretion of monoclonal immunoglobulins. In recent years, proteasome inhibitors, which could induce tumor cell death by inhibiting the proteasome’s function and leading to the accumulation of abnormal proteins in cells, were approved by the FDA to treat MM and have significantly improved the clinical outcome of MM patients. Among them, bortezomib (BTZ; brand name: Velcade) was the first-in-class proteasome inhibitor for the treatment of MM, and it can dramatically induce MM cell death by stabilizing IκBα protein to inhibit the activation of NF-κB signaling pathway (Yao et al., 2018). However, MM is a complex disease, and the drug-resistant subclones that appear in many patients during therapy can still lead to treatment failure or tumor relapse (Xia et al., 2020). Therefore, it is necessary to investigate the underlying mechanisms by which MM develops resistance to proteasome inhibitors and further target those resistance mechanisms for selective intervention or remediation.
As early as 2012, an interesting study showed that the HDM2/p53/p21 signaling axis is involved in MM cells survival during BTZ therapy. HDM2 is a primary substrate of USP7, which can bind to the tumor suppressor protein p53 to exert its E3 enzymatic activity and drive p53 ubiquitination and subsequent degradation. In general, the higher the HDM2 expression, the worse the tumor prognosis. Since mutations or deletions of p53 confer MM cells survival, activation or stabilization of p53 may offer a novel therapeutic strategy. As expected, both genetic ablation of USP7 gene (siRNA or somatic knockout) and pharmacological inhibition of USP7 protein (P5091) prevents USP7 from deubiquitinating HDM2, resulting in stabilization and accumulation of p53, as well as p21-induced growth arrest and cell death (Chauhan et al., 2012). Another study had found that high expression of USP7 in MM is a prognostic marker of short overall survival and poor outcome. USP7 knockout restored MM sensitivity to BTZ and induced apoptosis by stabilizing IκBα and blocking the NF-κB signaling pathway. Similarly, the treatment of USP7 inhibitors (P5091 or P22077) also suppressed the activation of NF-κB, and a combination of USP7 inhibitors and BTZ triggered the synergistic anti-tumor activity in BTZ-resistant MM cells (Yao et al., 2018).
Additionally, NEK2 was reported to be associated with bortezomib resistance in MM, and high expression of NEK2 confers inferior prognosis and survival in MM patients. Franqui-Machin et al. showed that USP7 could prevent NEK2 from undergoing ubiquitination-dependent degradation and stabilize it. The increased levels of NEK2 kinase activates the canonical NF-κB pathway via the PP1α/AKT axis, which facilitates p65 nuclear translocation to activate transcription of downstream target genes. Also, NEK2 can activate the secretory heparanase to destroy bone tissue in an NF-κB-dependent manner. Intriguingly, the USP7 inhibitor (P5091) significantly inhibited myeloma cells’ cell growth and overcame NEK2-induced and -acquired BTZ resistance (Franqui-Machin et al., 2018). A recent study showed that NEK2 enhances autophagy and induces BTZ resistance in MM cells through stabilization and up-regulation of Beclin-1. Mechanistically, NEK2 binds to both Beclin-1 and USP7 in MM cells, and NEK2 stabilizes Beclin-1 through USP7-mediated deubiquitination. However, the underlying mechanisms by which NEK2, Beclin-1, and USP7 regulate each other remain unclear, which need to be further studied and revealed (Xia et al., 2020).
Poly-(ADP)-Ribose Polymerase Inhibitors
PARP inhibitors work based on the principle of synthetic lethality, to which homologous recombination (HR)-deficient tumors harboring mutations in BRCA1/2 or other HR factors are hypersensitive (Noordermeer and van Attikum, 2019). In detail, PARP inhibitors can inhibit the repair process of DNA single-strand damage, which can be converted into double-strand break (DSB) during the formation of DNA replication fork, and HR is a pathway essential for DSBs repair. For those tumors with defects in HR repair, DSBs cannot be repaired, eventually resulting in cell death. Unfortunately, intrinsic and acquired resistance to PARP inhibitors has become a significant problem in the clinic (Noordermeer and van Attikum, 2019).
CCDC6 is an oncoprotein, of which deficiency affects DNA damage and repair processes and sensitizes tumor cells to the treatment of PARP inhibitors (like olaparib). Meanwhile, CCDC6 was reported to be one of the substrates of USP7, which can prevent CCDC6 from ubiquitination and stabilize it. As expected, USP7 inhibitors (like P5091) can downregulate CCDC6 protein levels and favor tumor cells sensitivity to PARP inhibitors in non-small cell lung cancer (Morra et al., 2015), lung neuroendocrine cancer (Malapelle et al., 2017) and hormone-sensitive and castration-resistant prostate cancer (Morra et al., 2017).
HER2 Inhibitors
Trastuzumab is a humanized monoclonal antibody that targets the extracellular binding site of the HER2 receptor and inhibits its downstream PI3K/Akt/mTOR and Ras/MAPK axis. PI3K/Akt pathway is one of the most critical carcinogenic pathways that block apoptosis and promote cell proliferation through upregulation of growth factor receptors (EGFR, IGF1R, HER2, etc.) or PTEN inactivation. PTEN is well-known to be one of the substrates of USP7. The deubiquitinating activity of USP7 is responsible for PTEN nuclear exclusion. It impairs its tumor-suppressive functions, resulting in the constant activation of PI3K/Akt signaling and drug resistance to HER2 inhibitor (trastuzumab) in HER2-positive breast carcinomas (Gallardo et al., 2012). It was also reported that USP7 inhibition (P5091) restores PTEN nuclear pool and its onto suppressive activity in chronic lymphocytic leukemia (Carrà et al., 2017).
Other Targeted Therapies
USP7 was also associated with drug resistance to other targeted treatments in malignancies. For instance, several tyrosine kinase inhibitors were demonstrated to be more effective after inhibition of USP7 or MDM2 (Wang et al., 2017). USP7 inhibitor GNE-6640 was proven to enhance PIM2 ubiquitination and increase PIM kinase inhibitors’ cytotoxicity (Kategaya et al., 2017). Moreover, USP7 can up-regulate β-catenin, suggesting the potential of USP7 as a therapeutic target in colorectal cancer with a hyperactivated Wnt signaling, to suppress growth and overcome chemoresistance to Wnt inhibitors (An et al., 2017).
Chemotherapy Drugs
Cell Cycle Specific Agents
Taxanes are a class of cytotoxic drugs that specifically act on the G2 and M phases of the cell cycle, mainly including paclitaxel, docetaxel, and cabazitaxel. Taxanes can promote the irreversible accumulation of tubulin and hinder the normal dynamic regeneration of microtubule bundles, resulting in abnormal attachment of kinetochores and chromosome partitioning during the formation of the mitotic spindle, thereby inhibiting cell division and proliferation in cancer cells (Giovinazzi et al., 2013). This phenomenon is also known as the mitotic catastrophe (Shin et al., 2020). Since the mitotic activity of tumor cells is far more active than that of normal cells, low-dose taxanes can effectively kill tumor cells without causing serious damage to normal tissues. Taxanes are the first-line chemotherapeutic agents in the clinic for several carcinomas of the breast, lung, prostate, and ovary. However, chemoresistance has become one major cause of poor efficacy and even death in clinical patients (Shin et al., 2020).
It is reported that USP7 can mediate the deubiquitination of CHFR protein, and the E3 enzyme activity of CHFR protein can target Aurora-A kinase for ubiquitination-dependent protein degradation. As a result, USP7 can mediate the chemoresistance of taxanes by regulating mitosis progression, and the inhibition of USP7 helps to enhance the taxane sensitivity of tumor cells (Giovinazzi et al., 2013). PLK1 was reported to be a novel substrate of USP7, and USP7 maintains the protein stability of PLK1. USP7 inhibition overcomes taxane resistance by inducing the protein degradation of PLK1, resulting in chromosome misalignment in mitosis (Peng et al., 2019). Also, Shin et al. demonstrated that a combination of inhibitors of USP7 (P22077) and the mitotic kinase PLK1 (volasertib) increased the sensitivity of paclitaxel-resistant lung cancer through down-regulation of MDR1/ABCB1 (Shin et al., 2020). Moreover, heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) was found to be a substrate of USP7, and USP7 stabilizes hnRNPA1 through the deubiquitinating activity. Paclitaxel and cisplatin promote miR-522 secretion from cancer-associated fibroblasts by activating USP7/hnRNPA1 axis, leading to arachidonate lipoxygenase 15 suppression and decreased lipid-ROS accumulation in cancer cells and ultimately promote acquired chemoresistance in gastric cancer (Zhang et al., 2020a).
Cytarabine is a pyrimidine anti-metabolite that acts explicitly on the S phase of the cell cycle. The cytarabine’s chemical structure is similar to the essential substance for DNA metabolism, which can specifically interfere with the normal synthesis of DNA, and inhibit cell division and proliferation. Cartel et al. found that CHK1 is a substrate of USP7, and USP7 modulates the protein stability of CHK1. Patients with a high USP7 expression were more prone to chemoresistance, and USP7 inhibition (P22077) acts in synergy with cytarabine to kill acute myeloid leukemia cell lines with high USP7 levels, indicating that USP7 is both a marker of chemoresistance and a potential therapeutic target in enhancing chemosensitivity (Cartel et al., 2021).
In addition, USP7 has been reported to be involved in chemoresistance to DNA damaging agents such as camptothecin (topoisomerase I inhibitor) and etoposide (topoisomerase II inhibitor) (Becker et al., 2008; Fan et al., 2013).
Cell Cycle Nonspecific Agents
Doxorubicin (DOX) is a cell cycle nonspecific agent that can directly act on DNA or intercalate DNA to interfere with DNA transcription, thereby preventing mRNA synthesis and causing cell death. Some studies have shown that USP7 is a key effector protein in the emergence of DOX chemoresistance in neuroblastoma, hepatocellular carcinoma and pancreatic cancer, and USP7 inhibition can significantly increase the chemosensitivity of tumors (Fan et al., 2013; Zhang et al., 2020a; Chen et al., 2020).
Moreover, USP7 has been reported to be involved in chemoresistance to x-ray irradiation or DNA damaging agents, including methyl methanesulfonate, cyclophosphamide, mitomycin, and neocarzinostatin (Zhang et al., 2014; Zhao et al., 2015; Wang et al., 2016; Agathanggelou et al., 2017; Su et al., 2018).
SUBSTRATES OF UBIQUITIN-SPECIFIC PROTEASE 7 INVOLVED IN ANTI-TUMOR THERAPIES RESISTANCE
A wide range of proteins have been identified as the potential substrates and binding partners of USP7, including p53, PTEN, CHK1, CHFR, and so on, most of which and their downstream signaling cascades are necessary for DNA repair, epigenetic control, tumor suppression and immune response (Wang et al., 2019). Overexpression of USP7 impairs the ubiquitination-dependent proteasome degradation or protein trafficking of these proteins, thus impairing drug efficacy and even leading to drug resistance. This section further summarized and arranged the substrate proteins regulated by USP7 involved anti-tumor therapies resistance (Table 1).
TABLE 1 | Substrates of USP7 involved in anti-tumor therapies resistance.
[image: Table 1]UBIQUITIN-SPECIFIC PROTEASE 7 IS A POTENTIAL THERAPEUTIC TARGET IN OVERCOMING DRUG RESISTANCE
Since USP7 has crucial roles in generating anti-tumor drug resistance, numerous studies have been conducted to pharmacologically inhibit its deubiquitinating activity from avoiding abnormal stabilization or trafficking of its substrates. Up to now, more than 160 small-molecule inhibitors of USP7 have been found.
The first lead-like inhibitor of USP7 (HBX41108) was reported in 2009, but its effect lacks specificity and may affect unrelated thiol proteases and additional deubiquitinating enzymes (Colland et al., 2009). As the conformation of the catalytic core domain of USP7 was accurately resolved and characterized (Hu et al., 2002), a generation of specific inhibitors, including HBX19818, HBX28258, P5091, P22077, and P50429, was developed and identified. These inhibitors mainly bind to the highly conserved cysteine residue Cys223 in the catalytic domain of USP7, which can trap the C-terminus of ubiquitin into the active pocket, thereby inhibiting the conformational transition and ultimately depriving USP7 of its deubiquitinating activity. Other types of USP7 inhibitor, including GNE-6640, GNE-6676, XL188, L55, FT671, and FT827, function in an allosteric manner. These allosteric inhibitors interact with adjacent regions rather than the catalytic triad, preventing the alignment of the catalytic triad and blocking ubiquitin-binding channels. The allosteric regulatory interaction site, also known as the switching loop, which allows sufficient space for compound binding, is on the Thumb domain of USP7.
Covalent Catalytic Site Inhibitors
HBX19818 and HBX28258 covalently bind to catalytic Cys223 of USP7, of which basic amino group electrostatic interacting with Asp295 and Glu298 at the entrance of the ubiquitin-binding pocket (Reverdy et al., 2012). Another leading inhibitor, P5091, was identified in 2012 (Weinstock et al., 2012), and further optimization of it led to the discovery of P22077 and P50429. Both inhibitors selectively and covalently modify the catalytic C223 residue, perturbing BL1, BL2, and SL, which form the catalytic cleft and realign the active site upon enzyme activation (Chen et al., 2017; Pozhidaeva et al., 2017).
Non-Covalent Allosteric Inhibitors
FT671 (Turnbull et al., 2017; Gavory et al., 2018) and XL188 (Lamberto et al., 2017; Schauer et al., 2020), with their heteroaromatic groups (PyrzPPip in FT671 and quinazolinone ketone in XL188, respectively) and piperidinol amide groups, form hydrogen-bonds within the S4-S5 pocket between the Palm and Thumb area of enzyme about 5.5Å from Cys223, and partially protrudes into the channel normally occupied by the C-terminal tail of ubiquitin, creating a steric clash. XL188 has been proven to protect the BL1 and α-4/5 loops surrounding the S4-S5 pocket from exchanging. The switching loop of USP7 enables unique positions of residues Tyr465 and Tyr514, which allows sufficient space for FT671 binding. FT671 based yield L55’s structural optimization shows a distinctive pose of binding, with a large upshift of Phe409 residue (Li et al., 2020). Aminopyridinephenolic non-covalent inhibitors GNE-6640 and GNE-6676 were identified in 2017 (Di Lello et al., 2017; Kategaya et al., 2017), whose target is the pocket at the Palm domain, approximately 12Å from the catalytic triad, preventing transition of the α5 helix to the active conformation. GNE-6640 owns higher and leads to apoptosis, while GNE-6676 mainly triggers cell cycle arrest.
Covalent Allosteric Inhibitors
The first inhibitor, HBX41108, interacts with the enzyme-substrate complex at the pocket close to the ubiquitin-binding site that exists exclusively in the ubiquitin-bound conformation, and its chloro-substituent is interacting with a hydrophobic subsite (Colland et al., 2009). XL177A, an analog of XL188, exhibits higher efficacy and enhances exchange in the region from α2 to α4 of USP7 due to its covalent bond with Cys223 in addition to interactions same with its non-covalent analogue XL188 (Schauer et al., 2020), as is the case with FT827 and FT671 (Turnbull et al., 2017; Gavory et al., 2018).
This section summarized the functions and characteristics of different types of USP7 inhibitors and provided their structures (Figure 2), hoping to inspire the design and development of USP7 small molecule inhibitors.
[image: Figure 2]FIGURE 2 | Chemical structures of USP7 inhibitors.
DISCUSSION
In this review, we proceeded from the structure and function of USP7, further found that USP7 is closely related to tumor resistance, and proposed that targeting USP7 might be a new insight to overcome drug resistance (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic representation of targeting USP7 to overcome resistance to anti-tumor therapies.
In the past few years, extensive studies are carried in the structure, functions, and regulation of USP7. However, there remain questions to probe into. Firstly, despite its major function of USP7 to stabilize oncoproteins, there do exists some exceptions in which USP7 may have a role in cell cycle arrest and tumor suppression. For example, USP7 mediates the deubiquitination of the checkpoint protein CHFR. The case of another critical anti-tumor protein P53 is more complex. It’s widely believed that USP7 impairs p53 level via MDM2, but meanwhile, USP7 can remove ubiquitin off P53 in a direct manner. Therefore, it merits attention and study of the dual biological function of USP7. Secondly, further studies are needed to investigate how USP7 recognizes its diverse substrates. After the identifying the allosteric inhibitors including FT671 and GNE-6640, inhibiting USP7 activity by attenuating ubiquitin binding suggests a new strategy more applicable for engineering deubiquitinase inhibitors. Learning the mechanism of specificity allows us to manipulate the affinity of USP7 to a particular substrate pharmaceutically. For instance, it has been shown that the Phe409 sub-site of USP7 owns a great adaption to the ligands, and USP7 preferentially interacts with and cleaves ubiquitin moieties that have free Lys48 side chains. Thirdly, a large percentage of existing inhibitors take effect dependent on WT P53. With P53 mutation taking place in more than half of cancer cases, it’s necessary to study further whether and how USP7 works in a P53-independent manner.
Additionally, it will also be necessary to clarify whether the strategy of targeting USP7 to overcome cancer therapy resistance is beneficial for all cancer types or may have certain specificity. Based on the information summarized in Table 1 and other relevant references, we found a general rule that targeting USP7 can play a significant role in enhancing chemoradiotherapy sensitivity in various types of tumors, including hematological malignancies such as multiple myeloma, acute myeloid leukemia, and chronic lymphocytic leukemia, and solid malignancies such as breast carcinoma, lung cancer, colorectal carcinoma, prostate cancer, cervical cancer, and neuroblastoma. These tumors may prefer different genders, organs, and various growth stages, respectively; they also exhibit different degrees of malignancy. This theory’s generality is also manifested in the fact that targeting USP7 can help enhance tumor response to multiple therapeutic strategies, including traditional chemotherapy, molecular targeted therapy, immunotherapy, and radiation therapy. Hence, we believe that targeting USP7 will achieve universal benefits in the clinic for different tumors and different therapeutic strategies.
In summary, we have summarized the underlying mechanisms by which tumor cells develop resistance to anti-tumor therapies, provided theoretical support for targeting USP7 to overcome drug resistance, and further offered some inspiration for the design and development of USP7 inhibitors.
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Fibroblast growth factor receptor 4 (FGFR4) is a tyrosine kinase receptor that is a member of the fibroblast growth factor receptor family and is stimulated by highly regulated ligand binding. Excessive expression of the receptor and its ligand, especially FGF19, occurs in many types of cancer. Abnormal FGFR4 production explains these cancer formations, and therefore, this receptor has emerged as a potential target for inhibiting cancer development. This review discusses the diverse mechanisms of oncogenic activation of FGFR4 and highlights some currently available inhibitors targeting FGFR4.
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INTRODUCTION
FGFR1–4 and FGFR5 comprise the fibroblast growth factor receptor (FGFR) family (Wang and Ding, 2017). Among these members, FGFR1–4 are typical tyrosine kinase receptors, including a cell surface segment, a one-way cross-membrane section, and a protein–tyrosine kinase domain inside the membrane. FGFR5 is also called FGFRL1, and it differs from the others in that it is missing the intracellular kinase domain (Regeenes et al., 2018). In the process of FGF–FGFR binding, the receptor and the ligand combine to form a dimer stimulated and autophosphorylation complex leads to downstream pathways, including protein serine–threonine kinase (AKT), mitogen-activated protein kinase (MAPK), and signal transducer and activator of transcription 3 (STAT3)-activated pathways (Helsten et al., 2016). Current researchers have determined that the FGFR protein family participates in the generation of tumor cells, angiogenesis, immigration, differentiation, aggression, and drug resistance (Haugsten et al., 2010).
Among the FGFR family members, the role of FGFR4 in cancer has been expounded on by only a few studies. Herein, this review discusses the characteristics of FGFR4 signaling in tumor progression and features some small molecular inhibitors that target FGFR4, intending to increase our understanding of this pathway.
FGFR4 IN CANCER
Genetic aberrations in FGFR4 are prevalent among various types of cancer like breast cancer, pancreatic cancer, and especially hepatocellular carcinoma (HCC) (Figure 1), and these aberrations are associated with poor prognoses (Shah et al., 2002; Sawey et al., 2011; Jain and Turner, 2012). The irregular expression of the FGFR4 pathway may be induced by gene amplification, posttranscriptional errors (Helsten et al., 2016), FGFR4 mutations (Futami et al., 2019), translocations, isoform switching, alternative splicing of FGFR4 (Kwiatkowski et al., 2008), and overexpression of specific ligands in cancer or stromal cells (Miura et al., 2012).
[image: Figure 1]FIGURE 1 | FGFR4 gene expression in cancer. Expression of FGFR4 in different cancer types from The Cancer Genome Atlas (TCGA). On the x-axis are the different cancer types in TCGA, and the y-axis depicts gene expression RNAseq of FGFR4 (IlluminaHiSeq), unit: log2 (norm_count+1).
Regarding the aberrations and abnormalities in the FGFR4 gene, except for point mutations, gene fusions, and splice variations, one crucial genetic mutation is the single nucleotide polymorphism (SNP). SNPs can exist in various regions of DNA and can affect the production of transcription factors, translation, and gene expression. Recently, the popularity and widespread use of SNP analysis platforms have made the identification of individual SNPs more convenient (Tsay et al., 2019). The SNPs from FGFR4 have been recognized as an essential participant in cancer occurrence and were associated with prognosis in patients. Examples are FGFR4 rs351855 in HCC (Sheu et al., 2015), FGFR4 SNP rs2011077 with rs1966265 in urothelial cell carcinoma (Tsay et al., 2019), and FGFR4 rs2011077 and rs1966265 in oral squamous cell carcinoma. FGFR4 can alter the production of relative transcript factors, which influences subsequent translation and gene expression (Su et al., 2018) and is directly related to patient survival (Chou et al., 2017).
FGFR4-SPECIFIC LIGAND: FGF19
FGFs function mainly in paracrine and autocrine metabolism (Li, 2019). However, FGF19 subfamilies, including FGF19, FGF21, and FGF23, act as endocrine factors or hormones that bind to specific receptors. FGF19 plays an essential role in metabolism under ordinary physiological conditions (Lin and Desnoyers, 2012). FGF19 subfamily proteins affect the enterohepatic circulation of bile involved in glucose and lipid metabolism and maintain homeostasis phosphorus and vitamin D3 (Dolegowska et al., 2019). Under normal circumstances, the intestinal tract secretes FGF19, and it binds to FGFR4 on liver cells through the hepatoenteral circulation to regulate metabolism (Liu et al., 2020) (Figure 2). In disease states, FGF19 might be crucial for the development and progression of multiple cancers. The specific binding of ligand FGF19 combined with co-receptor β-klotho activated FGFR4. FGF19-mediated activation of the phosphatidylinositol-3-kinase (PI3K)/AKT, MAPK, STAT3, and epithelial–mesenchymal transition (EMT) pathways might take part in the malignancy (Figure 3) (McKinnon et al., 2018; Xin et al., 2018).
[image: Figure 2]FIGURE 2 | Metabolic pathways of FGF19 during normal conditions. Under normal conditions, FGF19 is secreted from the intestinal canal and enters into the enterohepatic circulation into the liver and subsequently binds to the specific receptor activating the FGF19/klotho/FGFR4 pathways. This results in the metabolic regulation of glucogenesis, fatty acid oxidation, glycogen synthesis, triglyceride synthesis, and bile acid synthesis.
[image: Figure 3]FIGURE 3 | Tumorigenic mechanism of the FGF19/klotho/FGFR4 signaling pathways. Once FGF19 binds to FGFR4 with klotho, tyrosine residues in the intramembrane TK2 domain are phosphorylated, and FGFR4 is activated. Phosphorylated FGFR4 activates downstream kinases, including PKC, ERK, AKT, Src, and GSK3β. Cells respond to these activated kinases, and survival, proliferation, and metastasis result.
The FGF19 gene is located in 11q13.3, an amplified section of which is usually found in human HCC (Wu and Li, 2011). An orthotropic transplantation study confirmed that the transplanted hepatocytes overexpressing FGF19 developed tumors (Schwartz, 2011). A monoclonal FGF19-blocking antibody was created to prove the function of FGF19 in cancer development. When examining in vivo and chemically induced liver tumor models, it was observed that the FGF19 antibody suppressed tumor growth (Desnoyers et al., 2008). FGF19 gene amplification is common in several types of cancers, such as lung squamous cell carcinoma (Lang and Teng, 2019), breast cancer (Zhao et al., 2018), and esophageal cancer (Liu et al., 2020) (Figure 4). It is suggested that a potent approach to treating different types of cancer would involve targeting the FGF19 gene to silence it.
[image: Figure 4]FIGURE 4 | FGF19 gene copy number in cancer. The gene copy number of FGF19 in different cancer types from The Cancer Genome Atlas (TCGA). On the x-axis, there are 31different TCGA tumor types, and on the y-axis, there are the gene copy numbers of FGF19; unit: Gistic2 copy number.
OTHER REGULATORY FACTORS OF FGFR4
Identifying the active mechanisms of FGFR4 can be an optimal strategy to develop new therapeutic inhibitors (Table 1). MicroRNAs (miRNAs) play an essential role in developing tumors because they can inhibit the transcription of corresponding target genes (Ueda et al., 2010). Recent research has claimed that miR-7-5p could bind to FGFR4 3’-UTR directly (Tian et al., 2020). It has been demonstrated that miR-491-5p suppresses tumor growth in certain cancers and can indirectly inhibit FGFR4, thus reducing the SNAIL level and weakening EMT-induced tumor migration (Yu et al., 2018). Another study demonstrated that overexpressed miR-29c-3p reduced the secretion of KIAA1199, a cell migration–inducing protein. Subsequently, suppressing the EGFR and FGFR4/AKT pathways’ excitation was ultimately harmful to EMT (Wang et al., 2019).
TABLE 1 | Novel activators of FGFR4 in cancer cells.
[image: Table 1]Interleukin-1β (IL-1β) acts as an essential pro-inflammatory cytokine mediating the innate immune response. It helps the host resist the invasion of microorganisms and is beneficial for body repair (Dinarello, 2011). Zhao et al. found that among the inflammatory cytokines released in response to lipopolysaccharide (LPS), an immune response resulted only when IL-1β specificity restricted the expression of β-klotho. After losing its co-receptor, FGF19 cannot successfully combine with FGFR4. Thus, IL-1β restrained FGF19/FGFR4-induced MAPK phosphorylation and tumor generation (Zhao et al., 2016b). The result suggests that inflammatory cytokines, especially IL-1β, can influence the activation of the FGF19/FGFR4 signaling pathway in the tumor microenvironment.
Specificity protein (Sp) transcription factors (TFs) play an essential role in promoting cancer. Accumulation of Sp1, Sp3, and Sp4 in cells leads to tumor development in organisms (Suske et al., 2005). One study showed that Sp TFs participate in the occurrence and development of a tumor, and they also support tumor resistance to drugs. Sp1, Sp3, and Sp4 are known as no oncogene addiction (NOA) genes and have become relevant drug targets (Safe et al., 2018). Another research demonstrated that the Sp TFs control the FGFR family’s activation (Cavanaugh and DiMario, 2017). Mutation analysis investigated the three Sp binding sites on the FGFR4 promoter, and chromatin immunoprecipitation and electromobility shift assays revealed that Sp3 binding occurred at the location of the FGFR4 promoter. After overexpression of Sp1 and Sp3, it was found that Sp1 inhibited FGFR4 expression, but Sp3 promoted FGFR4 expression (Cavanaugh and DiMario, 2017).
Forkhead box C1 (FOXC1), which belongs to the Forkhead box (FOX) transcription factor family, participates in neural crest, ocular, and mesodermal development. It performs a vital role in lymphatic vessel formation, angiogenesis, and metastasis (Elian et al., 2018). The data accumulated over the years demonstrate the unique behavior of FOXC1 in cancer, particularly in basal-like breast cancer (BLBC) (Wang et al., 2018a). Other studies determined that FOXC1 is significantly involved in breast cancer (BRCA) (Sabapathi et al., 2019) and also colon adenocarcinoma (COAD) (Zhang et al., 2020), pancreatic adenocarcinoma (PAAD) (Subramani et al., 2018), and non–small-cell lung cancer (NSCLC) (Chen et al., 2016). Using genetic epistasis analysis, Liu found that FOXC1 attaches to integrin α7 (ITGA7) and FGFR4 and then activates their expression in metastatic colorectal cancer (CRC). FOXC1 overexpression–mediated CRC metastasis can be reverted using an FGFR4 inhibitor (Liu et al., 2018). The research shows that targeting the FGFR4 signaling pathway might be a useful approach that can be used to treat FOXC1-driven CRC metastasis.
Transforming growth factor β1 (TGF-β1) is significantly associated with regulating cell multiplication, differentiation, invasion, and tumor promotion (Troncone et al., 2018). Among animal models, the TGF-β family significantly impacts metabolism and plays a critical role in tumor transformation, proliferation, invasion, extracellular matrix (ECM) production, and immune reaction (Xie et al., 2018). In the tumor microenvironment, TGF-β1 modulates and interferes with EMT progression, is associated with metastasis, and directly binds to membrane receptors TβR-1 and TβR-2 to exert its effect (Fransvea et al., 2009). Few studies have expounded on a correlation between TGF-β and FGFR4. The expression of FGFR4 is correlated with the diagnosis of HCC, which is related to TGF-β expression. The invasive and metastatic effects of TGF-β1 are realized by inducing FGFR4 and its downstream MAPK pathway (Huang et al., 2018).
FGF19/FGFR4 ACTIVATION RESULTS IN RESISTANCE TO THERAPIES
The main reason cancer becomes resistant to chemotherapy is that cancer cells have formed antiapoptotic signaling pathways (Zhao et al., 2016a). Substantial studies have shown that the stimulation of the FGFR4 pathway endows cancer with the capacity to resist cancer therapies and chemotherapies (Prieto-Dominguez et al., 2018). A recent study found that breast cancer cell lines can express FGFR4 to gain the ability to resist apoptosis when treated with cyclophosphamide and doxorubicin, while this capacity disappears when the FGFR4 gene is silenced (Andre and Cortes, 2015). FGFR4 overexpression increased Bcl-x expression at the mRNA and protein level through the MAPK cascade, implying that FGFR4 inhibitors (e.g., opposing antibodies) combined with chemotherapeutic drugs should be used for treating FGFR4-overexpressing cancers (Roidl et al., 2009).
Another study showed that drug-resistant cells activate FGFR4 signaling to phosphorylate FGF receptor substrate 2 (FRS2) and then activate downstream MAPK/ERK signaling. Inhibitors that block the FGFR4-FRS2-ERK signaling pathway restrain the glycolytic phenotypes and chemoresistance of resistant cells (Xu et al., 2018). Ahmed et al. (2016) investigated CRC cells that can resist radiotherapy via expression of FGFR4 and discovered that inhibiting FGFR4 can weaken the RAD51-mediated double strain break (DSB) repair, hence attenuating the anti-radiation effect. FGFR4 may be an efficient target for combination therapies to improve radiation response.
FGF19 also plays a crucial role in resistance to therapies (Figure 5). In HCC, overexpression of FGF19 not only promotes EMT by activating the GSK3β/β-catenin and STAT3 pathways (Zhao et al., 2016b) but it also shields HCC cells against endoplasmic reticulum (ER) stress. In liver cancer, ER stress enhanced the transcriptional activation of FGF19 mediated by ATF4, and antiapoptotic ability was observed to increase during ER stress (Teng et al., 2017). Small nucleolar RNA host gene 16 (SNHG16) is a proto-oncogene common to various types of cancer (Gong et al., 2020). One recent study revealed that SNHG16 increased HCC growth and antiapoptosis through the SNHG16/miR-302a-3p/FGF19 pathway (Li et al., 2019). These studies indicate that FGF19 is associated with tumorigenesis, and targeting it may be useful as a form of cancer therapy.
[image: Figure 5]FIGURE 5 | Drug resistance mechanism induced by FGF19/FGFR4. Novel activators act on FGF19/FGFR4, which then activates GSK3β/β-catenin with the STAT3 pathway and confers drug resistance to cells.
NOVEL SMALL-MOLECULE INHIBITORS OF FGFR4 IN CANCER
The FGF19/FGFR4 pathway participates in metabolism and maintaining cell processes such as growth and reproduction. Suppression of the expression of FGFR4 and its ligand or the impairment of its downstream activation has been known as the main reason for tumor growth (Liu et al., 2020). It has been reported that FGFR4 possesses three immunoglobulin-like domains (IgI, IgII, and IgIII) outside the membrane structure that is necessary for a particular ligand, which is also the case for the other three FGFRs (Dai et al., 2019). More importantly, unlike FGFR1–3, there are no splice variants of IgIII in FGFR4 (Touat et al., 2015), which may explain why pan-FGFR inhibitors have a low affinity for FGFR4 and suggests that developing selective FGFR4 inhibitors could be an effective therapeutic strategy. Numerous clinical trials have been performed to test several drugs that specifically target FGF19/FGFR4. Thus far, the most investigated approach in anticancer targeting of the FGF19/FGFR4 pathway has been the use of small molecular inhibitors of FGFR4 kinase.
In order to develop effective anticancer inhibitors of FGFR4, great efforts have been made. Several multi-targeting tyrosine kinase inhibitors (TKIs) have been developed for treatment, such as ponatinib (Massaro and Breccia, 2018), dovitinib (Andre et al., 2013), and lucitanib (Hui et al., 2020). Although these inhibitors have good kinase inhibitory activity against FGFR4, their therapeutic effects are limited by their inhibitory effects on other enzymes (Gavine et al., 2012). After analyzing the ATP domain of the FGFR family, a cysteine residue was found. It is possible to design some covalent inhibitors for this residue to inhibit the phosphorylation of FGFR. Pan inhibitors have been successfully reported as covalent inhibitors of FGFR. They all bind the cysteine residue position at position 477, such as TAS-120 (Goyal et al., 2019), FIIN-1 (Zhou et al., 2010), and FIIN-2 (Tan et al., 2014). However, when using these inhibitors, because of targeting both FGFR1 and FGFR3, severely toxic side effects occur in patients with hyperphosphatemia (Wang et al., 2018b). In view of the important fact that the FGFR family shares sequence homology about its kinase domain, developing a selective inhibitor of FGFR4 has been a daunting challenge. In 2015, Hagel et al. reported a selective FGFR4 inhibitor, BLU-9931, by binding the conserved Cys552 in the hinge region of the FGFR4 protein. This may be an effective treatment strategy. Herein, we reviewed the clinical trial results for FGFR4 inhibitors for different cancer types (Table 2).
TABLE 2 | Overview of novel small-molecule inhibitors of FGFR4 and clinical studies.
[image: Table 2]According to Figure 1, we had already known that the abnormal expression of FGFR4 occurs obviously in cholangiocarcinoma and liver cancer. In fact, since the occurrence and development of liver cancer are more dependent on FGFR4, the current FGFR4 inhibitors are mainly aimed at the treatment of HCC (Lu et al., 2019). Cholangiocarcinoma is more commonly treated with FGFR2 inhibitors (Raggi et al., 2019). BLU-9931 is an irreversible kinase inhibitor that acts powerfully on FGFR4 but exhibits no sensitivity to other FGFRs, indicating promising kinase group selectivity (Lang et al., 2019). BLU-9931 has the potential to be used as an FGFR4-selective inhibitor to treat HCC patients with FGFR4 signaling abnormalities for the first time (Hagel et al., 2015). BLU-554 is a highly selective kinase inhibitor that inhibits FGFR4 with an IC50 of 5 nM; in contrast, the IC50 range for FGFR1–3 is 624–2,203 nM (Sarker et al., 2016). BLU-554 is currently being tested in ongoing clinical trials to treat HCC (NCT02508467, NCT04194801, etc.). FGF401 is a novel reversible covalent kinase inhibitor that is highly efficient and specific to FGFR4 while having little effect on the other FGFR members and other kinases in the kinome (Weiss et al., 2019). A clinical trial with FGF401 (NCT02325739) for HCC and other solid malignancies is now complete. Joshi et al. used a structure-guided drug design to create H3B-6527, a novel inhibitor selectively and covalently bound to FGFR4. A series of PDX models revealed that H3B-6527 has a beneficial therapeutic effect on patients with overexpression of FGF19, and clinical trials are currently being conducted (NCT03424577, NCT02834780, etc.). INCB062079 is a useful and discriminating irreversible inhibitor targeting FGFR4 (>250-fold vs. FGFR1/2/3) that suppresses the proliferation of HCC driven by increased expression of FGF19 (Ruggeri et al., 2017). Toxicological experiments are currently underway to investigate the safety and tolerability of INCB062079 in patients with a variety of malignancies (NCT03144661).
Although the current task of advancing our knowledge and the use of small-molecule FGFR4 inhibitors is highly interdisciplinary, inhibitors against FGFR4 must be carefully evaluated based on the clinical data. At present, only a few single-agent FGFR4 inhibitors have been confirmed to be efficient for therapy (Lu et al., 2019). Improving our understanding of the pathogenesis that occurs in tumors that overexpress FGFR4, as well as the elucidation of elements that alter the sensitivity to endurance of FGFR4 inhibitors, is vital for a more accurate selection of patients and for increasing the success rate of cancer treatment with FGFR4 inhibitors (Knights and Cook, 2010).
CONCLUSION
Many investigations and studies have demonstrated that the FGF19/FGFR4 pathway influences cells’ growth, development, and their differentiation in tumors (Katoh, 2016). Abnormal gene expression of FGFR4 with its ligand FGF19 has been determined as a vital factor in tumor growth (Babina and Turner, 2017).
The research on FGFR4 has focused on the exploitation of small molecular inhibitors (Mellor, 2014). Herein, we reviewed various inhibitors of FGFR4 in the cancer microenvironment, including immune evasion, paracrine signaling, and angiogenesis (Repana and Ross, 2015). However, the effectiveness of FGFR4 inhibitors is still being challenged (Wang et al., 2017). Compared to other RTKs, the selectivity of FGFR4 remains relatively new, and sometimes it needs to be used in combination with other adjuvant drugs in clinical treatment to be effective (Jiang et al., 2017). Moreover, their efficacy seems to apply to only a few cancers (Quintanal-Villalonga et al., 2019a). Additional preclinical studies are required to explore FGFR4 inhibitors further and increase their effectiveness during application.
FGFR4 inhibitors have currently attained remarkable potency, and the use of small-molecule inhibitors remains a powerful therapeutic approach (Heinzle et al., 2014). Multiple FGFR4 inhibitors can be applied to treat cancers where FGFR4 signaling is responsible for tumor development. Besides, the use of FGFR4 inhibitors remains a practical approach in cancer patients with high FGFR4 expression. Selective FGFR4 inhibitors are advantageous because of their low toxicity and their ability to be combined with other treatments for more optimal results (Quintanal-Villalonga et al., 2019b). Although FGFR4-based therapy is still relatively new, it should be completely utilized for treating human diseases. Various modern developments are required to explain FGFR4 biology and its treatment strategy further.
Cancer treatments' resistance to carcinogenic drivers remains a major clinical challenge (Zhao et al., 2016a; Zheng et al., 2019). Various mechanisms may induce this phenomenon, but the consequence is unavoidably relative to signaling reactions that promote cell antiapoptosis and survival (Gatenby and Brown, 2018; Yang et al., 2019). Most kinase inhibitors are hydrophobic with relatively small molecular weights, and they competitively bind to the ATP domain of the related kinase to cause inhibition. A typical resistance mechanism is that the kinase domain has a mutation that blocks the drug from combining with the active site (Jiao et al., 2018; Zhao et al., 2020). It is this mechanism that limits the application of FGFR4 inhibitors. One study found that the FGFR4 gene structure had been altered in patients who develop drug resistance to FGFR4 inhibitors in HCC (Hatlen et al., 2019). These changes were later confirmed by in vitro and in vivo assays. In the case of continuous dependence on oncogenes, the concept of differential resistance is of great significance for cancer treatment and contributes to the clinical progress of a new generation of FGFR4 inhibitors, which considers resistance mechanisms while maintaining selectivity for FGFR4.
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The serine/threonine kinase AKT is a key component of the PI3K/AKT/mTOR signaling pathway as it exerts a pivotal role in cell growth, proliferation, survival, and metabolism. Deregulation of this pathway is a common event in breast cancer including hormone receptor-positive (HR+) disease, HER2-amplified, and triple negative tumors. Hence, targeting AKT represents an attractive treatment option for many breast cancer subtypes, especially those resistant to conventional treatments. Several AKT inhibitors have been recently developed and two ATP-competitive compounds, capivasertib and ipatasertib, have been extensively tested in phase I and II clinical trials either alone, with chemotherapy, or with hormonal agents. Additionally, phase III trials of capivasertib and ipatasertib are already under way in HR+ and triple-negative breast cancer. While the identification of predictive biomarkers of response and resistance to AKT inhibition represents an unmet need, new combination strategies are under investigation aiming to boost the therapeutic efficacy of these drugs. As such, trials combining capivasertib and ipatasertib with CDK4/6 inhibitors, immune checkpoint inhibitors, and PARP inhibitors are currently ongoing. This review summarizes the available evidence on AKT inhibition in breast cancer, reporting both efficacy and toxicity data from clinical trials along with the available translational correlates and then focusing on the potential use of these drugs in new combination strategies.
Keywords: breast cancer, AKT inhibitors, targeted therapy, PI3K/AKT/mTOR pathway, clinical trials
INTRODUCTION
The serine/threonine kinase AKT, also known as protein kinase B (PKB), is a key component of the phosphatidyl-inositole-3 kinase (PI3K) intracellular pathway that exerts a pivotal role in regulating cell proliferation, survival, and metabolism (Manning and Cantley, 2007; Manning and Toker, 2017). Three AKT isoforms (AKT1, AKT2, and AKT3) are encoded by different genes with high sequence homology and display a conserved protein structure (Figure 1) (Matheny and Adamo, 2009). While AKT1 and AKT2 present a ubiquitous distribution, AKT3 is prevalently expressed in neural cells (Hinz and Jücker, 2019). Enhanced activation of all the isoforms can be implicated in tumor development and progression, as shown in breast, ovarian, pancreatic, and prostate cancers among others (Song et al., 2019). In cancer cells, AKT1 is involved in proliferation and growth, promoting tumor initiation and suppressing apoptosis, whereas AKT2 regulates cytoskeleton dynamics, favoring invasiveness and metastatization. The role of AKT3 hyperactivation in cancer is still controversial, although a possible stimulation of cell proliferation has been hypothesized (Hinz and Jücker, 2019; Pascual and Turner, 2019).
[image: Figure 1]FIGURE 1 | AKT structure. The three AKT isoforms (AKT1/2/3) are kinases sharing a common structure, which consists of an N-terminus pleckstrin homology (PH) domain, a large central kinase domain and a C-terminus regulatory domain (RD). The main phosphorylation sites of AKT are threonine and serine residues located in the kinase domain (T305/T308/T309) and in the regulatory domain (S472/473/474), respectively.
In intracellular signaling, AKT recruitment primarily relies on the generation of phosphatidyl-inositol-triphosphate (PIP3) by PI3K, which is activated by receptor-coupled tyrosine kinases (RTKs), RAS-related GTPases, and heterotrimeric G proteins. The interaction between the PI3K regulatory subunit (p85) and the upstream effectors trough the SRC-homology 2 (SH2) domain determines the release and activation of the p110 catalytic subunit, which converts phosphatidyl-inositol (Hinz and Jücker, 2019; Song et al., 2019)-bisphosphate (PIP2) into PIP3. PIP3 recruits its substrates, including AKT and phosphoinositide-dependent kinase 1 (PDK1), to the plasma membrane. Here, AKT undergoes a double phosphorylation, one on the kinase domain (T308, T309, and T305 for AKT1, 2, and 3, respectively) by PDK1 and another on the regulatory domain (S473, S474, and S472 for AKT1, 2, and 3, respectively) by the mToR complex 2 (mTORC2), resulting in its full activation (Mundi et al., 2016). Once activated, AKT phosphorylates its downstream targets, including tuberos sclerosis complex 2 (TSC2), glycogen synthase kinase-3β (GSK3β), and the forkhead kinase transcription factors (FOXO), eventually promoting cell proliferation, metabolism, and survival (Manning and Toker, 2017; Hoxhaj and Manning, 2020). The whole pathway is negatively modulated by phosphatases, such as the phosphatase and tensin homolog (PTEN) that depho“G. Rodolico—S. Marcosphorylates PIP3 to phosphatidyl-inositol-diphosphate (PIP2), suppressing pathway activation (Figure 2A) (Lee et al., 2018).
[image: Figure 2]FIGURE 2 | Molecular mechanisms of AKT activation and signaling cascade and schematic representation of current experimental drug combinations employing AKT inhibitors. (A). Stimulation of growth factor receptor tyrosine kinases (RTKs) leads to activation of class IA phosphatidyl-inositol-3 kinase (PI3Ks). Activated class IA PI3Ks catalyze the conversion of phosphatidyl-inositol-4,5-bisphosphate (PIP2) to the second messenger phosphatidyl-inositol 3,4,5-trisphosphate (PIP3), in a reaction that can be reversed by the PIP3 phosphatase and tensin homolog deleted on chromosome 10 (PTEN). AKT and phosphoinositide-dependent kinase (PDK) 1 bind PIP3 at the plasma membrane. AKT activated by phosphorylation of the T308 residue inhibits the TSC1/2 complex, resulting in RHEB-GTP accumulation, which in turn activates mTORC1. Maximal AKT activation requires phosphorylation by mTORC2. Moreover, AKT inhibits effector proteins via phosphorylation, including glycogen synthase kinase-3 (GSK3) β and forkhead family of transcription factors (FOXO). The signaling results in the regulation of cell proliferation, survival, and metabolism. Blue arrows represent signaling activation while red bars indicate inhibitory signals. (B). Activation of AKT can be inhibited by two different direct classes (Allosteric or ATP-competitive) of AKT inhibitors. Blue arrows represent signaling activation while blue bars depict inhibition of target signals. RTK = receptor tyrosine kinase.
PI3K signaling is frequently altered in breast cancer (BC) as mutations of the PI3K catalytic alpha subunit (PIK3CA) are common events, occurring in 9–45% of BC according to the subtype, followed by PTEN loss of function (13–35%) and, less frequently, AKT substitutions (2–4%) or amplification (5–10%) (Cancer Genome Atlas Network 2012; Guerrero-Zotano et al., 2016; Brown and Banerji, 2017; Fruman et al., 2017).
Indeed, up to 50% of hormone receptor-positive (HR+) BC and about 25% of triple-negative BC (TNBC) present PI3K/AKT pathway hyperactivation, mainly sustained by PIK3CA point mutations in HR + tumors and by PTEN loss in TNBC (Stemke-Hale et al., 2008; Cancer Genome Atlas Network 2012; Pascual and Turner, 2019; Vasan et al., 2019). This pathway is also deregulated in human epidermal growth factor receptor 2 (HER2)-enriched BC where it is involved in the development of resistance toward anti-HER2 agents, largely due to PIK3CA mutations (Nagata et al., 2004; Berns et al., 2007; Chandarlapaty et al., 2012). Given this biological background, targeting the key components of the PI3K/AKT pathway seems a reasonable option for the treatment of all BC subtypes. However, while mTOR and PI3K inhibitors are already approved for the treatment of advanced HR + BC patients (Baselga et al., 2012; André et al., 2021), AKT represents a novel pharmacological target.
To date, several allosteric and ATP-competitive AKT inhibitors have been synthetized and tested in clinical trials (Landel et al., 2020; Guo et al., 2019) (Figure 2B; Table 1). Allosteric inhibitors (ARQ092/miransertib; BAY1125976; MK-2206, TAS-117) were employed in advanced solid tumors in many early phase trials, but only MK-2206 has been further investigated in different BC subtypes (Biondo et al., 2011; Doi et al., 2015; Hyman et al., 2018; Schneeweiss et al., 2019; Yunokawa et al., 2019). Among ATP-competitive inhibitors, capivasertib and ipatasertib showed a favorable safety profile along with signs of activity in phase I monotherapy trials in unselected tumor types (Hyman et al., 2017; Saura et al., 2017; Banerji et al., 2018). The two compounds moved to further development and they have been extensively tested in BC patients in combination with endocrine therapy, chemotherapy, or anti-HER2 agents. While the results from some of these phase Ib/II trials are already available (Table 2), many studies are still ongoing, including phase III trials and studies exploring innovative combinations (Table 3).
TABLE 1 | Selected AKT inhibitors and their main characteristics.
[image: Table 1]TABLE 2 | Published trials of AKT inhibitors in breast cancer.
[image: Table 2]TABLE 3 | Ongoing trials of AKT inhibitors in breast cancer.
[image: Table 3]Here, we review the existing clinical evidence on AKT inhibitors in BC and we also report the available translational correlations. We then focus on the toxicity spectrum of these drugs and finally discuss novel combination strategies, which are under investigation.
CLINICAL TRIALS OF AKT INHIBITORS IN BC SUBTYPES
AKT Inhibitors in HR+/HER-BC
Hyperactivation of the PI3K/AKT/mTOR pathway represents an oncogenic driver and can determine resistance toward endocrine therapies in HR + BC (Massarweh and Schiff, 2007). Since AKT is altered in about 7% of HR + BC, it represents a potential therapeutic target which can be exploited in combination strategies with endocrine therapy or chemotherapy (Miller et al., 2011).
AKT inhibitors and anti-estrogen agents showed preliminary signs of activity in early trials conducted in HR + metastatic breast cancer. In a phase I study enrolling heavily pretreated patients with HR+, AKTE17K-mutated BC, the combination of capivasertib and fulvestrant determined objective responses in both fulvestrant-naïve (n = 15) and fulvestrant-pretreated (n = 28) women (objective response rate [ORR] 20 and 36%, respectively) (Smyth et al., 2020). Similar results were observed in a phase I trial evaluating the allosteric inhibitor MK-2206 in combination with fulvestrant, anastrozole, or both in ER+, HER2-metastatic BC patients (n = 31). ORR in the overall population was 15.4% with no correlation between PIK3CA mutational status and responses (Ma et al., 2016).
The combination of capivasertib and fulvestrant was further explored in a randomized, placebo-controlled phase II trial (FAKTION), which enrolled postmenopausal women with HR+/HER2-advanced BC relapsing after or progressing on an aromatase inhibitor (AI). Progression-free survival (PFS) was the primary endpoint. Of the 140 enrolled patients, 69 received capivasertib plus fulvestrant and 71 received placebo plus fulvestrant. In the overall population, the addition of the AKT inhibitor to endocrine therapy provided a statistically significant 5.5 months gain in median PFS (10.3 months in the experimental arm vs. 4.8 months in the control arm [HR 0.58; 95% CI: 0.39–0.84, p 0.004]). However, the same magnitude of benefit was not observed in the PI3K/PTEN-altered tumors, defined per protocol as exon 9 or 20 PIK3CA-mutated or PTEN null by immunohistochemistry (IHC). In this subset of patients (n = 59), median PFS was 9.5 months in the capivasertib plus fulvestrant group and 5.2 months in the placebo plus fulvestrant group [HR 0.59; CI: 0.34–1.03; p 0.064] (Jones et al., 2020). Despite overall survival (OS) not being mature at the time of data cutoff, a trend in favor of the experimental arm emerged. A large randomized confirmatory phase III trial (CAPItello-291) of capivasertib and fulvestrant is currently ongoing in HR+/HER-metastatic BC patients after the failure of an AI-based therapy. Trial population will be stratified according to the PI3K/AKT/PTEN mutational status in order to clarify the possible role of these biomarkers (Turner et al., 2020b). Another phase III randomized, placebo-controlled trial of ipatasertib and fulvestrant is ongoing and will evaluate a metastatic HR+/HER-BC population progressing after first-line therapy with an AI and a cyclin-dependent kinase 4/6 inhibitor (CDK4/6) (FINER, NCT04650581).
The use of AKT inhibitors and endocrine therapy in early stage HR + BC are still scarce. In a phase II trial, MK-2206 and anastrozole were administered in the neoadjuvant setting to women with stage II-III, HR+/HER2-PIK3CA mutant BC. After the enrollment of the first 16 patients, no pathological complete responses were observed and the study was closed to accrual for futility (Ma et al., 2017).
Chemotherapeutic agents can also be combined with AKT inhibitors for the treatment of HR + BC. In the phase Ib/II BEECH trial capivasertib was administered along with weekly paclitaxel to HR + metastatic BC patients. The study included a nonrandomized safety run-in part for the identification of the RP2D (recommended phase 2 dose) and a subsequent randomized placebo-controlled phase II part, in which patients were stratified according to PIK3CA mutational status. Primary endpoint of the phase II part was PFS in the overall population and in the PIK3CA-mutated subgroup. In the overall population, a not statistically significant difference in median PFS emerged with the addition of capivasertib to weekly paclitaxel (n = 110) (10.9 months in experimental arm [n = 54] vs. 8.4 months in the control arm [n = 56] [HR 0.80; p 0.308]). Median PFS was superimposable between the two treatment arms in the PIK3CA-mutated population (n = 51) (10.9 months with capivasertib plus paclitaxel [n = 26] vs. 10.8 months with placebo plus paclitaxel [n = 25][HR 1.11; p 0.760]) (Turner et al., 2019). An ongoing phase III multi-cohort trial (IPATunity130) randomizes patients with PI3K/AKT1/PTEN altered metastatic BC to receive paclitaxel plus ipatasertib or placebo as first chemotherapy line. Results about cohort B, enrolling HR+/HER2 patients not eligible for endocrine therapy have been recently reported. Two-hundred twenty-two patients were included in this cohort, and randomized 2:1. Median PFS, the primary endpoint, was identical in the two arms (9.3 months; HR 1; CI 0.71–1.4), while OS data were still immature (Turner et al., 2020a).
In the neoadjuvant setting, MK-2206 was tested with standard preoperative therapy in a cohort of the platform adaptive randomized phase II I-SPY2 trial. However, the estimated probability to achieve a pathological complete response (pCR) was not significantly different between the experimental and control arm (17% vs. 13%) in the HR+/HER2-subset of patients (Chien et al., 2020).
AKT Inhibitors in TNBC
The PI3K/AKT signaling pathway is frequently hyperactivated in TNBC due to PIK3CA or AKT1 mutations and/or PTEN inactivation (Cancer Genome Atlas Network 2012; Millis et al., 2015; LoRusso, 2016; Nik-Zainal et al., 2016). According to preclinical evidence, AKT inhibition can increase chemosensitivity in TNBC, eventually overcoming chemoresistance in this disease subset (Davies et al., 2012; Yan et al., 2013; Isakoff et al., 2020). Hence, several trials have investigated AKT inhibitors in association with chemotherapy for TNBC.
Two randomized placebo-controlled phase II trials (PAKT and LOTUS) evaluated the combination of an ATP-competitive inhibitor (i.e., capivasertib and ipatasertib) with weekly paclitaxel for the first-line treatment of advanced TNBC (Kim et al., 2017; Schmid et al., 2020a). The PAKT trial randomized 140 patients to receive capivasertib plus paclitaxel (n = 70) or placebo plus paclitaxel (n = 70). The population was stratified according to the PIK3CA/AKT1/PTEN mutational status assessed with next generation sequencing (NGS). The primary endpoint was median PFS in the intention-to-treat population and it was numerically longer in the experimental arm (5.9 months) compared to the control arm (4.2 months) (HR 0.74; 95% CI: 0.5–1.08, one-sided p = 0.06). However, progression-free survival was significantly extended with capivasertib in the PIK3CA/AKT1/PTEN mutated subpopulation (9.3 months vs. 3.7 months; HR 0.3; 95% CI: 0.11–0.79; p 0.1) (Schmid et al., 2020a). Updated results after 40 months of follow-up showed a favorable trend in terms of OS for capivasertib plus paclitaxel, regardless of the PIK3CA/AKT/PTEN mutational status (median OS in the overall population 19.1 months vs. 13.5 months; HR 0.7; 95% CI: 0.47–1.05; p = 0.085) (Schmid et al., 2021a). To further elucidate the efficacy of this regimen, a phase III randomized, placebo-controlled trial of capivasertib and paclitaxel for the first-line treatment of advanced TNBC (CAPItello290) opened for accrual in May 2020 (Schmid et al., 2020b).
The results of the PAKT trial are consistent with those of the LOTUS trial, which compared ipatasertib plus paclitaxel with placebo plus paclitaxel in 124 TNBC patients, previously untreated for advanced disease. The trial had two co-primary endpoints: PFS in both the overall and in the PTEN-low (by immunohistochemistry; n = 48) population. Median PFS was longer in the experimental arm, both in the intention-to-treat (6.2 months vs. 4.9 months; HR 0.6; 95% CI: 0.37–0.98; p = 0.03) and in the PTEN-low population (6.2 months vs. 3.7 months; HR 0.59; 95% CI: 0.26–1.32; p = 0.18). The benefit of ipatasertib was more pronounced in the PIK3CA/AKT/PTEN-altered population (n = 42), identified by NGS. In this group, median PFS was 9.0 months in the experimental arm compared with 4.9 months in the control arm (HR 0·44; 95% CI: 0.20–0.99, p = 0.04) (Kim et al., 2017). The final analysis, conducted after an extended follow-up, showed a nonstatistically significant prolonged OS in the ipatasertib plus paclitaxel group compared to the placebo plus paclitaxel group (25.8 months vs. 16.9 months; HR 0.8; 95% CI: 0.5–1.28). A numerical survival benefit was observed, regardless of PTEN expression and PIK3CA/AKT/PTEN mutational status (Dent et al., 2020b). The combination of ipatasertib and paclitaxel is under further investigation in cohort A of the confirmatory phase III randomized IPATunity130 trial, which enrolls advanced, previously untreated, PIK3CA/AKT/PTEN-altered TNBC patients. Data from the primary analysis failed to demonstrate any significant difference in terms of PFS between the two treatment arms (7.4 months vs. 6.1 months; HR 1.02; p 0.9), while OS results were still immature (Dent et al., 2020a). Additionally, the combination of ipatasertib with a non-taxane–based chemotherapy in mTNBC patients is currently under evaluation in the phase II PATHFINDER trial.
In the early-stage setting, a phase II randomized trial evaluated the use of AKT inhibitors in TNBC. The FAIRLANE trial compared ipatasertib and paclitaxel with placebo plus paclitaxel as a 12-week neoadjuvant treatment for TNBC (cT ≥ 1.5 cm; cN 0–2) patients. Co-primary endpoints were pCR in the overall and PTEN-low population, defined by IHC. One-hundred fifty-one patients were randomized in 1:1 ratio and 35 of them had a PTEN-low tumor. In the overall population, pCR was achieved in 17% of patients in the experimental arm and in 13% of patients in the control arm, with comparable rates observed in the PTEN-low population (pCR 16% vs. 13%). Response rates assessed with MRI, a secondary endpoint, were numerically superior in the ipatasertib arm, especially among PTEN-low tumors (Oliveira et al., 2019).
AKT Inhibitors in HER2+ BC
The PI3K pathway is altered in up to 50% of HER2-enriched BC, mainly as a consequence of PIK3CA mutations or PTEN loss (Nagata et al., 2004; Isakoff et al., 2005; Wisinski et al., 2016). Hyperactivation of this pathway contributes to the development of primary and acquired resistance toward HER2-targeted therapies (Nagata et al., 2004; Berns et al., 2007; Chandarlapaty et al., 2012; Loibl et al., 2014; Guerrero-Zotano et al., 2016; Fujimoto et al., 2020). Hence, targeting AKT in HER2-positive BC has a biological rationale which is currently under evaluation in several clinical trials.
Early phase studies tested MK-2206 along with trastuzumab or lapatinib in HER2-enriched tumors, including BC. The combination of MK-2206 and trastuzumab showed preliminary signals of efficacy in a phase I trial conducted in HER2-positive advanced breast and gastroesophageal tumors. Among the 27 BC patients enrolled, all pretreated with trastuzumab, one complete response and one partial response occurred (Hudis et al., 2013). Another phase Ib trial tested MK-2206 with trastuzumab and weekly paclitaxel, enrolling patients with HER2+ solid tumors, including 12 BC patients. Three complete responses and six partial responses were observed in this selected population, with a remarkable 75% ORR (Chien et al., 2016). Conversely, no objective responses were registered in the phase I trial of MK-2206 and lapatinib, which enrolled eight HER2-positive BC patients. However, two patients experienced disease stabilization for more than 6 months (Wisinski et al., 2016).
The addition of ipatasertib to standard first-line maintenance with trastuzumab and pertuzumab (after a taxane-based chemotherapy) is under investigation in a single arm phase Ib trial (SOLTI-1507/IPATHER) in patients with HER2+/PIK3CA-mutated advanced BC. Beside the identification of the maximum tolerated dose of ipatasertib (primary endpoint), this trial will provide preliminary data about the potential efficacy of this regimen (Oliveira et al., 2020).
The randomized phase II I-SPY2 platform trial tested the combination of MK-2206 and standard preoperative therapy in stage II-III BC patients. Overall, 44 patients presented a HER2-positive disease. 34 of them were assigned to the experimental arm, while 10 were treated in the control arm. According to the adaptive Bayesian study design, the posterior probability to obtain a pCR was significantly increased by the addition of MK-2206 to standard therapy (48% in the experimental arm vs. 29% in the control arm), especially in the HR-negative/HER2-positive population (62% in the experimental arm vs. 35% in the control arm) (Chien et al., 2020). Despite these encouraging results, the combination has not been further investigated.
BIOMARKERS OF RESPONSE TO AKT INHIBITORS
The identification of biomarkers of response to AKT inhibitors is of pivotal importance to maximize the potential efficacy of these targeted agents, pursuing a “personalized medicine” approach for breast cancer patients. To this end, correlatives and translational studies have been extensively conducted in the context of clinical trials, but results are still inconclusive.
Determining the phosphorylation level of downstream effectors is useful to establish whether AKT inhibition effectively downregulates PI3K hyperactivation. In the STAKT trial, patients with newly diagnosed HR-positive early BC received capivasertib for 4.5 days prior to surgery. Compared with baseline levels, posttreatment phosphorylation of the downstream effectors GSK3β, PRAS40, and S6 was significantly decreased, indicating that capivasertib effectively blocked its target (Robertson et al., 2020). A meaningful decrease of phospho-GSK3β was also observed among metastatic BC patients treated with capivasertib in phase I/II trials (Banerji et al., 2018; Turner et al., 2019). Conversely, only a modest reduction of pS6, PTEN, and stathmin phosphorylation emerged in a window of opportunity (WoO) trial evaluating MK-2206 in early BC patients, irrespectively of their intrinsic subtype (Kalinsky et al., 2018). A more comprehensive phospho-proteomic analysis was carried out on the early HR-negative/HER2-positive BC and TNBC population of the I-SPY2 trial, with high pAKT, pSGK, pmTOR, and pTSC2 levels prior to neoadjuvant treatment with MK-2206 and standard therapy positively correlating with pCR rates (Wolf et al., 2020).
The Ki-67 proliferation index has also been evaluated in neoadjuvant trials in order to assess AKT inhibitors’ efficacy. In line with the reported data mentioned above, a decrease in Ki-67 was observed after treatment with capivasertib in the STAKT trial, while no significant differences in pre- and posttreatment Ki-67 emerged in the MK-2206 WoO trial (Kalinsky et al., 2018; Robertson et al., 2020).
Since preclinical evidences suggest that alterations in the PI3K/AKT pathway may confer sensitivity to AKT inhibition in BC models (Davies et al., 2012; Sangai et al., 2012; Lin et al., 2013), PIK3CA, AKT, and PTEN mutations along with PTEN expression levels have been extensively investigated in clinical trials testing AKT inhibitors. Mutational status of selected genes was assessed on tumor tissue or circulating tumor DNA (ctDNA) with different methods, including Sanger sequencing (Ma et al., 2017), real-time PCR (RT-PCR) (Turner et al., 2019), digital droplet PCR (ddPCR) (Jones et al., 2020; Smyth et al., 2020), and NGS (Kim et al., 2017; Oliveira et al., 2019; Schmid et al., 2020a), whereas PTEN expression was universally determined by tissue IHC.
Overall, a lack of correlation between PI3K/AKT pathway alterations and efficacy of AKT inhibitors consistently emerged from trials conducted in HR-positive BC patients (Ma et al., 2016; Turner et al., 2019; Jones et al., 2020). A number of explanations have been proposed for this phenomenon. Whether suboptimal drug exposure due to toxicities or a small sample size may have influenced the results of the MK-2206 phase I trial in advanced HR-positive/HER2-negative BC patients (Ma et al., 2016), the crosstalk between the estrogen receptor and PI3K signaling is the most likely cause for the lack of additional benefit from capivasertib observed in the PI3K/AKT/PTEN altered population of the FAKTION study (Jones et al., 2020). Additionally, insufficient inhibition of the PI3K/AKT pathway during paclitaxel treatment may have determined a superimposable outcome between PIK3CA mutant and PIK3CA wild-type patients in the BEECH trial (Turner et al., 2019). In the same trial population, a reduction in total ctDNA levels during treatment strongly correlated with PFS in both arms. However, this finding was not influenced by PIK3CA mutational status, strengthening the assumption that the effect of AKT inhibitors does not mirror PI3K/AKT hyperactivation in HR-positive BC (Hrebien et al., 2019).
Conversely, a trend toward better outcomes in patients with altered PI3K/AKT signaling emerged in studies enrolling TNBC patients (Kim et al., 2017; Oliveira et al., 2019; Schmid et al., 2020a). In the PAKT and LOTUS trials, combining capivasertib or ipatasertib with paclitaxel was more beneficial among patients with advanced TNBC harboring a mutation in PIK3CA, AKT, or PTEN detected by NGS (Kim et al., 2017; Schmid et al., 2020a). However, the same magnitude of benefit was not observed in LOTUS among PTEN-low patients. Since a greater proportion of patients presented low PTEN expression at the protein level compared with those who had a mutation or a copy number loss, it is conceivable that non-genomic mechanisms of PTEN disfunction are weaker in hyperactivating the PI3K/AKT pathway (Kim et al., 2017).
Data concerning PI3K pathway activation and response to AKT inhibitors in HER2-positive patients are difficult to evaluate, given the small number of patients enrolled in early phase trials (Hudis et al., 2013; Chien et al., 2016; Wisinski et al., 2016). However, according to a phospho-proteomic analysis, hyperactivation of the PI3K/AKT pathway prior to neoadjuvant treatment with MK-2206 positively correlated with pCR rates in the HER2-enriched population of the I-SPY2 trial (Wolf et al., 2020). Unexpectedly, in the same analysis, a high phosphorylation rate in proteins of the PI3K pathway was negatively associated with disease response in the TNBC group (Chien et al., 2016). While this discrepancy remains unexplained, these findings further indicate that the correlation between PI3K/AKT activation and efficacy of the AKT inhibitors depends on a complex—and as yet only partially understood—specific biological context of each BC subgroup.
Limited evidence is available on the role of immunomodulation as a biomarker of response to AKT inhibitors. In the FAIRLANE trial, an immune score was calculated among early TNBC patients receiving ipatasertib or placebo plus paclitaxel in the neoadjuvant setting. While an increase of this score during treatment significantly correlated with tumor response in the control arm, the same association was not found in the experimental group (Oliveira et al., 2019). Consistently, in the I-SPY2 trial, whole-transcriptome analysis and extensive protein arrays failed to show a correlation between the immune signature and response to preoperative MK-2206 among TNBC patients. However, this signature was significantly associated with tumor response in the HER2-enriched population, suggesting that—in this BC subtype—the immune environment may play an important role in mediating response to AKT inhibition (Wolf et al., 2020).
TOXICITY SPECTRUM OF AKT INHIBITORS
A well-known spectrum of toxicities derives from the pharmacological inhibition of the PI3K/AKT pathway (Chia et al., 2015; Esposito et al., 2019; Zhang et al., 2019). Indeed, safety represents one of the main issues for the clinical development of agents blocking AKT activity. Additionally, the close homology between the three AKT isoforms hinders the development of isoform-specific inhibitors, which may reduce their toxicity burden (Nunnery and Mayer, 2020).
Diarrhea has been reported with PI3K inhibitors (e.g., idelalisib) and is likely caused by an immune-mediated mechanism (Louie et al., 2015; Weidner et al., 2015). Even though the pathogenesis of AKT suppression-induced diarrhea is still unclear, it was the most common adverse event (AE) of any grade observed with ATP-competitive inhibitors, with a peak incidence of 93% in the experimental arm of the LOTUS trial (ipatasertib + paclitaxel) (Kim et al., 2017). Indeed, diarrhea was a frequent dose-limiting toxicity in dose-finding trials (DLT) (Banerji et al., 2018; Turner et al., 2019), besides determining several dose reductions and treatment discontinuations. However, it was mild or moderate in the majority of cases, with an incidence of grade 3 or higher (G ≥ 3) events of 8–23% and rare G4 occurrences. This AE usually had an early onset and was reversible after treatment discontinuation and proper management with antidiarrheal agents, such as loperamide (Hyman et al., 2017; Kim et al., 2017; Saura et al., 2017; Banerji et al., 2018; Oliveira et al., 2019; Turner et al., 2019; Schmid et al., 2020a; Jones et al., 2020; Smyth et al., 2020; Tolcher et al., 2020). Despite not planned in clinical trials, the prophylactic use of antidiarrheal medications may improve the tolerability of AKT inhibitors and warrants further investigation in future trials.
Dermatological toxicity represents another concern when employing AKT inhibitors. Its pathogenesis presumably relies on PI3K/AKT involvement in keratinocyte differentiation and survival (Calautti et al., 2005). Skin toxicity was observed with all AKT inhibitors, but it was particularly common with MK-2206, where it represented the most frequent DLT, reaching a G ≥ 3 rate of up to 29% (Hudis et al., 2013; Chien et al., 2016; Ma et al., 2016; Ma et al., 2017; Kalinsky et al., 2018; Xing et al., 2019; Chien et al., 2020). Skin rash also occurred in phase I-II trials of capivasertib or ipatasertib, but the incidence of G ≥ 3 events was lower with these drugs (Hudis et al., 2013; Chien et al., 2016; Ma et al., 2016; Ma et al., 2017; Kalinsky et al., 2018; Xing et al., 2019; Chien et al., 2020). In clinical studies, rash had usually a maculopapular appearance and was inconsistently associated with pruritus. It was managed with topical steroids and drug interruption with or without dose reduction, when needed. However, more severe cases required systemic steroids and led to treatment discontinuation in some cases (Hudis et al., 2013; Chien et al., 2016; Ma et al., 2016; Ma et al., 2017; Kalinsky et al., 2018; Xing et al., 2019; Chien et al., 2020). Given the frequent occurrence of rash with MK-2206, preemptive oral prednisone was administered in some trials, with no clear benefit (Ma et al., 2016; Ma et al., 2017; Kalinsky et al., 2018).
Hyperglycemia is a well-described consequence of PI3K/AKT pathway inhibition (Esposito et al., 2019; Nunnery and Mayer, 2019). It is determined by a perturbation in the insulin-mediated glucose homeostasis, which largely depends on PI3K signaling via GSK3β and FOXO (Zhang et al., 2019). The incidence of hyperglycemia of any grade in clinical trials of AKT inhibitors varies broadly, going from 92% with MK-2206 and anastrozole to 4% with ipatasertib and paclitaxel (Ma et al., 2016; Oliveira et al., 2019). Phase I trials of capivasertib and ipatasertib display a considerable incidence of G ≥ 3 hyperglycemia, without reports of ketoacidosis or hyperosmolar coma (Hyman et al., 2017; Saura et al., 2017; Banerji et al., 2018). Proper patient selection (i.e., exclusion of subjects with uncontrolled diabetes) and accurate monitoring of glucose blood levels may have played a role in the different incidence of this toxicity across the studies. As already reported for mTOR and PI3K inhibitors, dietary intervention, glucose lowering medications, and treatment interruption with or without dose reduction can be helpful when hyperglycemia occurs, although multidisciplinary management is highly recommended (Esposito et al., 2019; Nunnery and Mayer, 2019).
Additional on-target AEs (e.g., hepatic toxicity (Hudis et al., 2013; Saura et al., 2017), hypertension (Chien et al., 2016; Jones et al., 2020), hypercholesterolemia (Jones et al., 2020), and stomatitis (Schmid et al., 2020a)) already observed with inhibitors of the PI3K/AKT pathway occurred less frequently and were rarely severe (Chia et al., 2015; Esposito et al., 2019). Nausea, fatigue, and neutropenia were common, but were mainly registered in trials evaluating AKT inhibitors in combination with chemotherapeutic agents, to which they were largely attributable (Kim et al., 2017; Oliveira et al., 2019; Turner et al., 2019; Schmid et al., 2020a).
FUTURE PERSPECTIVES
Several strategies are under evaluation in order to improve the efficacy of AKT inhibitors with multiple new compounds currently in their early development. A hybrid covalent-allosteric AKT inhibitor (borussertib) has recently been synthetized showing preclinical activity in cell lines and xenograft models (Weisner et al., 2019), while a nanoparticle-encapsulated version of capivasertib was tested in radio-resistant models of oral cavity cancer (Lang et al., 2020). However, the most intuitive approach to increase AKT inhibitors activity in BC is to combine them with biological agents targeting different pathways favoring cancer cell survival and proliferation. To this end, many approaches are being evaluated in clinical trials.
Since AKT alterations may confer resistance to CDK4/6 inhibition (Wander et al., 2018), a phase Ib trial (TAKTIC) is evaluating the addition of ipatasertib to endocrine therapy (an AI or fulvestrant) with or without palbociclib in patients with HR + metastatic BC progressing on a prior CDKI. Preliminary results on the first 12 patients enrolled in cohort C (ipatasertib + fulvestrant + palbociclib) were reported at ASCO 2020. The triplet showed signals of clinical activity in this heavily pretreated population with proven resistance to CDKIs, with two partial responses and three stable disease registered (Wander et al., 2020). IPATunity150 is a phase III randomized trial with a preliminary safety run-in cohort, which will compare the combination of ipatasertib + fulvestrant + palbociclib and placebo + fulvestrant + palbociclib in a population of endocrine resistant HR + BC, naïve to CDK4/6 inhibitors. The trial is open to accrual but no data have yet been posted.
Complex molecular networks are intertwined between cancer intracellular signaling and mechanisms of tumoral immune escape, such as the programmed death-1 (PD-1)/programmed death ligand-1 (PD-L1) system (Ai et al., 2020). Hence, combining PD-1/PD-L1 inhibitors with AKT inhibitors may enhance the activity of both compounds. Indeed, a plethora of studies are investigating the association between AKT inhibitors and immunotherapeutic agents with or without chemotherapy. Encouraging results emerged from a phase Ib trial (CO40151/NCT03800836) combining ipatasertib, an anti PD-L1 (atezolizumab) and a chemotherapeutic agent (adriamicine plus cyclophosphamide, paclitaxel or nanoparticle-albumin bound paclitaxel) for the first-line treatment of metastatic TNBC. Updated results on 114 patients showed a 54% ORR (95% CI 44–63%) and a median PFS of 7.2 months (95% CI 5.5–7.4 months), irrespective of PD-L1 expression and of PI3K/AKT/PTEN mutational status (Schmid et al., 2019; Schmid et al., 2021b). Many studies associating AKT inhibitors with immunotherapy are currently enrolling patients. Some combine ipatasertib and atezolizumab, either in advanced solid tumors, in HR + or in triple negative metastatic breast cancer patients (Ice-CAP; MORPHEUS HR+ and MORPHEUS TNBC). Other studies are investigating the HR + neoadjuvant setting (ECLIPSE) or the TNBC adjuvant setting (NCT04434040). Additional trials incorporate an AKT inhibitor (capivasertib or ipatasertib), an anti PD-L1 (durvalumab or atezolizumab) and chemotherapeutic agents for the treatment of advanced TNBC (BEGONIA; IPATunity170; NCT03853707). Preliminary results from these trials are still unavailable.
Preclinical evidence also supports the simultaneous inhibition of poly-adenosyl-ribose-polymerase (PARP) and the PI3K/AKT pathway as this approach may confer sensitivity toward PARP inhibitors, regardless of the BRCA mutational status (Ibrahim et al., 2012; Juvekar et al., 2012; Rehman et al., 2012; Mo et al., 2016). To prove this principle, a phase I trial (ComPAKT) combined the PARP inhibitor olaparib with capivasertib in patients with advanced solid tumors. Expansion cohorts included subjects with BRCA1/2 mutant and BRCA1/2 wild type tumors, the latter with or without DNA damage repair deficiency or alterations in the PI3K/AKT pathway. Eighteen of the 64 enrolled patients had advanced BC. Eight of them (44%) experienced a clinical benefit (i.e., partial response or stable disease ≥4 months), six displaying a germline defect in homologous recombination (BRCA1/2, PALB2, or RAD51D mutations) and 2 a PIK3CA somatic mutation (Yap et al., 2020). A phase II platform trial (OLAPCO) is evaluating the combination of olaparib and capivasertib in patients with advanced solid tumors harboring PI3K, AKT, PTEN, or ARID1A mutations, while another (NCT03840200) is testing rucaparib and ipatasertib in advanced breast, ovarian, and prostate cancer. These studies are already closed to accrual and results are awaited (Eder et al., 2018). Finally, an ongoing phase I trial (MEDIPAC) is testing the triplet capivasertib, durvalumab, and olaparib.
DISCUSSION
Given the key role of PI3K signaling in breast cancer, the inhibition of this pathway has been pursued by several means in the last decade. While inhibitors of mTOR (everolimus) and of the PI3K catalytic alfa subunit (alpelisib) have already entered clinical practice, many compounds targeting other pathway components are in clinical development, and AKT inhibitors are among these. Of note, AKT seems to represent a transversal target across the BC intrinsic subtypes (i.e., luminal HER2-, HER2 enriched, and triple negative) and its inhibition has, therefore, been explored in all three categories.
However, targeting the AKT pathway presents several challenges both in terms of efficacy and safety, as the results of trials evaluating these compounds have shown.
The disappointing outcome of some phase II and III trials combining capivasertib or ipatasertib with endocrine therapy and chemotherapy may indicate that AKT inhibition alone is not sufficient to tackle hyperactivation of the PI3K pathway. The dismal results of neoadjuvant trials represent a proof-of-principle for this assumption. This might mean that AKT mutations do not represent driver events in cancer cells. Another potential explanation for this phenomenon may rely on primary tumor resistance or on the rapid onset of acquired escape mechanisms.
The identification of biomarkers of response and resistance toward AKT inhibitors is crucial, but currently represents a conundrum. Indeed, the results observed in a positive biomarker-selected population which should have benefited from AKT inhibition, are inconsistent and sometimes counterintuitive. Overall, the influence of PI3K/AKT alterations on AKT inhibitors seems to be strongly dependent on the specific biological context. In fact, in the HR + setting, the benefit of AKT inhibitors is unrelated to PI3K/AKT/PTEN status, whereas pathway alterations probably have a role in TNBC. Future translational and correlative research might shed light on these complex and highly controversial issues.
Inhibition of the PI3K pathway in vivo determines a well-known toxicity spectrum (hyperglycemia, skin rash, diarrhea, and mucositis) that is often difficult to manage (Chia et al., 2015; Esposito et al., 2019). Safety data from AKT inhibitors trials are in line with what was previously observed with mTOR or PI3K inhibitors. Clinical trials and real-world experience suggest that a proactive attitude toward these adverse events is key to their proper management, in order to preserve patient quality of life and minimize treatment delays or interruptions (Nunnery and Mayer, 2019).
While confirmatory phase III trials of AKT inhibitors in association with conventional therapy are still ongoing, new strategies to boost the efficacy of these compounds are already under way. A biological rationale exists to combine AKT inhibitors with CDK4/6 inhibitors, immunotherapeutic agents or PARP-inhibitors and the results from these studies are eagerly awaited. However, the higher the number of combined compounds, the higher the risk of additional or cumulative toxicities. Hence, an actual concern for the development of multiple combination regimens incorporating AKT inhibitors may be represented by their safety profile.
Results from ongoing trials will establish whether AKT inhibitors will join the therapeutic armamentarium available for the fight against breast cancer. Meanwhile, a concerted effort is needed to identify biomarkers of response, to reduce the toxicity burden of these compounds and to develop novel and effective combinations strategies, in order to complete the itinerary of AKT inhibitors from bench to clinical practice (Tirrò et al., 2019).
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Gastroesophageal cancers, including tumors occurring in esophagus and stomach, usually have poor prognosis and lack effective chemotherapeutic drugs for treatment. The association between dysregulated store-operated calcium entry (SOCE), a key intracellular Ca2+ signaling pathway and gastroesophageal cancers are emerging. This review summarizes the recent advances in understanding the contribution of SOCE-mediated intracellular Ca2+ signaling to gastroesophageal cancers. It assesses the pathophysiological role of each component in SOCE machinery, such as Orais and STIMs in the cancer cell proliferation, migration, and invasion as well as stemness maintenance. Lastly, it discusses efforts towards development of more specific and potent SOCE inhibitors, which may be a new set of chemotherapeutic drugs appearing at the horizon, to provide either targeted therapy or adjuvant treatment to overcome drug resistance for gastroesophageal cancers.
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INTRODUCTION
Gastroesophageal Cancers
Gastroesophageal (GE) cancers are malignancies that occur in upper gastrointestinal track, including esophageal, gastric and gastroesophageal junction, and are usually presented with poor prognosis (Hsu et al., 2020). Gastric carcinoma (GC) is the fourth leading cause of death of all cancers in the world with 5°year survival rate of 10–30% (Jemal et al., 2011; Sung et al., 2021). For esophageal cancer (EC), the numbers of new case and death in 2020 were 604,000 and 544,000, respectively (Sung et al., 2021). EC is the sixth leading cause of cancer death with 5°year survival rate less than 20% (Zhang and Pan, 2020).
Histologic classification identifies two major types of GC: intestinal and diffuse types (Lauren 1965). The intestinal type of GC is believed to be affected by environmental factors such as H. pylori infection in old ages (Warren et al., 1983; Zhang and Pan, 2020). The diffuse type is highly associated with Epstein-Barr virus (EBV) infection and specific genetic alterations such as CDH1 in young ages (Henson et al., 2004). Other factors also contribute to GC that include smoking (Ladeiras-Lopes et al., 2008), alcohol consuming (Jedrychowski et al., 1986) and obesity (Vaughan et al., 1995). EC histologically also has two most common types, i.e. esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC). ESCC arises from the lining epithelial cells in the upper part of esophagus; and EAC arises from glandular cells present in the lower third of the esophagus, often occurring at transformed Barrett’s esophagus (di Pietro et al., 2018; Wheeler and Reed, 2012). The risk factors for ESCC include alcohol consumption (Brooks et al., 2009), smoking (Morita et al., 1994), dietary zinc deficiency (Choi et al., 2018), and mechanical insults (Lambert and Hainaut, 2007).
Current Treatment for Gastroesophageal Cancers
Symptoms of GE include dyspepsia, early satiety, pain, and symptoms of anemia (Sehdev and Catenacci, 2013). Besides biopsy pathology evaluation, endoscopic ultrasound and computerized tomography (CT) scan or positron emission tomography (PET) scan of chest, abdomen, and pelvis are employed in the diagnosis of GE cancer. Surgery, radiotherapy and chemotherapy are the main treatments for GE cancers. The current chemotherapy drugs include cisplatin, 5-fluorouracil (5-FU), paclitaxel, or the combination (Jin et al., 2004). The standard curative intent treatment for both ESCC and EAC is 5–6 weeks of neoadjuvant chemoradiation (CROSS), a combination of paclitaxel and carboplatin with a cumulative radiation dose of 41.4 Gy over 23 fractions followed by esophagectomy (van Heijl et al., 2008). Of course, these standard treatments lead to permanent damage to organs, significant side effects and impede life quality of patients that recover from GE cancers.
Targeted Therapy for Gastroesophageal Cancers
Targeting therapy has been attracted attention in past few years for its benefit of less side-effects than conventional treatment. Targeting epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases (RTKs) have been approved as a successful approach for lung, breast and other cancers. EGFR/RTK has four members including EGFR (HER1), HER2, HER3, and HER4. EGFR is a 170 kDa transmembrane receptor on cell membrane. Upon activation, EGFR triggers activation of MAPK, STAT5, and Ras-Raf-MEK pathways resulting in a cascade signaling of cell proliferation and survival (Yano et al., 2003). As a matter of fact, EGFR/HER signaling pathways regulate almost all aspects in cancer biology including cell growth, survival, adhesion, migration, and differentiation. Different from mutant forms in lung cancer and breast cancer, EGFR often presents high copy number and its expression is correlate with advanced stage, poorly differentiated histology, vascular invasion, and poor survival rate in GC and EC (Ku and Ilson, 2013; Wang et al., 2016) (Terashima et al., 2012). Additionally, HER2 is often overexpressed together with EGFR in a significant amount of EC patients as well.
Inhibiting EGFR/RTKs pathways can be achieved either by monoclonal antibody (mAb) or downstream by tyrosine kinase inhibitor (TKI). Several mAbs and more than 20 TKIs have been approved by FDA. For example, cetuximab and panitumumab specifically bind EGFR and trastuzumab and pertuzumab target HER2. Afatinib is a pan-HER family TKI, but selectively and irreversibly inhibits EGFR, HER2, and HER4, and blocks transphosphorylation of HER3. While many of these mAbs and TKIs have been approved by FDA for treatment of lung, colon, breast, or head and neck cancers, their therapeutic benefits for EC are still unclear (Jiao et al., 2018). For example, trastuzumab, a monoclonal antibody against HER2, is the only FDA approved EGFR targeting treatment for EC but has limited response rate (Kurokawa et al., 2014; Doi et al., 2017; Yang et al., 2020). It has been used in combination with 5-FU or cisplatin for HER2 positive GC (Bang et al., 2010). Ramucirumab, a monoclonal antibody of vascular endothelial growth factor receptor-2 (vEGFR-2), was used with paclitaxel together in GC treatment (Wilke et al., 2014). Other agents such as afatinib and bevacizumab, are still in clinical trials (Spicer et al., 2017). Despite the high expectation of TKIs in GC and EC therapy, many clinical trials of TKIs either alone or combined with other therapies have produced disappointing results to date (Wang et al., 2016) and the 5 year survival rate of EC patients is still below 20% (Siegel et al., 2017). No clinical benefit has been harvested in phase III trials with cetuximab (EXPAND), panitumumab (REAL3), and gefitinib (COG) (Maron et al., 2020). In EXPAND, capecitabine and cisplatin, with or without cetuximab, are used for patients with previously untreated advanced gastric cancer (Lordick et al., 2013). In REAL3, epirubicin, oxaliplatin, and capecitabine, with or without panitumumab, are used in patients with previously untreated advanced GE cancer (Waddell et al., 2013). In COG, gefitinib has been evaluated in esophageal cancer patients after chemotherapy (Dutton et al., 2014).
The failure in all above mentioned Phase III trials for GE cancer patients suggests that new targeted therapies, either alone or combined with inhibiting EGFR/RTK, should be considered. In this review, we intent to discuss an emerging new drug target, known as the store-operated Ca2+ entry (SOCE), which is a key intracellular Ca2+ signaling pathway in GE cancers. We will summarize the recent advances in understanding pathophysiological role of each component of the SOCE machinery in GE cancer cell proliferation, migration, and invasion, as well as stemness maintenance. Lastly, we will discuss efforts towards development of more specific and potent SOCE inhibitors, which appear to be a new set of chemotherapeutic drugs appearing at the horizon to provide either targeted therapy or adjuvant treatment to overcome drug resistant in GE cancers.
DYSREGULATED INTRACELLULAR CA2+ SIGNALING IN CANCER CELLS
Ca2+ is a vital second messenger in the cells and controls multiple cellular processes including cell growth, cell migration, cell death, cell cycle, autophagy and downstream genes transcription (Cui et al., 2017). Thus, it is not a surprise that Ca2+ homeostasis is a key factor in the tumor initiation, angiogenesis, progression and metastasis (Chen et al., 2011; Chen et al., 2013a; Bergmeier et al., 2013; Yang et al., 2013). The intracellular Ca2+ signaling is known as a complicated network composing of different Ca2+ movements, such as Ca2+ spikes (Baudouin-Legros et al., 2003), waves and oscillations (Ronde et al., 2000; Giannone et al., 2002; Lewis, 2003). They are spatially temporally orchestrated with many channels and transporters playing in the show. First, inositol 1, 4, 5-trisphosphate (IP3) receptor or ryanodine receptor (RyR) mediates Ca2+ stores such as endoplasmic/sarcoplasmic reticulum (ER/SR) (Mikoshiba et al., 1994). Secondly, ER/SR Ca2+-ATPase (SERCA) pumps Ca2+ from cytosol back to ER/SR. Plasma membrane (PM) Ca2+-ATPase drives Ca2+ from cytosol to extracellular space (Santulli and Marks, 2015). Thirdly, mitochondrial Ca2+ uniporter (MCU) controls mitochondrial Ca2+ uptakes. Fourthly, PM Ca2+ channels or transporters mediate Ca2+ influx from extracellular space into cytosol, which include voltage-gated Ca2+channel, transient receptor potential channel (TRP), SOCE channel, Na+/Ca2+ exchanger (NCX) and purinergic receptor, etc. Since these Ca2+ channels or transporters contain extracellular domains as good drug targets, they received great attention for chemotherapy researchers. Among them, SOCE channel has been actively investigated.
STORE-OPERATED CALCIUM ENTRY MACHINERY
SOCE was first reported about three decades ago in the name of capacitative Ca2+ entry (CCE) (Putney, 1986). In this pathway, activation of the G-protein coupled receptor (GPCR) leads to the stimulation of PLC to generate IP3, which in turn causes intracellular Ca2+ release, followed by a reduction of Ca2+ concentration inside the ER lumen. The reduced ER Ca2+ store sends a signal to the PM to activate CCE, allowing refill of the reduced ER Ca2+ store (Ma and Pan, 2003; Pan et al., 2014; Pan and Ma, 2015; Cui et al., 2017). This ER Ca2+ store-dependent Ca2+ influx is also known as Ca2+ release-activated Ca2+ (CRAC) current. The identification of SOCE machinery has been a long journey and hitherto, a consensus view is that SOCE machinery is complex with various tissue and cell specific components.
Orai and STIM Molecules
The two main group members in SOCE machinery in mammalian cells are stromal-interacting molecule (STIM1 and STIM2) and Orai (Orai1, Orai2, and Orai3) molecules (Bergmeier et al., 2013). STIM1 and Orai1 were the first ones to be identified and have been well studied (Yang et al., 2009). STIM1 is an ER transmembrane protein with a luminal EF-hand which could detect changes in the ER Ca2+ content (Roos et al., 2005; Zhang et al., 2005; Luik et al., 2006; Mercer et al., 2006). Orai1 locates at PM and constitutes the pore forming unit of the SOCE channel (Yeromin et al., 2006). Upon ER Ca2+ store depletion in physiological or pathological cases, STIM1 molecules are active and translocate to the ER/PM junctional region (Ong et al., 2007). Then, they conjugate with Orai and, subsequently, activate to allow extracellular Ca2+ influx into the cytosol [39] (Ma and Pan, 2003; Huang et al., 2006; Soboloff et al., 2006; Spassova et al., 2006; Vig et al., 2006). Both Orai1 and STIM1 are ubiquitously expressed in almost all type of cells, including gastric and esophageal epithelial cells with important cellular functions. For example, SOCE mediated Ca2+ influx have been shown to be required for gastric epithelial renewal and repair (Kokoska et al., 1998; Engevik et al., 2020). Our studies demonstrated both STIM1 and Orai1 are expressed in esophageal epithelial cells and control cell proliferation (Zhu et al., 2014a; Choi et al., 2018) and eotaxin-3 secretion (Odiase et al., 2021).
Transient Receptor Potential Canonical Molecules
Besides Orai and STIM molecules, transient receptor potential canonical (TRPC) family of Ca2+ permeable channels are also involved in the SOCE pathway. TRPC channels are tetrameric molecules with six transmembrane domains on each subunit and located on PM. In human cells, there are 6 TRPC channels divided into 2 families according to their biological functions: 1) TRPC1, TRPC4, TRPC5; 2) TRPC3, TRPC6, TRPC7 (Zhu et al., 1995). Their activation results from the stimuli induced PIP2 hydrolysis (Venkatachalam and Montell, 2007). TRPCs appear to interactive with other proteins, such as caveolin, junctate, and junctophilin (Ong and Ambudkar, 2015). The interaction with caveolin helps TRPC3 to be recruited to a channel complex within ER/PM junctions and form a functional signaling complex (Adebiyi et al., 2011). TRPCs may even indirectly interact with Orai in ER/PM complex with the requirement of STIM1 (Choi et al., 2014). While not all the TRPCs are involved in the SOCE signaling, TRPC1 and TRPC4 are clearly documented to mediate SOCE. TRPC1 was identified to be the first of the TRPC channels that was involved in SOCE in mammalian cells (Liu et al., 2003). It has been reported that TRPC1 mediates SOCE in secretory cells (Hong et al., 2011), vascular endothelial cells (Ma et al., 2011), smooth muscle cells (Dietrich et al., 2006), and endothelial cells (Tiruppathi et al., 2006). TRPC4-mediated SOCE is demonstrated in mouse mesangial cells (Wang et al., 2004), human adrenal cells (Philipp et al., 2000), both mouse and human endothelial cells (Sundivakkam et al., 2012), human gingival keratinocytes (Fatherazi et al., 2007), human corneal epithelial cells (Yang et al., 2005) and human pulmonary artery smooth muscle cells (Zhang et al., 2004). TRPC3 may mediate SOCE depending on cell type and expression level (Kim et al., 2009). TRPC6-mediated SOCE has been well studied in breast cancer cells (Guilbert et al., 2008; Jardin et al., 2018; Jardin et al., 2020).
Store-Operated Calcium Entry in Gastroesophageal Cancers
Alteration in SOCE has been observed in many diseases. While genetic mutations in Orai1 or STIM1 were found in immune disorders, skeletal muscle myopathy and heart hypertrophy (Feske, 2011; Le Deist and Capiod, 2011; Verbsky and Chatila, 2011; Berna-Erro et al., 2012; Fuchs et al., 2012; Shaw and Feske, 2012), changes in expression and/or channel complex components are more commonly reported in various types of malignant, including GE cancers.
We previously reported upregulated expression of Orai1 in tumor tissues compared to that in adjacent non-tumorous tissues in ESCC patients (Zhu et al., 2014a). The high expression of Orai1 is associated with poor disease-free and overall survival rates. Both gene manipulation and pharmacologic studies demonstrated that elevated Orai1 results in hyperactivity of intracellular Ca2+ oscillations and, thus, controls rampant cell proliferation in ESCC cells. Interestingly, an essential trace mineral nutrient zinc is able to inhibit Orai1-mediated SOCE in ESCC cells, which has been linked to its cancer prevention function (Choi et al., 2018).
Enhanced SOCE and overexpression of Orai1 and STIM1 have been found in GC as well (Kokoska et al., 1998; Wong et al., 2017). STIM1 can promote gastric cancer progression (Xu et al., 2016) and silencing STIM1 inhibits cell proliferation via arrest of the cell cycle at the G0/G1 phase and increases cell apoptosis in vitro (Liu et al., 2015). From a study with more than 300 GC patients, Xia, et al reported that Orai1 and STIM1 expressions were higher in GC tissues compared with adjacent non-tumor tissues (Xia et al., 2016). Similar to the study in ESCC, they also found that higher Orai1 and/or STIM1 expression is associated with more advanced stages and poor prognosis. Moreover, Wong, et al showed that lipopolysaccharide (LPS) stimulates SOCE and results in the activation of downstream NF-κB signaling pathway. It is well known that LPS is an enriched component of the outer membrane of gram-negative bacteria H. pylori, which is a major risk factor for GC and triggers chronic inflammation responses (Zhang and Pan, 2020). SOCE-activated nuclear translocation of NF-κB then increases the transcription and expression of cyclooxygenase-2, a major inflammatory gene (Wang et al., 2017a). On the other hand, suppressing Orai1 and STIM1 expression by a Ca2+-binding protein S100A14 has been shown to induce cell differentiation and inhibit cell metastasis in GC (Zhu et al., 2017).
The role of TRPC-mediated SOCE in GE cancers has been studied best on TRPC6. Similar to Orai1, TRPC6 is also overexpressed in ESCC tumor tissues compared with normal esophageal tissues in terms of both mRNA and protein levels and its high expression is associated with poor prognosis (Zhang et al., 2013). Shi, et al, demonstrated that TRPC6 is a key factor to control G2 phase transition in tumorigenesis of EC (Shi et al., 2009). Due to the important role of TRPC6-mediated Ca2+ signaling, it is not surprising to see that the inhibition of TRPC6 leads to cell cycle arrest via Cdk1 in ESCC cells and decreased tumor formation in a mouse xenograft ESCC model (Ding et al., 2010; Zhang et al., 2013). In GC epithelial cells, the TRPC6 has been shown to be upregulated on protein and mRNA level and was responsible for regulation of the cell cycle, as the inhibition of TRPC6 resulted in cell cycle arrest in the G2/M phase and inhibited cell growth (Cai et al., 2009). Moreover, treatment of xenografted GC nude mice with a TRPC6 blocker resulted in the inhibition of the development of tumor. The TRPC6 may form a channel complex with TRPC1 and TRPC3 to fulfill their function, which was demonstrated in a study on TGF-β1-induced epithelial–mesenchymal transition (EMT) in GC cells (Ge et al., 2018). The authors showed that TRPC1/3/6 complex mediates Ca2+ influx and actives downstream the Ras/Raf1/ERK signaling pathway and the inhibition of TRPC1/3/6 impedes TGF-β1-induced EMT. Using a newly developed potent TRPC6 antagonist, a separate study also showed that inhibition of this Ca2+ channel suppresses proliferation of several GC cell lines as well as GC tumor growth in a xenograft model (Ding et al., 2018).
TARGETING STORE-OPERATED CALCIUM ENTRY CHANNELS FOR NEW CHEMOTHERAPY DRUGS IN GASTROESOPHAGEAL CANCERS
Store-Operated Calcium Entry Inhibitors
Since SOCE-mediated Ca2+ signaling pathways are associated with several hallmarks of cancer, targeting SOCE turns out to be an active area in chemotherapy drug development area. As a result, many SOCE inhibitors have been reported to have anti-cancer potential. In Table 1, we present a summary of these SOCE inhibitors, which may not be comprehensive, due to the swift advancement of this field. The earliest SOCE blocker to be used is SKF-96365, which was shown to inhibit cancer cell migration and tumor metastasis in breast (Yang et al., 2009) and cervical cancers (Chen et al., 2011). It was also used in our early work in ESCC and was demonstrated to decrease Orai1-mediated SOCE and to reduce tumor growth in vivo (Zhu et al., 2014a). 2-APB is another effective SOCE inhibitor with low selectivity. For this purpose, it was first reported as antagonist for IP3 receptor with much higher IC50 (Yamashita et al., 2011). It can reduce cell proliferation and tumorigenesis in gastric cancer and colorectal cancer progression (Sakakura et al., 2003) (Wang et al., 2015). ML-9, an inhibitor for myosin light-chain kinase (MLCK) and STIM1 puncta, can promote cell death and autophagy in prostate cancer (Kondratskyi et al., 2014). RO2959, a novel, potent and selective SOCE inhibitor, inhibits gene expression, cytokine production, and proliferation in T cells (Chen et al., 2013a). SB01990, SPB06836, KM06293 and RH01882 are a cluster of SOCE inhibitors targeting and altering the Ca2+ selectivity filter of Orai1 (Sampath and Sankaranarayanan, 2016). GSK-5503A and GSK-7975A are Orai1-and Orai3-mediated SOCE inhibitors that slowly affect SOCE currents with no effect on STIM1–Orai1 coupling (Derler et al., 2013). Furthermore, the compounds also suppress TRPV6 channels, which is possibly because they share the target site (Jairaman and Prakriya, 2013). BTP2 or YM-58483 is a potent inhibitor for both CRAC and TRPC-mediated SOCE (He et al., 2005) (Yoshino et al., 2007). However, the mode of action may be more than direct channel antagonist. A report showed that BTP-2 can depolarize the cell membrane via TRPM4 activation and, thus contribute to the inhibition of SOCE and cytokine release (Takezawa et al., 2006). Carboxyamidotriazole, a non-selective SOCE inhibitor in non-excitable cell, has been approved to test its anti-tumor effects in Phase I and Phase II clinical trials for several cancers (Kohn et al., 2001) (Table 1). CM2489, CM3457 and CM4620 are three more selective SOCE inhibitors, which have been shown to prevent Ca2+ entry, and, thus, are used either to treat moderate-to-severe plaque psoriasis, or to reduce acute pancreatitis severity, or to inhibit lymphocytes and T cell-derived cytokine production (Ramos et al., 2012; Waldron et al., 2019) (Table 1). The Pyrazole analogs, including Pyr2, 3, 6 and 10, show different selectivity on TRPC3 and Orai1-mediated SOCE. Pyr10 is potent and selective for TRPC3-mediated SOCE. Pyr6 is potent to Orai1-mediated SOCE, while Pyr3 equally inhibits both channels (Schleifer et al., 2012).
TABLE 1 | Store-operated calcium entry inhibitors.
[image: Table 1]Among the above mentioned selective SOCE inhibitors, only two have been used in clinical trials but none for cancer treatment. CM2489 and CM 4620 from CalciMedica are used to block the production and release of pro-inflammatory cytokines from immune cells, and they are used in clinical trials for the treatment of plaque psoriasis and pancreatitis (Ramos et al., 2012; Waldron et al., 2019). During this pandemic, CM 4620 has also been evaluated in a new clinical trial for treatment of severe COVID-19 pneumonia (Table 1). With improved selectivity and reduced toxicity, modified forms of these SOCE channel inhibitors may still hold promise for further cancer therapeutic drug development. One of such compound will be discussed in great detail below.
RP4010 in Gastroesophageal Cancer
RP4010 from Rhizen Pharmaceuticals is another selective SOCE channel inhibitor. Due to its low toxicity and high solubility, it has been successfully used in clinical trial in the form of an oral medicine. It was studied in a Phase I/Ib study for patients with relapsed or refractory non-Hodgkin’s lymphoma (NCT03119467). Additionally, its anti-cancer effects have been reported in both ESCC and pancreatic ductal adenocarcinoma (Cui et al., 2018; Khan et al., 2020).
Compared with other reported SOCE channel inhibitors, RP4010 is more potent in blocking SOCE in ESCC cells (Cui et al., 2018). In MTT assay, the IC50 of RP4010 is estimated about 1 µM for most tested ESCC cell lines whereas the IC50 of BTP-2 is 17 µM as best. Our studies showed that treatment of RP4010 resulted in reduction of intracellular Ca2+ oscillations, and caused cell cycle arrest at G0/G1 phase in several cultured human ESCC cell lines. This inhibitory effect on cell proliferation is caused due to decreasing nuclear translocation of nuclear factor kappa B (NF-κB). Moreover, it dramatically inhibits tumor growth in xenograft ESCC nude mice without observable adverse side effect, evidenced by normal histology results in all vital organs. Therefore, it remains to be a promising chemotherapy drug for GE cancers. Further, mechanistic study on the exact inhibitory effect on SOCE machinery and continue clinical evaluation are warranted.
TARGETING STORE-OPERATED CALCIUM ENTRY IN GASTROESOPHAGEAL CANCER DRUG RESISTANCE
Store-Operated Calcium Entry and Drug Resistance
Drug resistance is responsible for relapses of cancers and remains to be a big challenge in most cancer treatment. It includes resistance to classical chemotherapeutic agents or targeted therapies; it can occur at treatment (intrinsic) or is acquired after therapy. Accumulating evidence suggests that SOCE plays a significant role in drug resistance. The expression of Orai1 and STIM1 as well as SOCE are enhanced in therapy resistant ovary cancer cells (Schmidt et al., 2014). SOCE is required for the anti-cancer effect of cisplatin, a widely used conventional chemotherapy drug, in non-small cell lung carcinoma (Gualdani et al., 2019). Additional studies also showed that Orai1/STIM1-mediated SOCE is involved in 5-fluorouracil (5-FU), another widely used conventional chemotherapy drug, or gemcitabine resistance in pancreatic adenocarcinoma (Kondratska et al., 2014) and hepatocellular carcinoma cells (Tang et al., 2017). The proposed mechanisms, underlying the impact of SOCE on chemotherapy resistance, are attributed to inducing Ca2+ overload (Zheng, 2017), autophagy, EMT, activating MAPK and PI3K-Akt/Sgk signaling pathways (Wang et al., 2017a), upregulating transcription factors of NF-κB, c-myc, and p53 (Cui et al., 2017). Moreover, SOCE inhibitors decreased chemotherapy resistant cell migration in ovarian cancer (Huang et al., 2020).
Ca2+ Signaling in Cancer Stem Cells
Cancer stem cells (CSC) are a subpopulation of tumor cells with capabilities of proliferating, self-renewing and differentiating. They are more resistant to chemotherapy drugs or radiation, which often leads to treatment failure and subsequent tumor recurrence (Hamburger and Salmon, 1977) (Bao et al., 2006; Li et al., 2008).
The identification and isolation of stem cells in GE tumors can be achieved by CSC markers using flow cytometry. Like adult stem cells, CSCs express the transcription factors SOX2, OCT-4, NANOG, and detoxification enzyme aldehyde dehydrogenase (ALDH) (Mohiuddin et al., 2020). While some cell surface markers, such as CD44, CD24, and CD133, have been identified as common CSC markers for almost all cancer types (Liu et al., 2006), CSC in GC and EC cancers present their specific markers as well (Takaishi et al., 2009). For example, Ming, et al showed that integrin α7 (ITGA7) is characterized as a functional CSC marker in ESCC (Ming et al., 2016). The known CSC markers in GE cancers are summarized in Table 2.
TABLE 2 | Cancer stem cell markers in gastroesophageal cancers.
[image: Table 2]The stemness of CSC requires their distinct cellular characteristics, which is associated with different intracellular Ca2+ signaling compared with non-stem cancer cells (Cheng et al., 2018). Voltage gated Ca2+ channels (VOC) are a cluster of transmembrane proteins located on the cell membrane, which have been reported to regulate cell proliferation and migration in the cancer cells (Prevarskaya et al., 2018). VOC α2δ1 subunit (CACNA2D1) was identified as a CSC marker in diagnosis of hepatocellular carcinoma (Zhao et al., 2013). Data in small-cell lung cancer/non-small cell lung cancer indicates that VOC α2δ1 subunit increase the chemotherapy or radiotherapy resistance (Yu et al., 2018) that makes α2δ1 a target for treatment in the clinical setup. Moreover, t-type Ca2+ channel Caν3.2 is up-regulated and induces CSC proliferation in glioblastoma (Zhang et al., 2017). This also results in Cav3.2 being a potential target in cancer therapy.
For the ER resident Ca2+ channels, IP3R and RyR are required for CSC stemness and proliferation. In breast cancer, chemotherapy induced cytosolic Ca2+ release from ER via RyR1 causes enrichment of CSC in vivo (Lu et al., 2017). With RyR1 knockdown, the CSCs diminish in the severe combined immunodeficiency (SCID) mice model. IP3R induced- Ca2+ release is required for tumor growth and metastasis in melanoma (Marciel et al., 2018). Pharmacological inhibitors targeting Ca2+ release via IP3R, are employed to block CSC function in the treatment of glioblastoma (Dong et al., 2017).
Store-Operated Calcium Entry in Cancer Stem Cells
In addition to the VOC and IP3R/RyR, SOCE contributes to the stemness and differentiation of CSC as well (Figure 1). In oral/oropharyngeal squamous cells, Orai1 enhances cancer stemness by activation of NFAT pathway (Lee et al., 2016). By interaction with hypoxia-inducible factor-1 alpha (HIF-1α), STIM1 promotes the hypoxia-induced tumorigenesis in hepatocarcinoma (Li et al., 2015). Another study reveals that Orai1 mediated SOCE are essential for tumor invasion in glioblastoma (Motiani et al., 2013). Furthermore, the treatment of SKF-96365 can reduce CSC cell proliferation and decrease stemness in glioblastoma (Aulestia et al., 2018).
[image: Figure 1]FIGURE 1 | Role of SOCE in cancer stem cell (CSC). Left, IP3R and RyR are Ca2+ channels on the ER membrane. Activation of IP3R or RyR channels release Ca2+ from ER to cytoplasm. In CSC, IP3R and RyR promote stemness and quiescence. RyR also contributes to the cell hypoxia microenvironment. Middle, TRP family is involved in the stemness maintenance of CSC with negative and positive regulation of TRPV2 and TRPM7 separately. Right, Orai1 is upregulated in CSC assisting stemness maintenance; the downregulation of Orai1 promote quiescence maintenance. While STIM1 positively regulates CSC hypoxia microenvironment.
TRP channels may be involved in regulation of CSC function as well. Transient receptor potential melastatin 7 (TRPM7) enhances tumor migration and invasion by up-regulating expression of CSC, ALDH1, and CD133 in glioma cells (Liu et al., 2014). Transient receptor potential vanilloid 2 (TRPV2) is reported to inhibit CSC proliferation and promotes CSC differentiation in glioblastoma (Morelli et al., 2012). Knockdown of TRPV2 promotes colony formation and CSC expression in hepatocellular carcinoma (Hu et al., 2018).
In order to overcome cancer reoccurring issue, many clinical trials have been conducted focusing on elimination of CSC. Mithramycin, a selective inhibitor of transcription factor Sp1, is on phase 1 clinical trial for esophageal neoplasms with the identifier number of NCT01624090. Metformin, a widely used diabetes drug, has been administrated in combination with chemotherapy in several clinical trials to treat multiple cancers, including colon cancer (NCT01440127), ovarian, fallopian tube, and primary peritoneal cancer (NCT01579812). Both drugs may not show huge effects on diminishing the tumor size, but they significantly decrease the recurrence of tumor. Currently, there is no report on whether mithramycin or metformin alter the expression of SOCE, voltage-gated or other Ca2+ channels in gastroesophageal CSC. Regardless the answer, it could be a promising treatment to combine metformin with SOCE inhibitors for a superior anti-cancer effect with reduced drug resistance.
CONCLUSION AND FUTURE DIRECTIONS
In this review, we summarized the recent studies on the role of SOCE in GE cancers. Apparently, SOCE plays multiple important roles in cancer cells proliferation, migration, invasion, metastasis and stemness maintenance. EGFR-targeting therapy has been used in many other cancers but with limited benefits for GE cancer patients. Since Ca2+ plays a vital role in the EGFR signaling pathway, SOCE-mediated signaling pathway may crosstalk with EGFR pathway. We speculate that combined inhibitors for both SOCE and EGFR pathways could achieve better anti-cancer effects than single agent alone for GE cancer. While the function of SOCE in drug resistant and CSC in GE cancers remains unclear, it is reasonable to foresee that a similar association exist as that in other cancers. Compared with parental cancer cells, the drug resistance GE cancer cells and CSC may contain different SOCE components or ratio, which may present distinct SOCE channel properties. Targeting the SOCE channels, specific and potent SOCE blockers could be used as a new chemotherapy for GE cancers. Moreover, combining SOCE inhibitors with other chemotherapy drugs targeting both normal tumor cells and CSC may enhance treatment efficiency and prevent tumor re-occurrences. In the combined treatment, how to synergize the drugs and reduce the drug resistance? How to decrease the side effect of drugs and obtain a better prognosis? Further investigation is required along those lines.
AUTHOR CONTRIBUTIONS
YC and ZP conceived of the topics. YC wrote the first draft of this manuscript. SR and ZP edited and wrote the final draft of this manuscript.
FUNDING
ZP received NIH grants R01CA185055, S10OD025230, and a University of Texas at Arlington start-up fund. The latter supports the open access publication fee.
ACKNOWLEDGMENTS
Authors are thankful for the generous support from the UTA College of Nursing & Health Innovation Bone-Muscle Research Center (https://www.uta.edu/conhi/research/bmrc/index.php).
ABBREVIATIONS
 ALDH, aldehyde dehydrogenase; CCE, capacitative Ca2+ entry; CRAC, Ca2+ release-activated Ca2+; CSC, cancer stem cells; CT, computerized tomography; EAC, esophageal adenocarcinoma; EC, esophageal cancer; EGFR, epidermal growth factor receptor; EMT, epithelial–mesenchymal transition; ER, endoplasmic reticulum; ESCC, esophageal squamous cell carcinoma; EUS, endoscopic ultrasound; 5-FU, 5-fluorouracil; GC, gastric carcinoma; GE, Gastroesophageal; HIF-1α, hypoxia-inducible factor-1 alpha; IP3, inositol 1,4,5-trisphosphate; ITGA7, Integrin α7; LPS, lipopolysaccharide; mAb, monoclonal antibody; MCU, mitochondrial Ca2+ uniporter; PET, positron emission tomography; PM, plasma membrane; RTK, receptor tyrosine kinases; SERCA, ER/SR Ca2+-ATPase; SOCE, store-operated calcium entry; SR, sarcoplasmic reticulum; TKI, tyrosine kinase inhibitor; TRP, transient receptor potential channel; vEGFR-2, vascular endothelial growth factor receptor-2
REFERENCES
 Adebiyi, A., Narayanan, D., and Jaggar, J. H. (2011). Caveolin-1 Assembles Type 1 Inositol 1,4,5-trisphosphate Receptors and Canonical Transient Receptor Potential 3 Channels into a Functional Signaling Complex in Arterial Smooth Muscle Cells. J. Biol. Chem. 286, 4341–4348. doi:10.1074/jbc.m110.179747
 Aulestia, F. J., Néant, I., Dong, J., Haiech, J., Kilhoffer, M. C., Moreau, M., et al. (2018). Quiescence Status of Glioblastoma Stem-like Cells Involves Remodelling of Ca2+ Signalling and Mitochondrial Shape. Sci. Rep. 8, 9731. doi:10.1038/s41598-018-28157-8
 Bang, Y. J., Van Cutsem, E., Feyereislova, A., Chung, H. C., Shen, L., Sawaki, A., et al. (2010). Trastuzumab in Combination with Chemotherapy versus Chemotherapy Alone for Treatment of HER2-Positive Advanced Gastric or Gastro-Oesophageal Junction Cancer (ToGA): a Phase 3, Open-Label, Randomised Controlled Trial. Lancet 376, 687–697. doi:10.1016/s0140-6736(10)61121-x
 Bao, S., Wu, Q., McLendon, R. E., Hao, Y., Shi, Q., Hjelmeland, A. B., et al. (2006). Glioma Stem Cells Promote Radioresistance by Preferential Activation of the DNA Damage Response. Nature 444, 756–760. doi:10.1038/nature05236
 Baudouin-Legros, M., Brouillard, F., Tondelier, D., Hinzpeter, A., and Edelman, A. (2003). Effect of Ouabain on CFTR Gene Expression in Human Calu-3 Cells. Am. J. Physiology-Cell Physiol. 284, C620–C626. doi:10.1152/ajpcell.00457.2002
 Bergmeier, W., Weidinger, C., Zee, I., and Feske, S. (2013). Emerging Roles of Store-Operated Ca2+entry through STIM and ORAI Proteins in Immunity, Hemostasis and Cancer. Channels 7, 379–391. doi:10.4161/chan.24302
 Berna-Erro, A., Woodard, G. E., and Rosado, J. A. (2012). Orais and STIMs: Physiological Mechanisms and Disease. J. Cell. Mol. Med. 16, 407–424. doi:10.1111/j.1582-4934.2011.01395.x
 Brooks, P. J., Enoch, M. A., Goldman, D., Li, T. K., and Yokoyama, A. (2009). The Alcohol Flushing Response: an Unrecognized Risk Factor for Esophageal Cancer from Alcohol Consumption. Plos Med. 6, e50. doi:10.1371/journal.pmed.1000050
 Cai, R., Ding, X., Zhou, K., Shi, Y., Ge, R., Ren, G., et al. (2009). Blockade of TRPC6 Channels Induced G2/M Phase Arrest and Suppressed Growth in Human Gastric Cancer Cells. Int. J. Cancer 125, 2281–2287. doi:10.1002/ijc.24551
 Chen, G., Panicker, S., Lau, K.-Y., Apparsundaram, S., Patel, V. A., Chen, S.-L., et al. (2013a). Characterization of a Novel CRAC Inhibitor that Potently Blocks Human T Cell Activation and Effector Functions. Mol. Immunol. 54, 355–367. doi:10.1016/j.molimm.2012.12.011
 Chen, T., Yang, K., Yu, J., Meng, W., Yuan, D., Bi, F., et al. (2012). Identification and Expansion of Cancer Stem Cells in Tumor Tissues and Peripheral Blood Derived from Gastric Adenocarcinoma Patients. Cell Res. 22, 248–258. doi:10.1038/cr.2011.109
 Chen, Y.-F., Chiu, W.-T., Chen, Y.-T., Lin, P.-Y., Huang, H.-J., Chou, C.-Y., et al. (2011). Calcium Store Sensor Stromal-Interaction Molecule 1-dependent Signaling Plays an Important Role in Cervical Cancer Growth, Migration, and Angiogenesis. Proc. Natl. Acad. Sci. 108, 15225–15230. doi:10.1073/pnas.1103315108
 Chen, Y.-T., Chen, Y.-F., Chiu, W.-T., Liu, K.-Y., Liu, Y.-L., Chang, J.-Y., et al. (2013b). Microtubule-associated Histone Deacetylase 6 Supports the Calcium Store Sensor STIM1 in Mediating Malignant Cell Behaviors. Cancer Res. 73, 4500–4509. doi:10.1158/0008-5472.can-12-4127
 Cheng, Q., Chen, A., Du, Q., Liao, Q., Shuai, Z., Chen, C., et al. (2018). Novel Insights into Ion Channels in Cancer Stem Cells (Review). Int. J. Oncol. 53, 1435–1441. doi:10.3892/ijo.2018.4500
 Choi, S., Cui, C., Luo, Y., Kim, S. H., Ko, J. K., Huo, X., et al. (2018). Selective Inhibitory Effects of Zinc on Cell Proliferation in Esophageal Squamous Cell Carcinoma through Orai1. FASEB j. 32, 404–416. doi:10.1096/fj.201700227rrr
 Choi, S., Maleth, J., Jha, A., Lee, K. P., Kim, M. S., So, I., et al. (2014). The TRPCs-STIM1-Orai Interaction. Handbook Exp. Pharmacol. 223, 1035–1054. doi:10.1007/978-3-319-05161-1_13
 Cui, C., Chang, Y., Zhang, X., Choi, S., Tran, H., Penmetsa, K. V., et al. (2018). Targeting Orai1-Mediated Store-Operated Calcium Entry by RP4010 for Anti-tumor Activity in Esophagus Squamous Cell Carcinoma. Cancer Lett. 432, 169–179. doi:10.1016/j.canlet.2018.06.006
 Cui, C., Merritt, R., Fu, L., and Pan, Z. (2017). Targeting Calcium Signaling in Cancer Therapy. Acta Pharmaceutica Sinica B 7, 3–17. doi:10.1016/j.apsb.2016.11.001
 Derler, I., Schindl, R., Fritsch, R., Heftberger, P., Riedl, M. C., Begg, M., et al. (2013). The Action of Selective CRAC Channel Blockers Is Affected by the Orai Pore Geometry. Cell Calcium 53, 139–151. doi:10.1016/j.ceca.2012.11.005
 di Pietro, M., Canto, M. I., and Fitzgerald, R. C. (2018). Endoscopic Management of Early Adenocarcinoma and Squamous Cell Carcinoma of the Esophagus: Screening, Diagnosis, and Therapy. Gastroenterology 154, 421–436. doi:10.1053/j.gastro.2017.07.041
 Dietrich, A., Chubanov, V., Kalwa, H., Rost, B. R., and Gudermann, T.2006. Cation Channels of the Transient Receptor Potential Superfamily: Their Role in Physiological and Pathophysiological Processes of Smooth Muscle Cells. Pharmacol. Ther. 112, 744–760. doi:10.1016/j.pharmthera.2006.05.013
 Ding, M., Wang, H., Qu, C., Xu, F., Zhu, Y., Lv, G., et al. (2018). Pyrazolo[1,5-a]pyrimidine TRPC6 Antagonists for the Treatment of Gastric Cancer. Cancer Lett. 432, 47–55. doi:10.1016/j.canlet.2018.05.041
 Ding, X., He, Z., Shi, Y., Wang, Q., and Wang, Y. (2010). Targeting TRPC6 Channels in Oesophageal Carcinoma Growth. Expert Opin. Ther. Targets 14, 513–527. doi:10.1517/14728221003733602
 Doi, T., Shitara, K., Naito, Y., Shimomura, A., Fujiwara, Y., Yonemori, K., et al. (2017). Safety, Pharmacokinetics, and Antitumour Activity of Trastuzumab Deruxtecan (DS-8201), a HER2-Targeting Antibody-Drug Conjugate, in Patients with Advanced Breast and Gastric or Gastro-Oesophageal Tumours: a Phase 1 Dose-Escalation Study. Lancet Oncol. 18, 1512–1522. doi:10.1016/s1470-2045(17)30604-6
 Dong, J., Aulestia, F. J., Assad Kahn, S., Zeniou, M., Dubois, L. G., El-Habr, E. A., et al. (2017). Bisacodyl and its Cytotoxic Activity on Human Glioblastoma Stem-like Cells. Implication of Inositol 1,4,5-triphosphate Receptor Dependent Calcium Signaling. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1864, 1018–1027. doi:10.1016/j.bbamcr.2017.01.010
 Dutton, S. J., Ferry, D. R., Blazeby, J. M., Abbas, H., Dahle-Smith, A., Mansoor, W., et al. (2014). Gefitinib for Oesophageal Cancer Progressing after Chemotherapy (COG): a Phase 3, Multicentre, Double-Blind, Placebo-Controlled Randomised Trial. Lancet Oncol. 15, 894–904. doi:10.1016/s1470-2045(14)70024-5
 Engevik, K. A., Karns, R. A., Oshima, Y., and Montrose, M. H. (2020). Multiple Calcium Sources Are Required for Intracellular Calcium Mobilization during Gastric Organoid Epithelial Repair. Physiol. Rep. 8, e14384. doi:10.14814/phy2.14384
 Fatherazi, S., Presland, R. B., Belton, C. M., Goodwin, P., Al-Qutub, M., Trbic, Z., et al. (2007). Evidence that TRPC4 Supports the Calcium Selective ICRAC-like Current in Human Gingival Keratinocytes. Pflugers Arch.-Eur. J. Physiol. 453, 879–889. doi:10.1007/s00424-006-0156-4
 Feske, S. (2011). Immunodeficiency Due to Defects in Store-Operated Calcium Entry. Ann. New York Acad. Sci. 1238, 74–90. doi:10.1111/j.1749-6632.2011.06240.x
 Fuchs, S., Rensing-Ehl, A., Speckmann, C., Bengsch, B., Schmitt-Graeff, A., Bondzio, I., et al. (2012). Antiviral and Regulatory T Cell Immunity in a Patient with Stromal Interaction Molecule 1 Deficiency. J. Immunol. 188, 1523–1533. doi:10.4049/jimmunol.1102507
 Fujikuni, N., Yamamoto, H., Tanabe, K., Naito, Y., Sakamoto, N., Tanaka, Y., et al. (2014). Hypoxia-mediated CD24 Expression Is Correlated with Gastric Cancer Aggressiveness by Promoting Cell Migration and Invasion. Cancer Sci. 105, 1411–1420. doi:10.1111/cas.12522
 Fukamachi, H., Seol, H. S., Shimada, S., Funasaka, C., Baba, K., Kim, J. H., et al. (2013). CD49f(high) Cells Retain Sphere-Forming and Tumor-Initiating Activities in Human Gastric Tumors. PLoS One 8, e72438. doi:10.1371/journal.pone.0072438
 Ge, P., Wei, L., Zhang, M., Hu, B., Wang, K., Li, Y., et al. (2018). TRPC1/3/6 Inhibition Attenuates the TGF-Β1-Induced Epithelial-Mesenchymal Transition in Gastric Cancer via the Ras/Raf1/ERK Signaling Pathway. Cell Biol. Int. 42, 975–984. doi:10.1002/cbin.10963
 Giannone, G., Rondé, P., Gaire, M., Haiech, J., and Takeda, K. (2002). Calcium Oscillations Trigger Focal Adhesion Disassembly in Human U87 Astrocytoma Cells. J. Biol. Chem. 277, 26364–26371. doi:10.1074/jbc.m203952200
 Gualdani, R., de Clippele, M., Ratbi, I., Gailly, P., and Tajeddine, N. (2019). Store-Operated Calcium Entry Contributes to Cisplatin-Induced Cell Death in Non-small Cell Lung Carcinoma. Cancers. Mar. 26, 11. 
 Guilbert, A., Dhennin-Duthille, I., Hiani, Y. E., Haren, N., Khorsi, H., Sevestre, H., et al. (2008). Expression of TRPC6 Channels in Human Epithelial Breast Cancer Cells. BMC Cancer 8, 125. doi:10.1186/1471-2407-8-125
 Hamburger, A., and Salmon, S. (1977). Primary Bioassay of Human Tumor Stem Cells. Science 197, 461–463. doi:10.1126/science.560061
 He, L. P., Hewavitharana, T., Soboloff, J., Spassova, M. A., and Gill, D. L. (2005). A Functional Link between Store-Operated and TRPC Channels Revealed by the 3,5-bis(trifluoromethyl)pyrazole Derivative. Btp2. J. Biol. Chem. 280, 10997–11006. doi:10.1074/jbc.m411797200
 Henson, D. E., Dittus, C., Younes, M., Nguyen, H., and Albores-Saavedra, J. (2004). Differential Trends in the Intestinal and Diffuse Types of Gastric Carcinoma in the United States, 1973-2000: Increase in the Signet Ring Cell Type. Arch. Pathol. Lab. Med. 128, 765–770. doi:10.5858/2004-128-765-dtitia
 Hong, J. H., Li, Q., Kim, M. S., Shin, D. M., Feske, S., Birnbaumer, L., et al. (2011). Polarized but Differential Localization and Recruitment of STIM1, Orai1 and TRPC Channels in Secretory Cells. Traffic 12, 232–245. doi:10.1111/j.1600-0854.2010.01138.x
 Hsu, A., Chudasama, R., Almhanna, K., and Raufi, A. (2020). Targeted Therapies for Gastroesophageal Cancers. Ann. Transl Med. 8, 1104. doi:10.21037/atm-20-3265
 Hu, Z., Cao, X., Fang, Y., Liu, G., Xie, C., Qian, K., et al. (2018). Transient Receptor Potential Vanilloid-type 2 Targeting on Stemness in Liver Cancer. Biomed. Pharmacother. 105, 697–706. doi:10.1016/j.biopha.2018.06.029
 Huang, G. N., Zeng, W., Kim, J. Y., Yuan, J. P., Han, L., Muallem, S., et al. (2006). STIM1 Carboxyl-Terminus Activates Native SOC, Icrac and TRPC1 Channels. Nat. Cel Biol 8, 1003–1010. doi:10.1038/ncb1454
 Huang, H. K., Lin, Y. H., Chang, H. A., Lai, Y. S., Chen, Y. C., Huang, S. C., et al. (2020). Chemoresistant Ovarian Cancer Enhances its Migration Abilities by Increasing Store-Operated Ca(2+) Entry-Mediated Turnover of Focal Adhesions. J. Biomed. Sci. 27, 36. doi:10.1186/s12929-020-00630-5
 Jairaman, A., and Prakriya, M. (2013). Molecular Pharmacology of Store-Operated CRAC Channels. Channels 7, 402–414. doi:10.4161/chan.25292
 Jardin, I., Diez-Bello, R., Lopez, J. J., Redondo, P. C., Salido, G. M., Smani, T., et al. (2018). TRPC6 Channels Are Required for Proliferation, Migration and Invasion of Breast Cancer Cell Lines by Modulation of Orai1 and Orai3 Surface Exposure. Cancers (Basel) 10, 331. doi:10.3390/cancers10090331
 Jardin, I., Nieto, J., Salido, G. M., and Rosado, J. A. (2020). TRPC6 Channel and its Implications in Breast Cancer: an Overview. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1867, 118828. doi:10.1016/j.bbamcr.2020.118828
 Jedrychowski, W., Wahrendorf, J., Popiela, T., and Rachtan, J. (1986). A Case-Control Study of Dietary Factors and Stomach Cancer Risk in Poland. Int. J. Cancer 37, 837–842. doi:10.1002/ijc.2910370607
 Jemal, A., Bray, F., Center, M. M., Ferlay, J., Ward, E., and Forman, D. (2011). Global Cancer Statistics. CA: A Cancer J. Clinicians 61, 69–90. doi:10.3322/caac.20107
 Jiao, Q., Bi, L., Ren, Y., Song, S., Wang, Q., and Wang, Y. S. (2018). Advances in Studies of Tyrosine Kinase Inhibitors and Their Acquired Resistance. Mol. Cancer 17, 36. doi:10.1186/s12943-018-0801-5
 Jin, J., Liao, Z., Zhang, Z., Ajani, J., Swisher, S., Chang, J. Y., et al. (2004). Induction Chemotherapy Improved Outcomes of Patients with Resectable Esophageal Cancer Who Received Chemoradiotherapy Followed by Surgery. Int. J. Radiat. Oncol. Biol. Phys. 60, 427–436. doi:10.1016/j.ijrobp.2004.03.033
 Khan, H. Y., Mpilla, G. B., Sexton, R., Viswanadha, S., Penmetsa, K. V., Aboukameel, A., et al. (2020). Calcium Release-Activated Calcium (CRAC) Channel Inhibition Suppresses Pancreatic Ductal Adenocarcinoma Cell Proliferation and Patient-Derived Tumor Growth. Cancers (Basel) 12, 12. doi:10.3390/cancers12030750
 Kim, M. S., Hong, J. H., Li, Q., Shin, D. M., Abramowitz, J., Birnbaumer, L., et al. (2009). Deletion of TRPC3 in Mice Reduces Store-Operated Ca2+ Influx and the Severity of Acute Pancreatitis. Gastroenterology 137, 1509–1517. doi:10.1053/j.gastro.2009.07.042
 Kohn, E. C., Reed, E., Sarosy, G. A., Minasian, L., Bauer, K. S., Bostick-Bruton, F., et al. (2001). A Phase I Trial of Carboxyamido-Triazole and Paclitaxel for Relapsed Solid Tumors: Potential Efficacy of the Combination and Demonstration of Pharmacokinetic Interaction. Clin. Cancer Res. 7, 1600–1609.
 Kokoska, E. R., Smith, G. S., and Miller, T. A. (1998). Store-operated Calcium Influx in Human Gastric Cells: Role of Endogenous Prostaglandins. Surgery 124, 429–437. doi:10.1016/s0039-6060(98)70150-3
 Kondratska, K., Kondratskyi, A., Yassine, M., Lemonnier, L., Lepage, G., Morabito, A., et al. (2014). Orai1 and STIM1 Mediate SOCE and Contribute to Apoptotic Resistance of Pancreatic Adenocarcinoma. Biochim. Biophys. Acta (Bba)-Mol. Cel Res. 1843, 2263–2269. doi:10.1016/j.bbamcr.2014.02.012
 Kondratskyi, A., Yassine, M., Slomianny, C., Kondratska, K., Gordienko, D., Dewailly, E., et al. (2014). Identification of ML-9 as a Lysosomotropic Agent Targeting Autophagy and Cell Death. Cell Death Dis 5, e1193. doi:10.1038/cddis.2014.156
 Ku, G. Y., and Ilson, D. H. (2013). Emerging Tyrosine Kinase Inhibitors for Esophageal Cancer. Expert Opin. emerging Drugs 18, 219–230. doi:10.1517/14728214.2013.805203
 Kurokawa, Y., Sugimoto, N., Miwa, H., Tsuda, M., Nishina, S., Okuda, H., et al. (2014). Phase II Study of Trastuzumab in Combination with S-1 Plus Cisplatin in HER2-Positive Gastric Cancer (HERBIS-1). Br. J. Cancer 110, 1163–1168. doi:10.1038/bjc.2014.18
 Ladeiras-Lopes, R., Pereira, A. K., Nogueira, A., Pinheiro-Torres, T., Pinto, I., Santos-Pereira, R., et al. (2008). Smoking and Gastric Cancer: Systematic Review and Meta-Analysis of Cohort Studies. Cancer Causes Control 19, 689–701. doi:10.1007/s10552-008-9132-y
 Lambert, R., and Hainaut, P. (2007). Esophageal Cancer: Cases and Causes (Part I). Endoscopy 39, 550–555. doi:10.1055/s-2007-966530
 Lau, W. M., Teng, E., Chong, H. S., Lopez, K. A. P., Tay, A. Y. L., Salto-Tellez, M., et al. (2014). CD44v8-10 Is a Cancer-specific Marker for Gastric Cancer Stem Cells. Cancer Res. 74, 2630–2641. doi:10.1158/0008-5472.can-13-2309
 Laurén, P. (1965). The Two Histological Main Types of Gastric Carcinoma: Diffuse and So-Called Intestinal-type Carcinoma. Acta Pathol. Microbiol. Scand. 64, 31–49. doi:10.1111/apm.1965.64.1.31
 Le Deist, F., and Capiod, T. (2011). Immunodéficiences et pathologies associées aux mutations dans STIM/ORAI. Med. Sci. (Paris) 27, 737–745. doi:10.1051/medsci/2011278016
 Lee, S. H., Rigas, N. K., Lee, C. R., Bang, A., Srikanth, S., Gwack, Y., et al. (2016). Orai1 Promotes Tumor Progression by Enhancing Cancer Stemness via NFAT Signaling in Oral/oropharyngeal Squamous Cell Carcinoma. Oncotarget 7, 43239–43255. doi:10.18632/oncotarget.9755
 Lewis, R. S. (2003). Calcium Oscillations in T-Cells: Mechanisms and Consequences for Gene Expression. Biochem. Soc. Trans. 31, 925–929. doi:10.1042/bst0310925
 Li, X., Lewis, M. T., Huang, J., Gutierrez, C., Osborne, C. K., Wu, M.-F., et al. (2008). Intrinsic Resistance of Tumorigenic Breast Cancer Cells to Chemotherapy. JNCI J. Natl. Cancer Inst. 100, 672–679. doi:10.1093/jnci/djn123
 Li, Y., Guo, B., Xie, Q., Ye, D., Zhang, D., Zhu, Y., et al. (2015). STIM1 Mediates Hypoxia-Driven Hepatocarcinogenesis via Interaction with HIF-1. Cel Rep. 12, 388–395. doi:10.1016/j.celrep.2015.06.033
 Liu, B., Yu, H.-H., Ye, H.-L., Luo, Z.-Y., and Xiao, F. (2015). Effects of Stromal Interacting Molecule 1 Gene Silencing by Short Hairpin RNA on the Biological Behavior of Human Gastric Cancer Cells. Mol. Med. Rep. 12, 3047–3054. doi:10.3892/mmr.2015.3778
 Liu, G., Yuan, X., Zeng, Z., Tunici, P., Ng, H., Abdulkadir, I. R., et al. (2006). Analysis of Gene Expression and Chemoresistance of CD133+ Cancer Stem Cells in Glioblastoma. Mol. Cancer 5, 67. doi:10.1186/1476-4598-5-67
 Liu, M., Inoue, K., Leng, T., Guo, S., and Xiong, Z.-G. (2014). TRPM7 Channels Regulate Glioma Stem Cell through STAT3 and Notch Signaling Pathways. Cell Signal. 26, 2773–2781. doi:10.1016/j.cellsig.2014.08.020
 Liu, X., Singh, B. B., and Ambudkar, I. S. (2003). TRPC1 Is Required for Functional Store-Operated Ca2+ Channels. Role of Acidic Amino Acid Residues in the S5-S6 Region. J. Biol. Chem. 278, 11337–11343. doi:10.1074/jbc.m213271200
 Lordick, F., Kang, Y.-K., Chung, H.-C., Salman, P., Oh, S. C., Bodoky, G., et al. (2013). Capecitabine and Cisplatin with or without Cetuximab for Patients with Previously Untreated Advanced Gastric Cancer (EXPAND): a Randomised, Open-Label Phase 3 Trial. Lancet Oncol. 14, 490–499. doi:10.1016/s1470-2045(13)70102-5
 Lu, H., Chen, I., Shimoda, L. A., Park, Y., Zhang, C., Tran, L., et al. (2017). Chemotherapy-Induced Ca2+ Release Stimulates Breast Cancer Stem Cell Enrichment. Cell Rep. 18, 1946–1957. doi:10.1016/j.celrep.2017.02.001
 Luik, R. M., Wu, M. M., Buchanan, J., and Lewis, R. S. (2006). The Elementary Unit of Store-Operated Ca2+ Entry: Local Activation of CRAC Channels by STIM1 at ER-Plasma Membrane Junctions. J. Cell Biol. 174, 815–825. doi:10.1083/jcb.200604015
 Ma, J., and Pan, Z. (2003). Retrograde Activation of Store-Operated Calcium Channel. Cell Calcium 33, 375–384. doi:10.1016/s0143-4160(03)00050-2
 Ma, X., Cheng, K.-T., Wong, C.-O., O’Neil, R. G., Birnbaumer, L., Ambudkar, I. S., et al. (2011). Heteromeric TRPV4-C1 Channels Contribute to Store-Operated Ca2+ Entry in Vascular Endothelial Cells. Cell calcium 50, 502–509. doi:10.1016/j.ceca.2011.08.006
 Marciel, M. P., Khadka, V. S., Deng, Y., Kilicaslan, P., Pham, A., Bertino, P., et al. (2018). Selenoprotein K Deficiency Inhibits Melanoma by Reducing Calcium Flux Required for Tumor Growth and Metastasis. Oncotarget 2 (9), 13407–13422. doi:10.18632/oncotarget.24388
 Maron, S. B., Xu, J., and Janjigian, Y. Y. (2020). Targeting EGFR in Esophagogastric Cancer. Front. Oncol. 10, 553876. doi:10.3389/fonc.2020.553876
 Mercer, J. C., Dehaven, W. I., Smyth, J. T., Wedel, B., Boyles, R. R., Bird, G. S., et al. (2006). Large Store-Operated Calcium Selective Currents Due to Co-expression of Orai1 or Orai2 with the Intracellular Calcium Sensor. Stim1. J. Biol. Chem. 281, 24979–24990. doi:10.1074/jbc.m604589200
 Mikoshiba, K., Furuichi, T., and Miyawaki, A. (1994). Structure and Function of IP3 Receptors. Semin. Cel. Biol. 5, 273–281. doi:10.1006/scel.1994.1033
 Ming, X. Y., Fu, L., Zhang, L. Y., Qin, Y. R., Cao, T. T., Chan, K. W., et al. (2016). Integrin α7 Is a Functional Cancer Stem Cell Surface Marker in Oesophageal Squamous Cell Carcinoma. Nat. Commun. 7, 13568. doi:10.1038/ncomms13568
 Mohiuddin, I. S., Wei, S. J., and Kang, M. H. (2020). Role of OCT4 in Cancer Stem-like Cells and Chemotherapy Resistance. Biochim. Biophys. Acta Mol. Basis Dis. 1866, 165432. doi:10.1016/j.bbadis.2019.03.005
 Morelli, M. B., Nabissi, M., Amantini, C., Farfariello, V., Ricci-Vitiani, L., di Martino, S., et al. (2012). The Transient Receptor Potential Vanilloid-2 Cation Channel Impairs Glioblastoma Stem-like Cell Proliferation and Promotes Differentiation. Int. J. Cancer 131, E1067–E1077. doi:10.1002/ijc.27588
 Morita, M., Kuwano, H., Ohno, S., Sugimachi, K., Seo, Y., Tomoda, H., et al. (1994). Multiple Occurrence of Carcinoma in the Upper Aerodigestive Tract Associated with Esophageal Cancer: Reference to Smoking, Drinking and Family History. Int. J. Cancer 58, 207–210. doi:10.1002/ijc.2910580211
 Motiani, R. K., Hyzinski-García, M. C., Zhang, X., Henkel, M. M., Abdullaev, I. F., Kuo, Y.-H., et al. (2013). STIM1 and Orai1 Mediate CRAC Channel Activity and Are Essential for Human Glioblastoma Invasion. Pflugers Arch. - Eur. J. Physiol. 465, 1249–1260. doi:10.1007/s00424-013-1254-8
 Nishikawa, S., Konno, M., Hamabe, A., Hasegawa, S., Kano, Y., Ohta, K., et al. (2013). Aldehyde Dehydrogenasehigh Gastric Cancer Stem Cells Are Resistant to Chemotherapy. Int. J. Oncol. 42, 1437–1442. doi:10.3892/ijo.2013.1837
 Odiase, E., Zhang, X., Chang, Y., Nelson, M., Balaji, U., Gu, J., et al. (2021). In Esophageal Squamous Cells from Eosinophilic Esophagitis Patients, Th2 Cytokines Increase Eotaxin-3 Secretion through Effects on Intracellular Calcium and a Non-Gastric Proton Pump. Gastroenterology doi:10.1053/j.gastro.2021.02.016
 Ohkuma, M., Haraguchi, N., Ishii, H., Mimori, K., Tanaka, F., Kim, H. M., et al. (2012). Absence of CD71 Transferrin Receptor Characterizes Human Gastric Adenosquamous Carcinoma Stem Cells. Ann. Surg. Oncol. 19, 1357–1364. doi:10.1245/s10434-011-1739-7
 Ong, H. L., Cheng, K. T., Liu, X., Bandyopadhyay, B. C., Paria, B. C., Soboloff, J., et al. (2007). Dynamic Assembly of TRPC1-STIM1-Orai1 Ternary Complex Is Involved in Store-Operated Calcium Influx. Evidence for Similarities in Store-Operated and Calcium Release-Activated Calcium Channel Components. J. Biol. Chem. 282, 9105–9116. doi:10.1074/jbc.m608942200
 Ong, H. L., and Ambudkar, I. S. (2015). Molecular Determinants of TRPC1 Regulation within ER-PM Junctions. Cell calcium 58, 376–386. doi:10.1016/j.ceca.2015.03.008
 Pan, Z., Brotto, M., and Ma, J. (2014). Store-operated Ca2+entry in Muscle Physiology and Diseases. BMB Rep. 47, 69–79. doi:10.5483/bmbrep.2014.47.2.015
 Pan, Z., and Ma, J. (2015). Open Sesame: Treasure in Store-Operated Calcium Entry Pathway for Cancer Therapy. Sci. China Life Sci. 58, 48–53. doi:10.1007/s11427-014-4774-3
 Philipp, S., Trost, C., Warnat, J., Rautmann, J., Himmerkus, N., Schroth, G., et al. (2000). TRP4 (CCE1) Protein Is Part of Native Calcium Release-Activated Ca2+-like Channels in Adrenal Cells. J. Biol. Chem. 275, 23965–23972. doi:10.1074/jbc.M003408200
 Prevarskaya, N., Skryma, R., and Shuba, Y. (2018). Ion Channels in Cancer: Are Cancer Hallmarks Oncochannelopathies?Physiol. Rev. 98, 559–621. doi:10.1152/physrev.00044.2016
 Putney, J. W. (1986). A Model for Receptor-Regulated Calcium Entry. Cell Calcium 7, 1–12. doi:10.1016/0143-4160(86)90026-6
 Ramos, S., Grigoryev, S., Rogers, E., Roos, J., Whitten, J., Stauderman, K., et al. (2012). CM3457, a Potent and Selective Oral CRAC Channel Inhibitor, Suppresses T and Mast Cell Function and Is Efficacious in Rat Models of Arthritis and Asthma (72.3). J. Immunol. 188, 72–73. 
 Rondé, P., Giannone, G., Gerasymova, I., Stoeckel, H., Takeda, K., and Haiech, J. (2000). Mechanism of Calcium Oscillations in Migrating Human Astrocytoma Cells. Biochim. Biophys. Acta (Bba)-Mol. Cell Res. 1498, 273–280. doi:10.1016/s0167-4889(00)00102-6
 Roos, J., DiGregorio, P. J., Yeromin, A. V., Ohlsen, K., Lioudyno, M., Zhang, S., et al. (2005). STIM1, an Essential and Conserved Component of Store-Operated Ca2+ Channel Function. J. Cel. Biol. 169, 435–445. doi:10.1083/jcb.200502019
 Sakakura, C., Miyagawa, K., Fukuda, K., Shimomura, K., Takemura, M., Takagi, T., et al. (2003). [Possible Involvement of Inositol 1, 4, 5-trisphosphate Receptor Type 3 (IP3R3) in the Peritoneal Dissemination of Gastric Cancers]. Gan To Kagaku Ryoho 30, 1784–1787.
 Sampath, B., and Sankaranarayanan, K. (2016). Glu106 Targeted Inhibitors of ORAI1 as Potential Ca2+ Release-Activated Ca2+ (CRAC) Channel Blockers - Molecular Modeling and Docking Studies. J. Recept. Signal Transduct. Res. 36, 572–585. doi:10.3109/10799893.2016.1141956
 Santulli, G., and Marks, A. (2015). Essential Roles of Intracellular Calcium Release Channels in Muscle, Brain, Metabolism, and Aging. Curr. Mol. Pharmacol. 8, 206–222. doi:10.2174/1874467208666150507105105
 Schleifer, H., Doleschal, B., Lichtenegger, M., Oppenrieder, R., Derler, I., Frischauf, I., et al. (2012). Novel Pyrazole Compounds for Pharmacological Discrimination between Receptor‐operated and Store‐operated Ca 2+ Entry Pathways. Br. J. Pharmacol. 167, 1712–1722. doi:10.1111/j.1476-5381.2012.02126.x
 Schmidt, S., Liu, G., Liu, G., Yang, W., Honisch, S., Pantelakos, S., et al. (2014). Enhanced Orai1 and STIM1 Expression as Well as Store Operated Ca2+ Entry in Therapy Resistant Ovary Carcinoma Cells. Oncotarget 5, 4799–4810. doi:10.18632/oncotarget.2035
 Sehdev, A., and Catenacci, D. V. (2013). Gastroesophageal Cancer: Focus on Epidemiology, Classification, and Staging. Discov. Med. 16, 103–111.
 Shaw, P. J., and Feske, S. (2012). Physiological and Pathophysiological Functions of SOCE in the Immune System. Front. Biosci. (Elite Ed) 4, 2253–2268. doi:10.2741/540
 Shi, Y., Ding, X., He, Z.-H., Zhou, K.-C., Wang, Q., and Wang, Y.-Z. (2009). Critical Role of TRPC6 Channels in G2 Phase Transition and the Development of Human Oesophageal Cancer. Gut 58, 1443–1450. doi:10.1136/gut.2009.181735
 Siegel, R. L., Miller, K. D., and Jemal, A. (2017). Cancer Statistics, 2017. CA: A Cancer J. Clin. 67, 7–30. doi:10.3322/caac.21387
 Soboloff, J., Spassova, M. A., Tang, X. D., Hewavitharana, T., Xu, W., and Gill, D. L. (2006). Orai1 and STIM Reconstitute Store-Operated Calcium Channel Function. J. Biol. Chem. 281, 20661–20665. doi:10.1074/jbc.c600126200
 Spassova, M. A., Soboloff, J., He, L.-P., Xu, W., Dziadek, M. A., and Gill, D. L. (2006). STIM1 Has a Plasma Membrane Role in the Activation of Store-Operated Ca2+ Channels. Proc. Natl. Acad. Sci. 103, 4040–4045. doi:10.1073/pnas.0510050103
 Spicer, J., Irshad, S., Ang, J. E., Enting, D., Kristeleit, R., Uttenreuther-Fischer, M., et al. (2017). A Phase I Study of Afatinib Combined with Paclitaxel and Bevacizumab in Patients with Advanced Solid Tumors. Cancer Chemother. Pharmacol. 79, 17–27. doi:10.1007/s00280-016-3189-1
 Sundivakkam, P. C., Freichel, M., Singh, V., Yuan, J. P., Vogel, S. M., Flockerzi, V., et al. (2012). The Ca2+ Sensor Stromal Interaction Molecule 1 (STIM1) Is Necessary and Sufficient for the Store-Operated Ca2+ Entry Function of Transient Receptor Potential Canonical (TRPC) 1 and 4 Channels in Endothelial Cells. Mol. Pharmacol. 81, 510–526. doi:10.1124/mol.111.074658
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 0, 1–41. doi:10.3322/caac.21660
 Takaishi, S., Okumura, T., Tu, S., Wang, S. S. W., Shibata, W., Vigneshwaran, R., et al. (2009). Identification of Gastric Cancer Stem Cells Using the Cell Surface Marker CD44. Stem Cells 27, 1006–1020. doi:10.1002/stem.30
 Takezawa, R., Cheng, H., Beck, A., Ishikawa, J., Launay, P., Kubota, H., et al. (2006). A Pyrazole Derivative Potently Inhibits Lymphocyte Ca2+ Influx and Cytokine Production by Facilitating Transient Receptor Potential Melastatin 4 Channel Activity. Mol. Pharmacol. 69, 1413–1420. doi:10.1124/mol.105.021154
 Tang, B.-D., Xia, X., Lv, X.-F., Yu, B.-X., Yuan, J.-N., Mai, X.-Y., et al. (2017). Inhibition of Orai1-Mediated Ca2+entry Enhances Chemosensitivity of HepG2 Hepatocarcinoma Cells to 5-fluorouracil. J. Cel. Mol. Med. 21, 904–915. doi:10.1111/jcmm.13029
 Terashima, M., Kitada, K., Ochiai, A., Ichikawa, W., Kurahashi, I., Sakuramoto, S., et al. (2012). Impact of Expression of Human Epidermal Growth Factor Receptors EGFR and ERBB2 on Survival in Stage II/III Gastric Cancer. Clin. Cancer Res. 18, 5992–6000. doi:10.1158/1078-0432.ccr-12-1318
 Tiruppathi, C., Ahmmed, G. U., Vogel, S. M., and Malik, A. B. (2006). Ca2+Signaling, TRP Channels, and Endothelial Permeability. Microcirculation 13, 693–708. doi:10.1080/10739680600930347
 van Heijl, M., van Lanschot, J. J., Koppert, L. B., van Berge Henegouwen, M. I., Muller, K., Steyerberg, E. W., et al. (2008). Neoadjuvant Chemoradiation Followed by Surgery versus Surgery Alone for Patients with Adenocarcinoma or Squamous Cell Carcinoma of the Esophagus (CROSS). BMC Surg. 8, 21. doi:10.1186/1471-2482-8-21
 Vaughan, T. L., Davis, S., Kristal, A., and Thomas, D. B. (1995). Obesity, Alcohol, and Tobacco as Risk Factors for Cancers of the Esophagus and Gastric Cardia: Adenocarcinoma versus Squamous Cell Carcinoma. Cancer Epidemiol. Biomarkers Prev. 4, 85–92.
 Venkatachalam, K., and Montell, C. (2007). TRP Channels. Annu. Rev. Biochem. 76, 387–417. doi:10.1146/annurev.biochem.75.103004.142819
 Verbsky, J. W., and Chatila, T. A. (2011). T-regulatory Cells in Primary Immune Deficiencies. Curr. Opin. Allergy Clin. Immunol. 11, 539–544. doi:10.1097/aci.0b013e32834cb8fa
 Vig, M., Beck, A., Billingsley, J. M., Lis, A., Parvez, S., Peinelt, C., et al. (2006). CRACM1 Multimers Form the Ion-Selective Pore of the CRAC Channel. Curr. Biol. : CB 16, 2073–2079. doi:10.1016/j.cub.2006.08.085
 Waddell, T., Chau, I., Cunningham, D., Gonzalez, D., Okines, A. F. C., Wotherspoon, A., et al. (2013). Epirubicin, Oxaliplatin, and Capecitabine with or without Panitumumab for Patients with Previously Untreated Advanced Oesophagogastric Cancer (REAL3): a Randomised, Open-Label Phase 3 Trial. Lancet Oncol. 14, 481–489. doi:10.1016/s1470-2045(13)70096-2
 Waldron, R. T., Chen, Y., Pham, H., Go, A., Su, H. Y., Hu, C., et al. (2019). The Orai Ca 2+ Channel Inhibitor CM4620 Targets Both Parenchymal and Immune Cells to Reduce Inflammation in Experimental Acute Pancreatitis. J. Physiol. 597, 3085–3105. doi:10.1113/jp277856
 Wang, J., Shimoda, L. A., and Sylvester, J. T. (2004). Capacitative Calcium Entry and TRPC Channel Proteins Are Expressed in Rat Distal Pulmonary Arterial Smooth Muscle. Am. J. Physiology-Lung Cell Mol. Physiol. 286, L848–L858. doi:10.1152/ajplung.00319.2003
 Wang, J. Y., Sun, J., Huang, M. Y., Wang, Y. S., Hou, M. F., Sun, Y., et al. (2015). STIM1 Overexpression Promotes Colorectal Cancer Progression, Cell Motility and COX-2 Expression. Oncogene 34, 4358–4367. doi:10.1038/onc.2014.366
 Wang, L., Hao, J., Zhang, Y., Yang, Z., Cao, Y., Lu, W., et al. (2017a). Orai1 Mediates Tumor-Promoting Store-Operated Ca(2+) Entry in Human Gastrointestinal Stromal Tumors via C-KIT and the Extracellular Signal-Regulated Kinase Pathway. Tumour Biol. 39, 1010428317691426. doi:10.1177/1010428317691426
 Wang, V. E., Grandis, J. R., and Ko, A. H. (2016). New Strategies in Esophageal Carcinoma: Translational Insights from Signaling Pathways and Immune Checkpoints. Clin. Cancer Res. 22, 4283–4290. doi:10.1158/1078-0432.ccr-16-0292
 Wang, Y., Zhang, C., Zhu, H., Tang, J., Zhang, S., Luo, J., et al. (2017b). CD90 Positive Cells Exhibit Aggressive Radioresistance in Esophageal Squamous Cell Carcinoma. J. Thorac. Dis. 9, 610–620. doi:10.21037/jtd.2017.03.28
 Warren, J. R., Marshall, B., and Marshall, B. (1983). Unidentified Curved Bacilli on Gastric Epithelium in Active Chronic Gastritis. Lancet 1, 1273–1275.
 Wenqi, D., Li, W., Shanshan, C., Bei, C., Yafei, Z., Feihu, B., et al. (2009). EpCAM Is Overexpressed in Gastric Cancer and its Downregulation Suppresses Proliferation of Gastric Cancer. J. Cancer Res. Clin. Oncol. 135, 1277–1285. doi:10.1007/s00432-009-0569-5
 Wheeler, J. B., and Reed, C. E. (2012). Epidemiology of Esophageal Cancer. Surg. Clin. North America 92, 1077–1087. doi:10.1016/j.suc.2012.07.008
 Wilke, H., Muro, K., Van Cutsem, E., Oh, S.-C., Bodoky, G., Shimada, Y., et al. (2014). Ramucirumab Plus Paclitaxel versus Placebo Plus Paclitaxel in Patients with Previously Treated Advanced Gastric or Gastro-Oesophageal Junction Adenocarcinoma (RAINBOW): a Double-Blind, Randomised Phase 3 Trial. Lancet Oncol. 15, 1224–1235. doi:10.1016/s1470-2045(14)70420-6
 Wong, J. H., Ho, K. H., Nam, S., Hsu, W. L., Lin, C. H., Chang, C. M., et al. (2017). Store-operated Ca(2+) Entry Facilitates the Lipopolysaccharide-Induced Cyclooxygenase-2 Expression in Gastric Cancer Cells. Scientific Rep. 7, 12813. doi:10.1038/s41598-017-12648-1
 Xia, J., Wang, H., Huang, H., Sun, L., Dong, S., Huang, N., et al. (2016). Elevated Orai1 and STIM1 Expressions Upregulate MACC1 Expression to Promote Tumor Cell Proliferation, Metabolism, Migration, and Invasion in Human Gastric Cancer. Cancer Lett. 381, 31–40. doi:10.1016/j.canlet.2016.07.014
 Xu, J.-M., Zhou, Y., Gao, L., Zhou, S.-X., Liu, W.-H., and Li, X.-A. (2016). Stromal Interaction Molecule 1 Plays an Important Role in Gastric Cancer Progression. Oncol. Rep. 35, 3496–3504. doi:10.3892/or.2016.4704
 Xue, Z., Yan, H., Li, J., Liang, S., Cai, X., Chen, X., et al. (2012). Identification of Cancer Stem Cells in Vincristine Preconditioned SGC7901 Gastric Cancer Cell Line. J. Cell Biochem. 113, 302–312. doi:10.1002/jcb.23356
 Yamashita, M., Somasundaram, A., and Prakriya, M. (2011). Competitive Modulation of Ca2+ Release-Activated Ca2+ Channel Gating by STIM1 and 2-Aminoethyldiphenyl Borate. J. Biol. Chem. 286, 9429–9442. doi:10.1074/jbc.m110.189035
 Yang, H., Mergler, S., Sun, X., Wang, Z., Lu, L., Bonanno, J. A., et al. (2005). TRPC4 Knockdown Suppresses Epidermal Growth Factor-Induced Store-Operated Channel Activation and Growth in Human Corneal Epithelial Cells. J. Biol. Chem. 280, 32230–32237. doi:10.1074/jbc.m504553200
 Yang, N., Tang, Y., Wang, F., Zhang, H., Xu, D., Shen, Y., et al. (2013). Blockade of Store-Operated Ca(2+) Entry Inhibits Hepatocarcinoma Cell Migration and Invasion by Regulating Focal Adhesion Turnover. Cancer Lett. 330, 163–169. doi:10.1016/j.canlet.2012.11.040
 Yang, S., Zhang, J. J., and Huang, X.-Y. (2009). Orai1 and STIM1 Are Critical for Breast Tumor Cell Migration and Metastasis. Cancer cell 15, 124–134. doi:10.1016/j.ccr.2008.12.019
 Yang, Y. M., Hong, P., Xu, W. W., He, Q. Y., and Li, B. (2020). Advances in Targeted Therapy for Esophageal Cancer. Signal Transduct. Target Ther. 5, 229. doi:10.1038/s41392-020-00323-3
 Yano, S., Kondo, K., Yamaguchi, M., Richmond, G., Hutchison, M., Wakeling, A., et al. (2003). Distribution and Function of EGFR in Human Tissue and the Effect of EGFR Tyrosine Kinase Inhibition. Anticancer Res. 23, 3639–3650.
 Yeromin, A. V., Zhang, S. L., Jiang, W., Yu, Y., Safrina, O., and Cahalan, M. D. (2006). Molecular Identification of the CRAC Channel by Altered Ion Selectivity in a Mutant of Orai. Nature 443, 226–229. doi:10.1038/nature05108
 Yoshino, T., Ishikawa, J., Ohga, K., Morokata, T., Takezawa, R., Morio, H., et al. (2007). YM-58483, a Selective CRAC Channel Inhibitor, Prevents Antigen-Induced Airway Eosinophilia and Late Phase Asthmatic Responses via Th2 Cytokine Inhibition in Animal Models. Eur. J. Pharmacol. 560, 225–233. doi:10.1016/j.ejphar.2007.01.012
 Yu, J., Wang, S., Zhao, W., Duan, J., Wang, Z., Chen, H., et al. (2018). Mechanistic Exploration of Cancer Stem Cell Marker Voltage-Dependent Calcium Channel α2δ1 Subunit-Mediated Chemotherapy Resistance in Small-Cell Lung Cancer. Clin. Cancer Res. 24, 2148–2158. doi:10.1158/1078-0432.ccr-17-1932
 Zhang, S. L., Yu, Y., Roos, J., Kozak, J. A., Deerinck, T. J., Ellisman, M. H., et al. (2005). STIM1 Is a Ca2+ Sensor that Activates CRAC Channels and Migrates from the Ca2+ Store to the Plasma Membrane. Nature 437, 902–905. doi:10.1038/nature04147
 Zhang, S., Remillard, C. V., Fantozzi, I., and Yuan, J. X.-J. (2004). ATP-induced Mitogenesis Is Mediated by Cyclic AMP Response Element-Binding Protein-Enhanced TRPC4 Expression and Activity in Human Pulmonary Artery Smooth Muscle Cells. Am. J. Physiology-Cell Physiol. 287, C1192–C1201. doi:10.1152/ajpcell.00158.2004
 Zhang, S. S., Wen, J., Yang, F., Cai, X. L., Yang, H., Luo, K. J., et al. (2013). High Expression of Transient Potential Receptor C6 Correlated with Poor Prognosis in Patients with Esophageal Squamous Cell Carcinoma. Med. Oncol. 30, 607. doi:10.1007/s12032-013-0607-7
 Zhang, X., and Pan, Z. (2020). Influence of Microbiota on Immunity and Immunotherapy for Gastric and Esophageal Cancers. Gastroenterol. Rep. 8, 206–214. doi:10.1093/gastro/goaa014
 Zhang, Y., Cruickshanks, N., Yuan, F., Wang, B., Pahuski, M., Wulfkuhle, J., et al. (2017). Targetable T-type Calcium Channels Drive Glioblastoma. Cancer Res. 77, 3479–3490. doi:10.1158/0008-5472.can-16-2347
 Zhao, W., Wang, L., Han, H., Jin, K., Lin, N., Guo, T., et al. (2013). 1B50-1, a mAb Raised against Recurrent Tumor Cells, Targets Liver Tumor-Initiating Cells by Binding to the Calcium Channel α2δ1 Subunit. Cancer cell 23, 541–556. doi:10.1016/j.ccr.2013.02.025
 Zheng, H. C. (2017). The Molecular Mechanisms of Chemoresistance in Cancers. Oncotarget 8, 59950–59964. doi:10.18632/oncotarget.19048
 Zhu, H., Zhang, H., Jin, F., Fang, M., Huang, M., Yang, C. S., et al. (2014a). Elevated Orai1 Expression Mediates Tumor-Promoting Intracellular Ca2+ Oscillations in Human Esophageal Squamous Cell Carcinoma. Oncotarget 5, 3455–3471. doi:10.18632/oncotarget.1903
 Zhu, M., Wang, H., Cui, J., Li, W., An, G., Pan, Y., et al. (2017). Calcium-binding Protein S100A14 Induces Differentiation and Suppresses Metastasis in Gastric Cancer. Cell Death Dis. 8, e2938. doi:10.1038/cddis.2017.297
 Zhu, X., Chu, P. B., Peyton, M., and Birnbaumer, L. (1995). Molecular Cloning of a Widely Expressed Human Homologue for the Drosophila Trp Gene. FEBS Lett. 373, 193–198. doi:10.1016/0014-5793(95)01038-g
 Zhu, Y., Yu, J., Wang, S., Lu, R., Wu, J., and Jiang, B. (2014b). Overexpression of CD133 Enhances Chemoresistance to 5-fluorouracil by Activating the PI3K/Akt/p70S6K Pathway in Gastric Cancer Cells. Oncol. Rep. 32, 2437–2444. doi:10.3892/or.2014.3488
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 Chang, Roy and Pan. 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: 06 May 2021
doi: 10.3389/fphar.2021.686874


[image: image2]
Proteasome Inhibition Suppresses KIT-Independent Gastrointestinal Stromal Tumors Via Targeting Hippo/YAP/Cyclin D1 Signaling
Ting Chen1†, Nan Ni1†, Li Yuan1†, Liangliang Xu1, Nacef Bahri2, Boshu Sun1, Yuehong Wu1 and Wen-Bin Ou1,2*
1Zhejiang Provincial Key Laboratory of Silkworm Bioreactor and Biomedicine, College of Life Sciences and Medicine, Zhejiang Sci-Tech University, Hangzhou, China
2Department of Pathology, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, United States
Edited by:
Fanfan Zhou, The University of Sydney, Australia
Reviewed by:
Sergei V. Boichuk, Kazan State Medical University, Russia
Erik Berglund, Karolinska Institutet (KI), Sweden
* Correspondence: Wen-Bin Ou, ouwenbin@tsinghua.org.cn
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Pharmacology
Received: 28 March 2021
Accepted: 23 April 2021
Published: 06 May 2021
Citation: Chen T, Ni N, Yuan L, Xu L, Bahri N, Sun B, Wu Y and Ou W-B (2021) Proteasome Inhibition Suppresses KIT-Independent Gastrointestinal Stromal Tumors Via Targeting Hippo/YAP/Cyclin D1 Signaling. Front. Pharmacol. 12:686874. doi: 10.3389/fphar.2021.686874

Purpose: Gastrointestinal stromal tumors (GISTs) are the most common malignant tumor of mesenchymal origin of the digestive tract. A yet more challenging resistance mechanism involves transition from oncogenic KIT to a new imatinib-insensitive oncogenic driver, heralded by loss of KIT expression. Our recent studies have shown that inhibition of cyclin D1 and Hippo signaling, which are overexpressed in KIT-independent GIST, is accompanied by anti-proliferative and apoptosis-promoting effects. PRKCQ, JUN, and the Hippo/YAP pathway coordinately regulate GIST cyclin D1 expression. Thus, targeting of these pathways could be effective therapeutically for these now untreatable tumors.
Methods: Targeting cyclin D1 expression of small molecular drugs was screened by a cell monolayer growth and western blotting. The biologic mechanisms of bortezomib to KIT-independent GISTs were assessed by immunoblotting, qRT-PCR, cell viability, colony growth, cell cycle analysis, apoptosis, migration and invasiveness.
Results: In the initial small molecular inhibitor screening in KIT-independent GIST62, we found that bortezomib-mediated inhibition of the ubiquitin-proteasome machinery showed anti-proliferative effects of KIT-independent GIST cells via downregulation of cyclin D1 and induction of p53 and p21. Treatment with proteasome inhibitor, bortezomib, led to downregulation of cyclin D1 and YAP/TAZ and an increase in the cleaved PARP expression in three KIT-independent GIST cell lines (GIST48B, GIST54, and GIST226). Additionally, it induced p53 and p21 expression in GIST48B and GIST54, increased apoptosis, and led to cell cycle G1/G2-phase arrest, decreased cell viability, colony formation, as well as migration and invasiveness in all GIST cell lines.
Conclusion: Although our findings are early proof-of-principle, there are signs of a potential effective treatment for KIT-independent GISTs, the data highlight that targeting of cyclin D1 and Hippo/YAP by bortezomib warrants evaluation as a novel therapeutic strategy in KIT-independent GISTs.
Keywords: cyclin D1, hippo pathway, bortezomib, KIT-independent GIST, YAP/TAZ
INTRODUCTION
Most gastrointestinal stromal tumors (GISTs) are driven by activating oncogenic mutations of receptor tyrosine kinase (RTK) KIT/PDGFRA, which provide a compelling therapeutic target, as evidenced by the clinical successes of KIT/PDGFRA-inhibition by small molecule therapeutics. More than 85% of GIST patients treated with the small molecule drugs such as first line-imatinib, second line-sunitinib, or third line-regorafenib, achieve disease stabilization. But, a substantial proportion of patients develop resistance to these inhibitors over time (Corless et al., 2004; Dematteo et al., 2009; Chen et al., 2017). The majority of patients with advanced GIST ultimately become resistant to tyrosine kinase inhibitor (TKI) due to secondary KIT or PDGFRA mutations (Gebreyohannes et al., 2019; Huang et al., 2020). Recent studies found that the use of avapritinib (BLU285) to target these KIT or PDGFRA mutations showed significantly better antitumor effects than imatinib or regorafenib (Gebreyohannes et al., 2019), and avapritinib has been approved by the FDA for the treatment of inoperable or metastatic GIST with PDGFRA exon 18 mutation (Dhillon, 2020).
A yet more challenging resistance mechanism found in GIST lesions with KIT mutations as they progress clinically involves the transition from KIT to another novel oncogene, which shows strong resistant to these small molecular inhibitors due to the loss of KIT expression (Fletcher et al., 2003; Debiec-Rychter et al., 2005; Tu et al., 2018; Ou et al., 2019). In our more recent study, we characterized biologic features in KIT-independent, imatinib-resistant GISTs as a step towards identifying actionable drug targets in these poorly understood tumors. We demonstrated that overexpressed cyclin D1 plays an oncogenic role in KIT independent GISTs. Active JUN and Hippo/YAP signaling coordinated and induced cyclin D1 overexpression (Ou et al., 2019). These findings highlight inhibition of cyclin D1 or the Hippo pathway as rational therapeutic strategies for KIT-independent GIST.
Bortezomib is a dipeptide boronic acid inhibitor of the 20S proteasome that is FDA-approved for the treatment of multiple myeloma and mantle cell lymphoma (Adams et al., 1999; Hideshima et al., 2001b; Bross et al., 2004). In multiple myeloma, a key consequence of bortezomib treatment appears to be inhibition of the transcription factor nuclear factor-κB (NF-κB) (Hideshima et al., 2001a; Hideshima et al., 2001b). Early studies found that bortezomib induced internalization and degradation of KIT by binding KIT to ubiquitin-protein ligase CBL which induced primary apoptosis in GIST cells (Dong et al., 2015). Another finding showed that bortezomib rapidly induced apoptosis in GIST cells through H2AX upregulation and loss of KIT protein expression (Bauer et al., 2010). The more recent reports demonstrated that treatment with second-generation inhibitors of the 20S proteasome (delanzomib, carfilzomib and ixazomib) showed strong anti-tumor effects in KIT-dependent GIST cell lines as well as patient-derived tumor xenograft (PDX), including in imatinib-resistant models (Rausch et al., 2020).
In the present study, bortezomib treatment resulted in pro-apoptotic and anti-proliferative effects in KIT independent GIST cell lines through inhibition of cyclin D1 and Hippo/YAP signaling which may be a promising strategy for the future treatment of imatinib-resistant GISTs, and specifically for the as of now untreatable KIT-independent tumors.
MATERIALS AND METHODS
A number of the methods described below and KIT-independent GIST cell lines have been described previously (Ou et al., 2019).
Antibodies and Reagents
Monoclonal mouse antibodies to cyclin D1 (sc-20044) and p53 (sc-126), and monoclonal rabbit antibody to p21 (#29478) were from Santa Cruz Biotechnology (Santa Cruz, CA) and Cell Signaling Technology (Beverly, MA), respectively. Polyclonal antibodies to YAP (#8418) and p-YAP (Ser127, #49118) were from Cell Signaling Technology. PARP (#766606G) and β-Actin (A4700) were from Invitrogen Life Technologies (Carlsbad, CA) and Sigma-Aldrich (St, Louis, MO), respectively. 17-allyloamino-17-demethoxygeldanamycin (17-AAG), imatinib, Nutlin-3, and everolimus were obtained from LC Labs (Woburn, MA). Bortezomib was from Selleckchem (Shanghai, China). Inhibitors of MEK1/2 (U0126), PI3-K (LY294002), PLCγ (∆609), and JAK (AG490) were from Calbiochem (SanDiego, California) and the Src family inhibitor, PP1, was from Biomol International L.P. (Plymouth Meeting, PA). All inhibitors were reconstituted in DMSO. Crystal violet and propidium iodide solution were from Sigma-Aldrich. Apoptosis Assays Kit was from Cell Signaling Technology.
Gastrointestinal Stromal Tumor Cell Lines
GIST48B is isogenic sublines of GIST48, which retains the parental oncogenic KIT genomic mutations but have lost KIT protein-level expression and are therefore KIT-independent. GIST62, GIST54, and GIST226 are KIT-mutant human GIST cell lines, established from KIT-dependent clinically untreated and imatinib-progressing tumors which do not express KIT and are KIT-independent. GIST cell lines were developed in Dr. Jonathan Fletcher’s Laboratory of the Department of Pathology at Brigham and Women’s Hospital. Cells were regularly screened for mycoplasma contamination using Mycoplasma Stain Assay Kit (Beyotime Biotechnology, Shanghai), and authenticated by SNP array analysis and KIT sequencing prior to these studies. The studies were conducted in accordance with recognized ethical guidelines (United States Common Rule), were approved by Zhejiang Sci-Tech University Institutional Review Boards.
Cell Culture
GIST62 cell line was maintained in RPMI 1640 medium plus 15% fetal bovine serum (FBS) containing penicillin/streptomycin and L-glutamine. GIST54, GIST226, and GIST48B were maintained in IMDM medium plus 5% or 10% FBS containing penicillin/streptomycin and L-glutamine, respectively. GIST cells were seeded in 6-well plates. Cells were lysed for western blot analysis at 72 h after treatment with bortezomib. Cell culture images were obtained using Spot RT Slider Camera and Spot Software (Version 4.6 for Windows™) and a Nikon Eclipse TE2000-S inverted microscope at 72 h after treatment with different inhibitors.
Western Blotting
Whole cell lysates from cell lines were prepared using lysis buffer (1% NP-40, 50 mM Tris-HCl pH 8.0, 100 mM sodium fluoride, 30 mM sodium pyrophosphate, 2 mM sodium molybdate, 5 mM EDTA, 2 mM sodium orthovanadate, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 2 mM Vanadate). Lysates were cleared by centrifugation at 15,000 rpm for 30 min at 4°C, and lysate protein concentrations were determined using a Quick Start™ Bradford Protein Assay (Bio-Rad Laboratories Hercules, CA, United States). Electrophoresis and western blotting were performed as described previously (Rubin et al., 2001), and repeated three independent experiments for each cell line. The hybridization signals were detected by chemiluminescence (ECL, Amersham Pharmacia Biotechnology), captured using a ImageQuant LAS4000 mini chemiluminescence imaging system.
Ribonucleic Acid Preparation and qRT-Polymerase Chain Reaction
CCND1, YAP, and TAZ RNA expression was evaluated by qRT-PCR in GIST48B and GIST226 cells. Total RNA was prepared using the Trizol reagent (Invitrogen, Carlsbad, CA). Reverse transcription PCR was performed with 0.5 μg RNA, using the PrimeScript™ RT reagent Kit (Takara Bio Inc. Kusatsu, Shiga, Japan). qPCR was performed with TB GreenR Premix Ex Taq™ II (Tli RNaseH Plus) (Takara Bio Inc.) in a reaction volume of 25 μL, using an ABI Prism 7500 real-time PCR detection system (Applied Biosystems Inc., Shanghai). Reactions contained 1 μL cDNA, 400 nM of each primer, and 12.5 μL iQ SYBR green supermix. After 3 min at 95°C, each of the 40 PCR cycles consisted of denaturation for 10 seconds at 95°C, hybridization of primers and SYBR green, and DNA synthesis for 1 minute at 60°C. The qRT-PCR assays for CCND1 were performed using the following primers: sense: 5- CCGTCCATGCGGAAGATC -3’ and anti-sense: 5’-GAA​GAC​CTC​CTC​CTC​GCA​CT-3’ (Thomazy et al., 2002); YAP sense: 5’- CCA​CAG​GCA​ATG​CGG​AAT​ATC-3’ and anti-sense: 5’- GGT​GCC​ACT​GTT​AAG​GAA​AGG-3’ (Wang et al., 2017). TAZ sense: 5’- GGC​TGG​GAG​ATG​ACC​TTC​AC-3’ and anti-sense: 5’- AGG​CAC​TGG​TGT​GGA​ACT​GAC-3’ (Wang et al., 2017). As a control, GAPDH was amplified using the following primers: sense: 5’-GAA​GGT​GAA​GGT​CGG​AGT​CAA​C-3’ and anti-sense: 5’-TGG​AAG​ATG​GTG​ATG​GGA​TTT​C-3’. All primers were obtained from Invitrogen. The comparative Ct (cycle threshold) method was used to determine expression differences of CCND1, YAP, and TAZ mRNA in GIST cell lines as compared to the DMSO control after treatment with bortezomib for 24 h. Data (run in triplicate assays) were normalized to GAPDH.
Cell Viability
GIST48B (5,000 cells/well), GIST54 (10,000 cells/well), and GIST226 (15,000 cells/well) were plated in a 96-well flat-bottomed plate (Grenier, Germany) and cultured in IMDM for 24 h before treatment with bortezomib. Viability studies were performed at 3 and 6 days after bortezomib treatment in KIT-independent GIST cell lines. 200 μL MTT (5 mg/ml) for each well was added into GIST cells and incubated for 4 h in the dark. Finally A490 was measured by an automatic enzyme-linked immunosorbent assay system AMR-100 (Hangzhou Allsheng Instruments Co.,Ltd., Zhejiang, China). The data were normalized to the DMSO control group. All experimental points were set up in quadruplicate wells and repeated three independent experiments.
Apoptosis Analysis
Apoptosis was evaluated using the PE Annexin V Apoptosis Detection Kit I (BD Pharmingen). Briefly, GIST48B, GIST54, and GIST226 cells in 6-well plates were treated with bortezomib for 48 h, trypsinized, and washed twice with cold PBS buffer, and then treated with 5 μL of PE Annexin V and 5 μL 7-AAD in 1× binding buffer for 15 min at room temperature (25°C) in the dark. The stained cells were analyzed in a flow cytometer (BD FACS Aria, Special Order System) within 1 h. Flowjo software version 7.6 (Flowjo LLC) was used to analyze the data.
Colony Formation Assay
Colony formation assays were performed as published previously with minor modifications (Bross et al., 2004). In brief, GIST48B, GIST54, and GIST226 cells were plated at 5000 cells/well in 6-well plates, respectively, and cultured in IMDM, for 14 days before treatment with bortezomib. After treatment with inhibitor for 7 days, the medium was removed, the cells were washed with PBS, and the cells were then stained with 0.5% crystal violet in methanol for 5 min. Excess stain was removed by washing with distilled water. Colonies were dissolved by using 900 µL glacial acetic acid and A570 was measured after colonies were photographed. The experiments were performed in duplicate wells and repeated three times.
Cell Cycle Analysis
GIST48B, GIST54 and GIST226 cells in 6-well plates were trypsinized and washed with Hanks Balanced Salt Solution at 72 h after treatment with bortezomib. Nuclear staining was with a DAPI-containing PI solution and the cell suspension was immediately analyzed in a flow cytometer (BD Accuri C6, BD Biosciences). Data analysis was performed using Flow Jo and CFlow Plus. The experiments were performed in duplicate wells and repeated three times.
In Vitro Wound-Healing Assays
Wound-healing studies were carried out as described previously (Shaw et al., 2001). Briefly, slashes were created in near-confluent cell cultures using the tip of a P-100 pipetman after addition of bortezomib (1 nM and 5 nM). Plates were photographed at day 0, 1, and 3 using a Leica DMI 3000B inverted microscope (Leica Microsystems). Experiments were performed in triplicate.
Cell Migration and Invasion
Migration and invasiveness of GIST cells were evaluated by the Matrigel assay (Collaborative Research Inc.), as described previously (Yang et al., 2007). Briefly, Matrigel was diluted with IMDM in a 1:2 ratio and then coated onto 24-well inserts (Boyden chamber) with a 12-μm pore size, and then incubated at 37°C overnight. GIST48B and GIST54 cells (4 × 104) were treated with bortezomib, followed by suspension in 0.5 ml of 0.5% serum-containing IMDM and seeded on the top chamber of each well with 1.5 ml of 15% serum-containing medium added to the bottom chamber, the higher serum content in the bottom chamber providing a chemotactic gradient. After 48 h, noninvasive cells that remained on the top surface of the filter were removed using a cotton swab and cells that remained adherent to the underside of the membrane were fixed in 4% formaldehyde and stained with 0.1% Crystal violet. Invasive cells were dissolved by using 900 µL glacial acetic acid and A570 was measured after these cells were photographed. Experiments were performed in triplicate.
Statistical Analysis
Student’s t-tests were performed on data from cells treated with control DMSO or bortezomib. Statistically significant differences between untreated control and inhibitor treatment were defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
RESULTS
The Initial Inhibitor Screening in KIT Independent Gastrointestinal Stromal Tumor
Signaling pathways that regulate KIT independent GIST proliferation and/or survival were evaluated by drug inhibitor treatments in KIT independent GIST cell line (GIST62). As shown in Table 1, these initial drug screening studies used inhibitors of PDGFR and KIT (imatinib), Src-family kinases (PP1), JAK (AG490), PLCγ (∆609), PI3-K (LY294002), mTOR (Everolimus), MEK (U0126), Nutlin-3 (MDM2), proteasome inhibition (bortezomib), and HSP90 (17-AAG). The cell images and immunoblotting were evaluated in KIT-independent GIST62 after treatment with the different inhibitors for 72 h (Figure 1). The most dramatic anti-proliferative or pro-apoptotic effects were observed after PI3-K inhibition and proteasome inhibition, but not in other signaling suppression, as compared to DMSO control (Figure 1A). Immunoblotting evaluation showed that the greatest inhibition of cyclin D1 expression was obtained with bortezomib. Mild inhibition was seen after treatment with imatinib, PP1, and U0126, and little effects were observed after treatment with other inhibitors. Bortezomib and Nutlin-3 treatment resulted in the increase of p53 and p21 expression whereas other inhibitors had little effect on p53 and p21 expression (Figure 1B).
TABLE1 | Screening of small molecular inhibitors in KIT-independent GIST62.
[image: T1][image: Figure 1]FIGURE 1 | (A) Cell growth was evaluated in KIT-independent GIST cell line (GIST62) after treatment with Imatinib (1 μM), PP1 (1 μM), AG490 (10 μM), Δ609 (1 μM), LY294002 (50 μM), U0126 (10 μM), Everolimus (1 μM), Nutlin-3 (5 μM), Bortezomib (100 nM), and 17-AAG (0.5 μM) for 72 h. (B) Immunoblotting evaluated expression of cyclin D1, p53, and p21 in GIST62 cells after treatment with the bortezomib for 72 h. Actin stain is a loading control. Linear capture quantitation of immunoblotting chemiluminescence signals, using an ImageQuant LAS4000. Intensity values are standardized to the DMSO control.
Bortezomib Treatment Downregulates Cyclin D1 and YAP/TAZ in KIT-Independent Gastrointestinal Stromal Tumor
Our recent study showed that cyclin D1 expression and Hippo/YAP activation were significantly increased in KIT independent GIST cells, and inhibition of cyclin D1 and YAP resulted in anti-proliferative and pro-apoptotic effects (Ou et al., 2019). In addition, the initial study showed that bortezomib treatment induced the degradation of cyclin D1 and expression of p53 and p21 in GIST62 (Figure 1B). Thus, we next investigated the effects of bortezomib on cyclin D1 and YAP expression in other three KIT independent GIST cell lines (GIST48B, GIST54, and GIST226). Immunoblotting evaluation was performed after treatment with bortezomib for 48 or 72 h. Bortezomib treatment resulted in inhibition of YAP, p-YAP, and cyclin D1 expression, induction of cell cycle checkpoint p53 and p21, and PARP cleavage by pro-apoptotic protein maker in GIST48B, GIST54, and GIST226 (Figure 2A and Supplementary Figures S1, S2). Signaling protein expression quantitations are shown in Figure 2A and Supplementary Figures S1, S2. We further investigated expression levels of CCND1, YAP, and TAZ mRNA by qRT-PCR in KIT-independent GIST cell lines (GIST48B and GIST226) after treatment with bortezomib for 24 h. Bortezomib treatment inhibited CCDN1, YAP, and TAZ transcripts in these GIST cell lines (Figure 2B), which was consistent with their protein expression (Figure 2A and Supplementary Figures S1, S2).
[image: Figure 2]FIGURE 2 | (A) Immunoblotting evaluated expression of cyclin D1, YAP, p-YAP, p53, p21, and pro-apoptotic marker PARP in KIT-independent GIST cell lines (GIST48B and GIST54) after treatment with bortezomib for 72 h. Actin stain is a loading control. Linear capture quantitation of immunoblotting chemiluminescence signals, using an ImageQuant LAS4000. Intensity values are standardized to the DMSO control. (B) Quantitative RT-PCR evaluations of CCND1, YAP, and TAZ transcript expression in GIST48B and GIST226 after treatment with bortezomib for 24 h. Data were normalized to DMSO control and represent the mean values (±s.d.) from triplicate assays, and were averaged from two independent experiments. Statistically significant differences between DMSO control and bortezomib treatment are presented as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Targeting of Cyclin D1 and YAP by Bortezomib Inhibits Cell Growth and Induces Apoptosis in KIT Independent Gastrointestinal Stromal Tumor
Cell proliferation, as assessed using MTT assay, was strongly inhibited in all KIT independent cell lines after proteasome inhibition by bortezomib. Cell proliferation IC50s at Day 6 were 3.5 nM for GIST48B, 3 nM for GIST54, and 6.5 nM for GIST226, suggesting that bortezomib anti-proliferative effects are more pronounced in KIT-independent GIST cells (Figure 3A). Cell growth of GIST48B, GIST54, and GIST226 was reduced dramatically, when evaluated with crystal violet staining at 72 h after treatment with bortezomib (Figure 3B). Colonies of GIST cells treated with bortezomib (GIST48B, GIST54, and GIST226) were fewer and smaller in size when compared with DMSO-treated cells (Figure 3C and Supplementary Figures S3, S4). Relative to DMSO, colony formation decreased by 85% (GIST48B), 75% (GIST54), and 85% (GIST226) in cells treated with 25 nM, 5 nM, or 2.5 nM bortezomib, respectively (Figure 3D and Supplementary Figure S4). GIST48B, GIST54, and GIST226 cells were further evaluated by cell cycle assays (Figure 3E). Bortezomib treatment in GIST48B and GIST226 resulted in an increase of G2 peaks, from 16.6% and 5.7% in the DMSO-treated cells to 25.2% and 8.2% in bortezomib (25 nM) -treated cells, respectively. Bortezomib treatment in GIST54 resulted in an increase of G1 peaks, from 68.8% in the DMSO-treated cells to 77.3% in bortezomib (25 nM) -treated cells (Figure 3E and Table 2).
[image: Figure 3]FIGURE 3 | Anti-proliferative effects of bortezomib in KIT-independent GIST cell lines (GIST48B, GIST54, and GIST226) were assessed by cell viability, cell imaging, colony formation assays, and cell cycle analysis. (A) Cell viability was evaluated by MTT assays in GIST48B, GIST54, and GIST226 cell lines, 3 and 6 days after treatment with bortezomib (1, 5, 10, 25, 50, 100, and 250 nM). Data were normalized to DMSO control and represent the mean values (±s.d.) from quadruplicate cultures, and were averaged from two independent experiments. Statistically significant differences between DMSO control and bortezomib treatment are presented as **p < 0.01, ***p < 0.001. (B) Cell culture appearance of GIST48B, GIST54, and GIST226, when evaluated at 72, 48, and 48 h after treatment with bortezomib (5, 25, and 50 nM) and staining with crystal violet, showing dramatic growth inhibition compared to DMSO-treated control cultures. Scale bars: 100 μm. (C) Colony growth assays were performed at 7 days after treatment with bortezomib (5, 10, and 25 nM). Colony growth experiments were performed in triplicate. Bortezomib treatment led to a greater reduction in colony formation and size in GIST48B and GIST54 than the DMSO control. (D) Quantitation (A570) of GIST48B and GIST54 cell colony growth after treatment with bortezomib for 7 days. Statistically significant differences between untreated control and bortezomib treatments are presented as **p < 0.01, ***p < 0.001. (E) Cell cycle analysis was performed 72 h after treatment with bortezomib (25 and 100 nM). GIST48B, GIST54, and GIST226 showed a cell population increase in G1/G2-phase, accompanied by a decrease in G2/G1-and S-phase. Cell cycle experiments were performed in triplicate. Statistically significant differences between DMSO control and bortezomib treatment are presented as *p < 0.05.
TABLE 2 | Cell cycle analyses (%), as shown in Figure 3E, after bortezomib treatment.
[image: Table 2]In apoptotic assays, treatment of GIST48B, GIST54, and GIST226 with bortezomib for 72 h showed a greater increase in apoptotic cells, as compared with DMSO control (bortezomib 25 nM: 8.17% for GIST48B; 38.7% for GIST54; and 24.47% for GIST226; 100 nM: 20.31% for GIST48B; 37.4% for GIST54; and 19.88% for GIST226) (Figure 4 and Table 3).
[image: Figure 4]FIGURE 4 | Apoptosis assays following bortezomib (25 and 100 nM) treatment for 72 h were performed with the PE Annexin V Apoptosis Detection Kit I. Apoptosis experiments were performed in triplicate.
TABLE 3 | Cell apoptosis analyses (%), as shown in Figure 4, after bortezomib treatment.
[image: Table 3]Targeting of Cyclin D1 and YAP by Bortezomib Inhibits Migration and Invasiveness in KIT Independent Gastrointestinal Stromal Tumor
Wound-healing assays in cyclin D1 and YAP -overexpressed GIST48B, GIST54, and GIST226 cells demonstrated that downregulation of cyclin D1 and YAP by bortezomib resulted in marked inhibition of wound closure at 24–72 h, whereas the wounds were healed in all cell lines after 72 h of DMSO exposure (Figure 5A). Similarly, matrigel assays demonstrated 75% and 45% inhibition of invasiveness after bortezomib treatment (10 nM) in GIST48B and GIST54, respectively, compared with the DMSO control (Figures 5B,C).
[image: Figure 5]FIGURE 5 | In vitro wounding assays (A) and transwell migration assays (B) show that bortezomib treatment effectively inhibits migration and invasion of KIT-independent GIST cell lines (GIST48B, GIST54, and GIST226). Scale bars: 100 μm. Wound healing and transwell experiments were performed in triplicate. (C) Quantitation (A570) of KIT-independent GIST cell (GIST48B and GIST54) invasiveness after treatment bortezomib for 72 h. Statistically significant differences between untreated control and bortezomib treatments are presented as **p < 0.01, ****p < 0.0001.
DISCUSSION
One more challenging imatinib or other small molecular RTK inhibitor-resistant mechanism is loss of the oncogenic KIT protein expression (Fletcher et al., 2003; Debiec-Rychter et al., 2005). In our recent study, we identified distinctive biologic features in KIT-independent, imatinib-resistant GISTs (Tu et al., 2018; Ou et al., 2019). Overexpression of cyclin D1 and JUN, and activation of Hippo/YAP signaling were observed in KIT independent GISTs, but not in KIT dependent GISTs. Knockdown of cyclin D1, JUN, or YAP/TAZ showed dramatic anti-proliferative effects in KIT independent GISTs. Further studies demonstrated that PRKCQ, JUN, and the Hippo pathway coordinately regulated GIST cyclin D1 expression (Ou et al., 2019). Thus, we propose that targeting these pathways could be effective therapeutically for these untreatable tumors.
In the current report, we initially evaluated which small molecular inhibitors suppressed cyclin D1 expression in KIT-independent GIST. These drugs included imatinib (PDGFR and KIT), PP1 (Src-family kinases, SFKs), AG490 (JAK), ∆609 (PLCγ), LY294002 (pan-PI3-K), Everolimus (mTOR), U0126 (MEK), Nutlin-3 (MDM2), bortezomib (proteasome inhibition), and 17-AAG (HSP90). This was accomplished by targeting various pathways implicated in GIST proliferation, survival, or drug resistance. The SFKs have been found to be a potential therapeutic target in GIST given that PP2 or SU6656, which suppresses SKF inhibits GIST cell line proliferation, and activation of SFK on the Golgi is essential for oncogenic KIT signaling (Obata et al., 2017). Similarly, PI3-K inhibition by LY294002 resulted in substantial apoptosis and markedly decreased cell proliferation in the imatinib-sensitive and -resistant GISTs. MEK and mTOR inhibition by U0126 and RAD001 (Everolimus) showed moderate anti-proliferative effects in GIST cells, respectively (Bauer et al., 2007). These observations were also confirmed in KIT-independent GIST cells (Figure 1). The previous studies have shown that PI3K/AKT signaling inhibition by GDC0941 or shRNAs induced p53 expression in mesothelioma via inactivation of MDM2 (Zhou et al., 2014). However, p53 protein expression was reduced in GIST62 after treatment with LY294002 (50 µM) for 72 h (Figure 1B), which was in line with another early report that LY294002 (50 µM) treatment induced the maximal expression of p53 mRNA and protein in gastric cancer cell line SGC7901 at 6 hours and 24 h, respectively, but expression of p53 mRNA and protein was decreased after that time (Xing et al., 2008). This may be one reason that LY294002 is a broad-spectrum inhibitor targeting PI3-K (Chaussade et al., 2007). CK2 (Gharbi et al., 2007), and DNA-PK (Davidson et al., 2013), specifically in high-dose condition. Although the current data is compelling showing distinct antitumoral effects with LY294002 (Figure 1A), cyclin D1 expression was not suppressed after PI3-K inhibition (Figure 1B), which has been found to play crucial oncogenic role in KIT-independent GIST (Ou et al., 2019). Further studies will address the anti-tumor effects and mechanisms of LY294002 treatment in this challenging subset of GISTs. Also, it has been found that stem cell factor (SCF) mediated activation of wild-type KIT phosphorylates PLCγ (Linnekin, 1999), and actives JAK/STATs signaling pathway in GISTs (Duensing et al., 2004). The subsequent study shows that MDM2 inhibitor Nutlin-3 induces p53 expression and leads to moderate anti-proliferative effects in p53 wildtype GIST cells (Henze et al., 2012). The current report shows that Nutlin-3 treatment also mildly inhibited KIT-independent GIST62 cell growth through induction of p53 and p21 (Figure 1). Bortezomib treatment resulted in apoptosis in GIST cells through H2AX upregulation and degradation of KIT protein expression (Bauer et al., 2010). Additionally, targeting of ubiquitin-proteasome by second generation inhibitors of the 20S proteasome (delanzomib, carfilzomib and ixazomib) shows dramatic anti-proliferative effects in GISTs (Rausch et al., 2020). Furthermore, KIT oncoprotein expression is suppressed after treatment with a variety of HSP90 inhibitors, and results in anti-proliferative and pro-apoptotic effects (Bauer et al., 2006; Smyth et al., 2012).
In the KIT-independent GIST62, the screening of drugs demonstrated that bortezomib treatment resulted in anti-tumor effects through degradation of cyclin D1 and induction of checkpoint p53 and p21 (Figure 1), indicating that targeting of cyclin D1 by bortezomib inhibits KIT-independent GIST cell growth. Therefore, we next investigated the effects of bortezomib on expression of cyclin D1, p-YAP, and YAP proteins and transcripts (Figures 2A,B, and Supplementary Figures S1, S2), cell viability (Figure 3A), colony formation (Figures 3C,D, and Supplementary Figures S3, S4), cell cycle (Figure 3E and Table 2), apoptosis (Figure 4 and Table 3), migration (Figure 5A), and invasiveness (Figures 5B,C) in three KIT-independent GIST cell lines (GIST48B, GIST54, and GIST226). Bortezomib treatment showed significant anti-proliferative, pro-apoptotic and anti-metastatic effects in these cells via inhibition of cyclin D1 and YAP expression, and induction of tumor suppressor p53 and p21 (Figures 2–5). In our early study, activated Hippo signaling/YAP-TAZ positively regulated cyclin D1 protein overexpression in KIT-independent GIST cells (Ou et al., 2019), and in the current report bortezomib treatment co-targeted expression of YAP/TAZ and cyclin D1 transcripts and proteins.
In the present report, it seems that anti-proliferative and pro-apoptotic effects of bortezomib are not dose-dependent under the tested concentrations (25–250 nM). Possibly, 25 nM (even ∼10 nM) of bortezomib may reach the maximum dose for these effects. However, immunoblotting evaluation and qRT-PCR showed that expression of cyclin D1 and YAP was inhibited in a low bortezomib dose-dependent manner (below 10 nM) (Supplementary Figure S2 and Figure 2B), which was in line with anti-proliferative effects (Figure 3A). In fact, dose-dependent effects of bortezomib were also observed in analysis of cell growth (Figure 3B), colony formation (Figures 3C,D), migration (Figure 5A), and invasiveness (Figures 5B,C) in high dose-dependent manner. On the basis of cyclin D1 and YAP silencing levels and anti-proliferative effects of bortezomib below 10 nM, there is a reasonable prospect that these phenotypes are affected in bortezomib concentration dependent manner, especially in low dose bortezomib.
In addition, the dramatic anti-proliferative effects (Cell viability IC50s at day 6 were 3.5 nM for GIST48B, 3 nM for GIST54, and 6.5 nM for GIST226, respectively, via targeting cyclin D1 and YAP/TAZ expression in low dose of bortezomib (1–10 nM) (Supplementary Figure S2 and Figure 2B) have demonstrated that bortezomib effects are more pronounced against KIT-independent GIST cells in vitro-based study. This indicates that bortezomib may have a strong potential in this subset of GISTs in vivo. Rausch et al. also found that all three compounds (second-generation inhibitors of the 20S proteasome carfilzomib, ixazomib or delanzomib) were highly effective for GIST cell viability and apoptosis (IC50s as low as 9 nM) with a profile similar to bortezomib, and for tumor growth in KIT-dependent GIST cell line xenografts and patient-derived xenografts (Rausch et al., 2020). The previous report has also found that anti-proliferation IC50s of bortezomib were 2–11 nM in multiple myeloma (MM) and mantle cell lymphoma (MCL) cell lines, which is comparable to GISTs (Manni et al., 2013). According to oral dosing between 7.8 mg/kg and 13 mg/kg in myeloma models (Piva et al., 2008; Sanchez et al., 2010), delanzomib dose of 8 mg/kg have shown well translation into the human setting, such as tumor volume, weight, and general health of the mice (Van Looy et al., 2014; Rausch et al., 2020). Thus, we have reasons to speculate anti-tumoral effects of bortezomib in vivo in KIT-independent GISTs, indicating that bortezomib or delanzomib treatment is the rationale as one clinical strategy for this untreatable GISTs.
These pro-apoptotic and anti-proliferative findings constitutes early proof-of-principle. A potential novel therapeutic approach for the untreatable KIT-independent GISTs, which constitutes a minor but challenging portion of the resistance mechanisms that the majority of GISTs eventually develop against standard-of-care TKI treatment. More importantly, the anti-tumor effects of bortezomib targeting cyclin D1 and Hippo/YAP will need to be evaluated in vivo in KIT-independent GISTs.
In conclusion, bortezomib is a potential drug for induction of apoptosis and anti-proliferation in GIST cells with resistance to imatinib, including resistance via acquisition of secondary KIT mutations (Bauer et al., 2010; Rausch et al., 2020) and loss of oncogenic KIT proteins with cyclin D1 overexpression. This indicates that inhibition of cyclin D1 and Hippo/YAP signaling by proteasome inhibitor bortezomib might be a biologically rational therapeutic strategy for KIT-independent GIST.
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Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer-related death and has a poor prognosis worldwide, thus, more effective drugs are urgently needed. In this article, a small molecule drug library composed of 1,056 approved medicines from the FDA was used to screen for anticancer drugs. The tetracyclic compound maprotiline, a highly selective noradrenergic reuptake blocker, has strong antidepressant efficacy. However, the anticancer effect of maprotiline remains unclear. Here, we investigated the anticancer potential of maprotiline in the HCC cell lines Huh7 and HepG2. We found that maprotiline not only significantly restrained cell proliferation, colony formation and metastasis in vitro but also exerted antitumor effects in vivo. In addition to the antitumor effect alone, maprotiline could also enhance the sensitivity of HCC cells to sorafenib. The depth studies revealed that maprotiline substantially decreased the phosphorylation of sterol regulatory element-binding protein 2 (SREBP2) through the ERK signaling pathway, which resulted in decreased cholesterol biosynthesis and eventually impeded HCC cell growth. Furthermore, we identified cellular retinoic acid binding protein 1 (CRABP1) as a direct target of maprotiline. In conclusion, our study provided the first evidence showing that maprotiline could attenuate cholesterol biosynthesis to inhibit the proliferation and metastasis of HCC cells through the ERK-SREBP2 signaling pathway by directly binding to CRABP1, which supports the strategy of repurposing maprotiline in the treatment of HCC.
Keywords: maprotiline, hepatocellular carcinoma, Cholesterol biosynthesis, MAPK/ERK signaling pathway, SREBP2, CRABP1
INTRODUCTION
According to Global Cancer Statistics in 2018, liver cancer ranks sixth and fourth in terms of incidence and mortality worldwide, with approximately 841,000 new cases and 782,000 deaths (Bray et al., 2018). Hepatocellular carcinoma (HCC), which accounts for 75–85% of liver cancer cases, is an integral type of primary liver cancer. Although the combination of surgery, radiotherapy, chemotherapy, targeted therapy and immunotherapy theoretically can produce maximum efficacy in HCC treatment, resistance might result in treatment failures and cancer relapse (Gao et al., 2017; Fu et al., 2018; Huang et al., 2018; Ruiz de Galarreta et al., 2019). Hence, it is particularly important to develop new anticancer drugs and illustrate the molecular mechanisms.
Compared with creating a new drug from scratch, repurposing approved drugs can reduce the cost and substantially shorten the research cycle. Since drug toxicology, pharmacokinetic studies and clinical trials have already been finished, these drugs with confirmed efficacy can benefit patients faster. Thus, the new usage of existing drugs has become a trend in the field of drug development, and the discovered new efficacy of approved drugs constantly expands the indications of drugs. In this paper, we hope to identify anti-HCC drugs from 1056 small molecule drugs. Maprotiline, an FDA-approved tetracyclic antidepressant, blocks the reuptake of norepinephrine by the central presynaptic membrane, which can ameliorate symptoms to achieve antidepressant function and eliminate depressed mood (Gunduz et al., 2016). However, the anticancer effect of maprotiline has never been reported. Due to the low toxicity, good tolerance and adaptability of maprotiline, it is an ideal candidate for functional repurposing. Tong et al. (2018) reported that maprotiline may help reduce the progression of pulmonary hypertension in rats, which prompted us to redefine the function of maprotiline.
Cellular cholesterol metabolism plays an important role in numerous biological activities through multifarious intermediates (Riscal et al., 2019). Therefore, cholesterol metabolism may alter cell behavior through extremely complex and diverse pathways, especially cholesterol biosynthesis, as a key link to the network of biological activities, naturally contributing to the behavior of cells (Kugel and Hingorani, 2020). Cholesterol metabolism has been proven to promote the survival and drug resistance of tumor cells to a certain extent (Silvente-Poirot and Poirot, 2014; Yan et al., 2020). We have confirmed that the AKT/ERK pathway participates in the growth and metastasis of cancer cells in our previous studies, and this pathway has been proven to be the target of many anticancer drugs (Xu et al., 2018; Hong et al., 2020; Xu et al., 2020; Hu et al., 2021). An increasing number of studies have confirmed that SREBP2 indeed plays a cancer-promoting role by regulating cholesterol metabolism in HCC (Yang et al., 2019; Che et al., 2020; Liu et al., 2020), and SREBP2 has been proven to be the target of some anticancer drugs (Kim et al., 2018; Kim et al., 2019). Cellular retinoic acid binding proteins (CRABP1 and CRABP2) are predominately located in the cytoplasm and are named for their high affinity for retinoic acid. A study indicated that all-trans retinoic acid (atRA)-CRABP1-dependent ERK1/2 activation inhibits cell growth by activating protein phosphatase 2A (PP2A) and enhancing the stability of the p27 protein in embryonic stem cells (ESCs) (Persaud et al., 2013). Conversely, in mesenchymal and neuroendocrine tumors, CRABP1 has been proven to promote tumorigenesis and metastasis (Kainov et al., 2014).
The aim of our research was to investigate the anticancer effect of the FDA-approved drug maprotiline in HCC cells and further elucidate the molecular mechanism. In this article, we demonstrated that maprotiline could restrain the growth of HCC cells through the ERK-SREBP2 signaling pathway, which suppresses cholesterol biosynthesis by interacting with CRABP1.
MATERIALS AND METHODS
Cell Lines and Culture
The human HCC cell lines Huh7 and HepG2 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM (Invitrogen, Shanghai, China) with 10% fetal bovine serum (FBS; HyClone, Utah, United States) in a 37°C humidified incubator with 5% CO2.
Drugs and Plasmids
Maprotiline, 5-FU (Fluorouracil), oxaliplatin and sorafenib were obtained from Selleck Chemicals (Shanghai, China). All plasmids were designed and constructed by TranSheepBio Co., Ltd. (Shanghai, China), and HCC cells were transfected with CRABP1 or vector control using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions.
Cell Viability Assay
Cells were digested and plated into each well of a 96-well plate after adjusting the cell suspension to the appropriate concentration of 1×103 cells per 50 μL. After the corresponding time of cultivation, CCK-8 assays (Dojindo, Japan) were used to measure the absorbance of the well to reflect cell growth by using the microplate spectrophotometer (BioTek Instruments, Winooski, VT, United States).
Colony Formation Assay
Cells were seeded in the wells of 6-well culture plates with 2 mL of complete DMEM, replacing the previous medium with new complete DMEM containing different concentrations of maprotiline on the second day. After two weeks of subculture, the colonies were fixed with methanol and stained with crystal violet. Finally, the cell clones were dried and photographed at ×100 magnification.
Migration and Invasion Assays
The migration assay was performed as described previously (Xu et al., 2021). Cells were seeded in the matched upper chambers with serum-free DMEM, where DMEM supplemented with 20% FBS was added to the bottom chamber. Then, the chambers were incubated in a 37°C incubator for 24 h and detected similarly to the colony formation assay. For the invasion assay, Matrigel (Corning, United States) was diluted in FBS-free DMEM at a 1:25 ratio. The following steps were the same as the cell migration assay.
Apoptosis Assay
Cells were gently collected with EDTA-free trypsin, and re-suspended with binding buffer. Under light-proof conditions, Annexin Ⅴ-FITC and Propidium Iodide (PI) (KeyGen, Nanjing, China) were added to the cell suspension and mixed, followed by incubation for 5–15 min at room temperature to ensure dye binding. The number of apoptotic cells was determined by flow cytometry with a FACSCalibur system (BD Biosciences) within 1 h.
Western Blot Analysis
The total cell lysates were extracted by RIPA lysis buffer (Beyotime, Shanghai, China), and BCA protein assay kit (Thermo Scientific) was used to determine protein concentration. The proteins were separated by sodium dodecyl sulfate salt-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking in 5% nonfat dried milk for 2 h, washing the membrane to remove the milk. The primary antibody was incubated overnight at 4°C. The membrane was washed five times for 10 min each time in TBST, after which HRP-labeled secondary antibody was added to the membrane for 1 h at room temperature. The washing operation was repeated, and the reaction was assessed using chemiluminescence (ECL) western blotting kit. The primary antibodies for EMT, cleaved PARP, cleaved caspase-6, cleaved caspase-9, p-ERK, ERK, SREBP2, p-SREBP2, CRABP1, and β-actin and secondary antibodies were purchased from Cell Signaling Technology (Massachusetts, United States).
RNA Sequencing and Ingenuity Pathway Analysis
The extraction of total RNA was carried out by using the HiPure Total RNA Mini Kit (Megen, Guanzhou, China). RNA sequencing (RNA-seq) was performed by the Beijing Genomics Institute Tech (Shenzhen, Guangdong, China). The gene expression in the treatment group was more than 1.5 times that of the control group, and these genes were defined as differentially expressed. IPA software (Ingenuity Systems, Redwood City, CA, United States) was used to search for potential targeted pathways. The Raw data of the project were deposited at SRA database with the access number SRR14191074 for non-treatment, and SRR14191072 for maprotiline-treatment.
Subcutaneous Xenografts in Nude Mice
The use and handling of animals were reviewed and approved by the Ethics Committee for Animal Experiments of Jinan University. All experiments were approved by the Animal Research and Use Committee of Jinan University. The details were the same as those of the tumor xenograft experiments presented in our previous studies (Li et al., 2017). Nude mice (BALB/C nu/nu, 4–6 weeks old, female) reared under standardized conditions were purchased from GemPharmatech Co., Ltd. (Nanjing, Jiangsu, China). Huh7 cells in equal volumes of PBS and Matrigel were implanted subcutaneously into the flanks of nude mice. When the volume of the tumors reached approximately 50 mm3, the mice were randomly divided into three groups (n = 5) and treated with intraperitoneal injection of either PBS or maprotiline (20 mg/kg, 40 mg/kg) twice a week for three weeks. The mice were sacrificed after the treatment course, the tumors and blood for further tests were collected and properly stored. Cholesterol, alanine aminotransferase (ALT), aspartate aminotransferase (AST), red blood cells (RBCs), white blood cells (WBCs), neutrophils, lymphocytes, hemoglobin (HGB) and platelets (PLTs) were measured by Servicebio Biotechnology Company (Wuhan, China).
Molecular Docking
Potential targets of the compound maprotiline were determined using the Inverse Docking protocol in the Yinfo Cloud Platform (https://cloud.yinfotek.com/). A virtual screening library of protein targets was built based on the sc-PDB (Kellenberger et al., 2006) and UniProt databases. The AutoDock Vina (Trott and Olson, 2010) program was employed to dock the compound into the pocket of each protein, and then, the RDKit's Shape Tanimoto distances (RDKit, Open-Source Cheminformatics. http://www.rdkit.org) were calculated to compare the docked poses with the crystal ligand. Finally, a set of top ranked potential targets was selected.
Purification of CRABP1 Protein
Human CRABP1 cDNA was inserted into pET-28a (+) by TranSheepBio Co., Ltd., with a His-tag. The plasmid was transformed into BL21 competent cells, and then, a single colony containing the pET-28a (+)/CRABP1 plasmid was picked and cultured at a temperature of 25°C and a rotation speed of 180 rpm/min for 6 h. IPTG was added to the bacterial fluid at a concentration of 0.5 mM and cultured overnight. The cells were collected by centrifugation, washed twice with deionized water and suspended in PBS, after which the target protein was harvested by ultrapressure lysis and centrifugation. The protein was purified by a Ni2-Sepharose plate column, eluted in 250 M gradient imidazole buffer and eluted completely in PBS (pH 7.4) buffer. The concentration of purified protein was determined by a Nanodrop 2000/2000c system.
Surface Plasmon Resonance (SPR) Analysis
To confirm the binding of the CRABP1 protein and maprotiline, we carried out surface plasmon resonance analysis on a Biacore T100 biosensor system (GE Healthcare Life Sciences, United States). CRABP1 was diluted to 10 mM with acetate (pH 5.0) and immobilized onto an active CM7 chip (GE Healthcare Life Sciences, United States) as described previously (Xu et al., 2020). The maprotiline was diluted with 1% PBS buffer containing 0.5% Tween-20 (pH 7.4) at different concentrations and then flowed through the CM7 chip at a flow rate of 30 μL min −1 for 600 s for binding. Oxaliplatin and 5-FU were used as the negative controls. The combination was analyzed by admin@Biacore X100 Evaluation Software.
Statistical Analysis
All experiments were independently performed three times, and the data are presented as the mean ± SD. All statistical analyses and figures were performed by using GraphPad Prism software (San Diego, CA, United States) with Student’s t test. For all analyses in this article, statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
RESULTS
Maprotiline Induces Apoptosis and Inhibits Cell Growth in HCC Cells
Based on a drug library consisting of 1056 FDA-approved small molecules, cell viability assays were performed to identify drugs with anti-proliferative effects on HCC cells. After several rounds of large-scale experimental screening, we finally confirmed that maprotiline, which has never been previously reported to have anticancer function, has a good killing effect on HCC cells (Figure 1A). In this research, we wanted to further explore the anticancer effect and mechanism of maprotiline. Maprotiline, as a representative tetracycline antidepressant, has been widely applied in the clinic due to its few side effects with good adaptability and tolerance, indicating that its repurposing will be advantageous. As shown in Figure 1B, maprotiline markedly inhibited the cell viability of Huh7 and HepG2 cells in a dose- and time-dependent manner. Next, we conducted colony formation assays of Huh7 and HepG2 cells to further investigate the long-term effect of maprotiline on HCC cells (Figure 1C). As expected, the size and number of colonies were significantly reduced with the increasing maprotiline concentration, and when the maprotiline concentration reached 20 μM, no cells survived. Moreover, apoptosis assay results showed that maprotiline could induce cell apoptosis in Huh7 and HepG2 cells (Figure 1D), which partly explains the cytotoxicity of maprotiline to HCC cells. The induction of apoptosis in Huh7 and HepG2 cells by maprotiline was further shown by the increase of apoptotic proteins, including cleaved caspase-6, cleaved caspase-9 and cleaved poly ADP ribose polymerase (PARP), as shown in Figure 1E. Taken together, these data confirmed that maprotiline can trigger apoptosis to restrain the proliferation of HCC cells.
[image: Figure 1]FIGURE 1 | Maprotiline inhibits growth and induces apoptosis in Huh7 and HepG2 HCC cells. (A) The drug screening procedure and the molecular structure of maprotiline. (B) Cell viability assays of Huh7 and HepG2 cells treated with 0, 10, or 20 μM maprotiline for 0, 24, 48, 72, 96, or 120 h. (C) Maprotiline inhibited the colony formation ability of Huh7 and HepG2 cells. (D) The detection of apoptosis in Huh7 and HepG2 cells treated with maprotiline at concentrations of 0, 10, and 20 μM for 48 and 72 h by an Annexin V-FITC/PI double staining assay. (E) Western blots of cleaved caspase-6, cleaved caspase-9 and cleaved caspase-PARP in Huh7 and HepG2 cells treated with 0, 10, or 20 μM maprotiline for 72 h.
Maprotiline Represses the Metastasis of HCC Cells In Vitro
Next, to explore the effect of maprotiline on the invasion of HCC cells, we conducted Transwell assays in Huh7 and HepG2 cells. Cell migration assays indicated that maprotiline significantly restrained HCC cells migration (Figure 2A); moreover, the outcome of the invasion experiments was similar (Figure 2B). As such, we carried out Western blotting to further detect whether the expression of epithelial-mesenchymal transition (EMT)-related proteins relevant to tumor metastasis changed. Western blot results showed that maprotiline inhibited EMT, as indicated by the upregulation of ZO-1 and β-catenin expression as well as the downregulation of ZEB-1, N-cadherin and vimentin expression in a dose-dependent manner (Figure 2C). Here, we found that maprotiline could repress the metastatic ability of Huh7 and HepG2 cells by weakening EMT.
[image: Figure 2]FIGURE 2 | Maprotiline suppresses the migration and invasion of Huh7 and HepG2 HCC cells. (A, B) The migration and invasion of Huh7 and HepG2 cells were substantially inhibited by treatment with maprotiline at concentrations of 10 and 20 μM for 24 h, and wells without maprotiline were used as controls. (C) Huh7 and HepG2 cells were exposed to maprotiline at concentrations of 0, 10, and 20 μM for 72 h. Expression of the EMT-related proteins ZO-1, β-catenin, ZEB-1, N-cadherin and Vimentin displayed a dose-dependent effect in Western blot results, and β-actin was used as an internal reference protein.
Maprotiline Enhances the Sensitivity of HCC Cells to Sorafenib
Sorafenib is the standard treatment in advanced hepatocellular carcinoma, however, chemotherapy resistance remains a crucial challenge for patients (Gao et al., 2017; Mir et al., 2017; Lu et al., 2018; Mahipal et al., 2019; Wai Ling Khoo et al., 2019; Xiang et al., 2019). To explore the biological function of maprotiline in hepatocellular carcinoma chemoresistance, we detected the sensitivity of Huh7 and HepG2 cells to sorafenib in the presence or absence of maprotiline by cell viability assays and colony formation assays. The combination of low-dose maprotiline and low-dose sorafenib markedly inhibited the growth (Figure 3A) and colony forming ability of HCC cells (Figure 3B) compared to low-dose maprotiline or sorafenib alone. Collectively, these experiments indicated that maprotiline can enhance the sensitivity of HCC cells to sorafenib.
[image: Figure 3]FIGURE 3 | Maprotiline in combination with sorafenib inhibits the growth of Huh7 and HepG2 HCC cells. (A) Cell viability assays of Huh7 and HepG2 cells exposed to maprotiline alone or in combination with sorafenib for 0, 24, 48, 72, 96, and 120 h. (B) Colony formation assays of Huh7 and HepG2 cells under 10 μM maprotiline treatment alone or with sorafenib.
Maprotiline Inhibits Cholesterol Biosynthesis in HCC Cells Through the MAPK/ERK Pathway
Then, to investigate the molecular mechanism by which maprotiline inhibits tumor growth and metastasis in HCC, we conducted RNA sequencing to compare gene expression profiles between 20 μM maprotiline-treated HepG2 cells and nontreated HepG2 cells. The results indicated that there was a significant difference in the cholesterol biosynthesis pathway between the maprotiline-treated HepG2 cells and the negative control cells, suggesting that maprotiline possibly affect the survival of HCC cells via cholesterol metabolism (Figure 4A). Based on our hypothesis, we tested the cholesterol level of Huh7 and HepG2 cells in the presence or absence of maprotiline (Figure 4B). The cholesterol level of the drug treatment group was significantly lower than that of the control group in both cell lines. Moreover, ingenuity pathway analysis (IPA) suggested dysregulation of the ERK pathway in the maprotiline-treated HepG2 cells (Figure 4C). To further confirm the regulation of the ERK pathway by maprotiline, we examined the expression of ERK pathway associated proteins. As shown in Figure 4D, p-ERK showed a concentration-dependent decrease after maprotiline treatment, which demonstrated that maprotiline suppresses the activation of the ERK pathway. SREBP2 has been reported to regulate cholesterol metabolism downstream of the ERK pathway, which naturally attracted our attention and interest. Consequently, Western blotting was conducted to probe whether SREBP2 contributes to the effect of maprotiline in Huh7 and HepG2 cells, and our results confirmed that maprotiline might restrain cholesterol biosynthesis by inhibiting SREBP2 phosphorylation (Figure 4E). These findings revealed that maprotiline probably attenuate cholesterol biosynthesis in HCC cells through the ERK pathway and subsequent phosphorylation of SREBP2.
[image: Figure 4]FIGURE 4 | Maprotiline arrests cholesterol biosynthesis in HCC cells through the ERK pathway. (A) Top 5 RNA-seq pathways in enrichment analysis. (B) Cholesterol levels in the maprotiline-treated HepG2 and Huh7 cells. (C) Ingenuity pathway analysis (IPA) reflected dysregulation of the ERK pathway in the maprotiline-treated HepG2 cells. (D) Western blot of phosphorylated SREBP2 in the maprotiline-treated HepG2 and Huh7 cells. (E) HepG2 and Huh7 cells were cultured with 0, 10, or 20 μM maprotiline for 72 h, and ERK and p-ERK were detected by Western blots.
Maprotiline Directly Targets CRABP1 in HCC Cells
To determine the target of maprotiline in HCC cells, we used molecular docking to search the potential target proteins (Figure 5A). Among the potential target proteins screened by molecular docking with the maprotiline molecular structure (Figure 5B), CRABP1 was selected based on existing research. We successfully expressed and purified CRABP1 (Figure 5C). Then, we verified the binding of maprotiline and CRABP1 by the surface plasmon resonance (SPR) assay. The results from the SPR assay confirmed that maprotiline could bind to CRABP1 in vitro, which suggested that maprotiline probably produces anticancer effects by directly targeting CRABP1 (Figure 5D). Subsequently, we aimed to verify the cancer-promoting effect of CRABP1 at the cellular level, so we constructed CRABP1-overexpressing cell lines (Figure 5E). We found that overexpression of CRABP1 could improve cholesterol levels in HCC cells (Figure 5F), which confirmed that CRABP1 can promote HCC cell proliferation. In addition, knockdown of CRABP1 significantly reduced cholesterol levels compared with those of the wild-type cells (Figures 5G,H), which further supports our conclusion. Here, we provide the first evidence showing that CRABP1 may be the target of maprotiline and that regulate cholesterol biosynthesis.
[image: Figure 5]FIGURE 5 | Maprotiline directly targets CRABP1 in HCC cells. (A) Top 10 molecular docking scores. (B) Molecular docking of maprotiline and CRABP1. (C) Coomassie staining and Western blot of purified CRABP1 protein; the red arrow indicates the CRABP1 band. (D) SPR analysis revealed the binding between maprotiline and the CRABP1 protein. 5-FU and oxaliplatin were used as negative controls. (E) The overexpression of CRABP1 in HCC cells. (F) The relative cholesterol level of the CRABP1-overexpressing HCC cells. (G) The knockdown of CRABP1 in HCC cells. (H) The relative cholesterol level of the CRABP1 knockdown HCC cells.
Maprotiline Suppresses the Growth of HCC Tumor Xenografts In Vivo
Based on our in vitro experiments, we further explored the antitumor effect of maprotiline on HCC cells in vivo. Huh7 cells were implanted subcutaneously into the flanks of nude mice. When the tumor volume reached approximately 50 mm3, the mice were randomly divided into three groups. Over the next three weeks, these mice with hepatocellular carcinoma cells were treated with PBS or maprotiline (20 mg/kg, 40 mg/kg) through intraperitoneal injection twice a week. As shown in Figures 6A,B, maprotiline obviously suppressed the growth of Huh7-derived tumor xenografts compared to that of the control group. On the basis of the analysis of tumors and serum in nude mice, we found that the cholesterol levels in serum and tumors of the maprotiline-treated groups show a dose-dependent decrease compared with those of the control groups (Figures 6C,D). This finding proves that maprotiline may inhibit the growth of tumors by weakening the biosynthesis of cholesterol. To confirm whether maprotiline can produce strong toxicity and side effects on the organs, immune system and hematopoietic function, we examined the organs and blood of mice. Our results indicated that maprotiline treatment did not result in a significant change in the serum alanine transaminase (ALT) and aspartate transaminase (AST) levels of nude mice or changes in red blood cells (RBCs), white blood cells (WBCs), neutrophils, hemoglobin (HGB) and platelets (PLTs), suggesting that maprotiline had no obvious toxic effect on animals (Figure 6E). Thus, these data demonstrated the treatment efficiency and safety of maprotiline as an anticancer agent.
[image: Figure 6]FIGURE 6 | Maprotiline suppresses the growth of HCC tumor xenografts in vivo. (A) Image of tumors displaying significant growth inhibition of Huh7-derived tumor xenografts (n = 5) by maprotiline. (B) The tumor growth curve shows that maprotiline significantly suppressed the growth of tumor xenografts. (C) The relative cholesterol level in the serum of the maprotiline-treated nude mice compared with the control mice. (D) The relative cholesterol level in the tumors of the maprotiline-treated nude mice compared with that of the control group. (E) Comparison of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels between the maprotiline-treated and control groups, as well as red blood cells (RBCs), white blood cells (WBCs), neutrophils, lymphocytes, hemoglobin (HGB) and platelets (PLTs).
DISCUSSION
Maprotiline has been recognized as an antidepressant for a long time, however, several studies have reported its anti-inflammatory function (Rafiee et al., 2016) and ability to relieve pulmonary hypertension (Tong et al., 2018). In this paper, we pointed out that maprotiline has an anticancer effect on HCC. First, we found that maprotiline could inhibit the growth of Huh7 and HepG2 cells in a dose- and time-dependent manner and induce apoptosis (Figure 1). Next, we further revealed that maprotiline inhibited cell migration, invasion and EMT phenotypes (Figure 2). The EMT phenotype is always involved in a variety of cancer cell resistance mechanisms, thus, maprotiline may be able to kill drug-resistant cells. In addition, the combination of drug treatments proved that maprotiline can enhance the efficacy of sorafenib (Figure 3), which also indicates that maprotiline could be an important supplement to prevent sorafenib resistance. Then, we pointed out maprotiline could decrease SREBP2 phosphorylation by RNA-Seq combined with IPA, which possibly result in a decrease in cholesterol biosynthesis through the ERK pathway (Figure 4). Since the antitumor effect and mechanism of maprotiline have never been reported before, we sought to identify the targets of maprotiline by molecular docking. We successfully found and verified for the first time that CRABP1 may be the target of maprotiline in HCC cells (Figure 5). Except for the discovery and verification of the antitumor activity and molecular mechanism of maprotiline, we also confirmed the efficacy and biological safety of maprotiline in vivo through subcutaneous xenografts in nude mice (Figure 6). Thus, we can roughly deduce the anticancer mechanism of maprotiline in HCC cells (Figure 7). In HCC cells, CRABP1 probably promote the phosphorylation of SREBP2 by activating the ERK pathway. Subsequently, as an important regulatory element of cholesterol biosynthesis, phosphorylated SREBP2 may promote cholesterol biosynthesis as well as tumor growth. Maprotiline can directly bind to CRABP1 and inhibit its biological activity, which possibly suppress the phosphorylation of SREBP2 caused by ERK pathway activation and finally inhibit cholesterol biosynthesis and tumor growth. In conclusion, we verified the anticancer effect of maprotiline in vitro and in vivo, which supports the possibility of applying maprotiline as an anticancer drug.
[image: Figure 7]FIGURE 7 | Mechanism diagram of maprotiline in HCC cells.
Maprotiline has been reported to induce the type II cell death (autophagy) in Burkitt lymphoma, which provides a basis for us to study the anticancer function of this drug. In terms of mechanism, it has been reported that maprotiline can activate the JNK-related caspase-3 pathway to induce apoptosis, which provides a reference for the apoptosis induced by maprotiline in our study. We further confirmed that maprotiline can reduce the level of phosphorylated ERK in treated HCC cells and weaken signal transduction. The roles of the ERK pathway have been widely reported in the process of cancer development. In our previous studies, the ERK pathway was confirmed to promote tumor growth, yet the effects of maprotiline on ERK pathways have not been reported. In this paper, we revealed that the ERK pathway probably affect cholesterol synthesis through SREBP2. SREBP2 has been proven to be one of the important regulatory elements of cholesterol metabolism in many studies, and cholesterol metabolism mediated by SREBP2 has been proven to have a tumor-promoting effect. Many studies have shown that CRABP1 is closely related to the ERK pathway, suggesting we should focus on the role of CRABP1 when exploring the molecular mechanism of maprotiline's anticancer effect (Persaud et al., 2016; Lin et al., 2017; Park et al., 2019). In previous studies, maprotiline inhibited the HERG channel in the human heart through the drug binding site Y652 (Ferrer-Villada et al., 2006). Here, we demonstrated that CRABP1 may be the direct target of maprotiline in HCC, which will provide a reference for the further study of CRABP1 and maprotiline. Due to the complexity of cell activity, we didn’t exclude the possibilities that maprotiline may have other targets to suppress HCC cells besides what we mentioned above. The new targets and molecular mechanisms will be our future research interest.
The major obstacle of chemotherapy is drug resistance, and this condition continues to worsen. The molecular mechanisms of tumor resistance are extraordinarily complex, and the drug resistance mechanisms of different drugs are different, even the same drug has various drug resistance mechanisms. At present, it is difficult to reverse chemotherapy resistance, thus, finding new drugs for effective treatment of tumors may be a good choice. The existing FDA drugs have been proven to have pharmacokinetic characteristics and safety. Reinterpretation of drug efficacy will avoid the high clinical failure rate caused by ADMET, which reduces the R&D cost and shortens the time of manufacture. Celecoxib was initially approved by the Food and Drug Administration (FDA) as an analgesic, anti-inflammatory and antipyretic drug, followed by a large amount of preclinical evidence showing that celecoxib has a strong killing effect on cancer (Li et al., 2018; Zuo et al., 2018; Liu et al., 2019; Zhang et al., 2020). Therefore, the anticancer activity of maprotiline will be promising for development as a new kind of HCC treatment drug.
In general, we first verified the antitumor function of maprotiline in vitro and in vivo through cell experiments and nude mouse experiments. Mechanistically, we proposed that maprotiline may restrain cholesterol biosynthesis to inhibit the growth and metastasis of HCC cells through the ERK-SREBP2 signaling pathway by interacting with CRABP1. These results will support maprotiline as a candidate anticancer drug.
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Colorectal cancer is a common malignancy with the third highest incidence and second highest mortality rate among all cancers in the world. Chemotherapy resistance in colorectal cancer is an essential factor leading to the high mortality rate. The ATP-binding cassette (ABC) superfamily G member 2 (ABCG2) confers multidrug resistance (MDR) to a range of chemotherapeutic agents by decreasing their intracellular content. The development of novel ABCG2 inhibitors has emerged as a tractable strategy to circumvent drug resistance. In this study, an ABCG2-knockout colorectal cancer cell line was established to assist inhibitor screening. Additionally, we found that ataxia-telangiectasia mutated (ATM) kinase inhibitor AZ32 could sensitize ABCG2-overexpressing colorectal cancer cells to ABCG2 substrate chemotherapeutic drugs mitoxantrone and doxorubicin by retaining them inside cells. Western blot assay showed that AZ32 did not alter the expression of ABCG2. Moreover, molecule docking analysis predicted that AZ32 stably located in the transmembrane domain of ABCG2. In conclusion, our result demonstrated that AZ32 could potently reverse ABCG2-mediated MDR in colorectal cancer.
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Introduction

Multidrug resistance (MDR) is a frequent phenomenon that drastically limits the treatment of cancer patients. Accumulating evidence have demonstrated that the ATP-binding cassette (ABC) superfamily G member 2 (ABCG2), also known as breast cancer resistance protein (BCRP), confers resistance to a range of chemotherapeutic agents through extruding them to extracellular in an ATP dependent manner (1, 2). Human ABCG2 is predominantly located on the plasma membranes of cells in various tissues, such as small intestine, colorectal, gallbladder, testes, and capillary tissues, and it facilitates the function of blood–brain barrier, blood-testicular, and blood-placental barriers (3–5). Structurally, unlike its two functional homologs ABCB1 (P-glycoprotein) and ABCC1 (MRP1), ABCG2 is a half-transporter that only possesses one hydrophilic nucleotide binding domain in the N-terminal in the cytoplasm and one hydrophobic membrane-spanning domain containing six putative transmembrane helixes (6). Due to the unique structural architecture of ABCG2, the substrate profiles of it overlap with and yet differ from that of ABCB1 and ABCC1, consisting of topoisomerase inhibitors (i.e., mitoxantrone, SN38, topotecan, and doxorubicin), antimetabolites (i.e., 5-fluorouracil, and trimetrexatte), tyrosine kinase inhibitors (i.e., gefitinib, dasatinib, erlotinib, and sorafenib), photosensitizers (i.e., pheophorbide A and protoporphyrin IX), and fluorescent dyes (i.e., rhodamine 123 and Hoechst 33342) (7). Thus, ABCG2 significantly affects the absorption, distribution, metabolism, and efficacy of these compounds aforementioned. Potent inhibitors of ABCG2 have been identified in recent years, including fumitremorgin C (FTC) and its derivative ko143 (8, 9). Unfortunately, the side effect of FTC and ko143 restrain their development (10). We also reported several inhibitors of ABCG2 in decades (11–18). However, it is still necessary to identify novel inhibitors of ABCG2.

In this study, we found that ataxia-telangiectasia mutated (ATM) kinase inhibitor AZ32 was a potent inhibitor of ABCG2 and could sensitize ABCG2-overexpressing colorectal cancer cells to chemotherapeutic drugs mitoxantrone and doxorubicin by increasing their intracellular concentrations.



Materials and Methods


Reagents and Cell Culture

AZ32 (#T4443) was purchased from TargetMol (Shanghai, China). FTC (#118974-02-0) was obtained from BioBioPha (Kunming, China). Rhodamine 123 (#62669-70-9) was purchased from Sigma-Aldrich (Darmstadt, Germany). Mitoxantrone (#70476-82-3), doxorubicin (#25316-40-9), and cisplatin (#AA1A8019B) were purchased from D&B Biological Science and Technology (Shanghai, China), LC Laboratories (Massachusetts, USA) and Qilu Pharmaceutical (Jinan, China), respectively. 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT) (#298-93-1) was purchased from Yuanye Bio-Technology (Shanghai, China). Polyetherimide (PEI) (#24765-1) was from Poly Sciences (Illinois, USA). Puromycin (#A1113803) was from Thermo Fisher Scientific (Shanghai, China). Anti-ABCG2 antibody (#sc-377176) was purchased from Santa Cruz Biotechnology (California, USA). Anti-β-tubulin antibody (#30302ES20) was purchased from YEASEN Biotech (Shanghai, China). HEK293T, human colorectal cancer cell line S1 and its drug-resistant cell line S1-M1-80 with ABCG2 overexpression (19) were cultured in DMEM containing 10% bovine serum at 37°C in a humidified atmosphere of 5% CO2.



Vector Generation and Lentivirus Infection

LentiCRISPRv2 vector (from Addgene #52961) was digested with BsmB I and liagted with annealed oligonucleotides (ABCG2-SgRNA-F: 5’-CACCGGCTGCAAGGAAAGATCCAAG-3’, ABCG2-SgRNA-R: 5’-AAACCTTGGATCTTTCCTTGCAGCC-3’). HEK293T cells were transfected using PEI at 70% confluency with recombinant vectors and packaging vectors pMD2G and psPAX2. The viral supernatant was harvested after 72 h of transfection. S1-M1-80 cells were infected with viral supernatant containing 10 µg/ml polybrene, and were selected with 30 µg/ml puromycin to establish the stable cell lines. Finally, a monoclonal S1-M1-80 cell line with stable knockout of ABCG2 was acquired by single-cell culture.



Western Blot Assay

Cells were trypsinized and washed twice with cold PBS, then resuspended and lysed in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 ng/ml PMSF, 0.03% aprotinin, 1 µM sodium orthovanadate) at 4°C for 30 min. Lysates were centrifuged for 10 min at 14,000×g and supernatants were stored at −80°C as whole cell extracts. Proteins were separated on 10% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% BSA and incubated with the indicated primary antibodies. Corresponding horseradish peroxidase-conjugated secondary antibodies were used against each primary antibody. Signals were detected with the ChemiDoc XRS chemiluminescent gel imaging system (Analytik Jena).



Genomic PCR and Sequencing Analysis

The genomic DNA of cells was extracted with the QuickExtractDNA extraction kit following the manufacturer’s protocol and amplified with primer (ABCG2-F: 5’-GAGATATATAGCATGTGTTGGAGGG-3’, ABCG2-R: 5’-CTATCAGCCAAAGCACTTACCC-3’) designed for the target region of interest using a Pfu DNA polymerase. The PCR product was sequenced after agarose gel electrophoresis.



Cytotoxicity Assay

Cells were seeded into a 96-well plate at a density of 8,000 cells/well. Chemotherapeutic agents with different concentrations were added after preincubated in the presence or absence of inhibitors for 1 h. After 68 h of incubation, MTT (500 μg/ml) was added to each well. The solution in the wells was discarded, and the dark-blue formazan crystals were dissolved in 50 μl DMSO. Absorbance was measured at 570 nm by a microplate reader (Bio Tek Instrument).



Drug Accumulation Assay

Cells in 6-well plate with a concentration of 3.5 × 105 cells/well preincubated with or without inhibitors for 1 h, then mitoxantrone, doxorubicin and rhodamine 123 were added with 10 μM for another 2 h, respectively. After washed three times with PBS, these compounds accumulated in the cell were observed and quantified by fluorescence microscope (Olympus) and flow cytometer (Beckman), respectively.



Docking Analysis

The Crystal structure of ABCG2 was obtained from Protein Data Bank (PDB), and the 3D structures of small molecules, including AZ32, FTC, and doxorubicin, were downloaded from PubChem. All docking calculations were performed using AutoDock Vina, and the results were visualized by PyMOL (20).



Statistical Analysis

All experiments were performed at least three times, and differences among each group were determined by one-way ANOVA. P-value <0.05 was considered as statistical significance.




Results


Establishment ABCG2-Knockout Colorectal Cancer Cells

To establish ABCG2 knockout cell line with CRISPR-Cas9 system, we firstly generated lentiCRISPRv2 vector which contains a targeting sequences from exon 3 of human ABCG2 gene end with a 5’NGG3’ protospacer adjacent motif (PAM) sequence (Figure 1A). S1-M1-80 cells were selected with puromycin after transduction with LentiCRISPRv2 viral supernatant. A monoclonal S1-M1-80 cell line with stable knockout of ABCG2 was acquired by single-cell culture, and its protein levels of ABCG2 were undetectable by western blot (Figure 1B). The further sequencing results of genomic DNA PCR productions showed that a “C” base was deleted in the target position of S1-M1-80 sgABCG2 cells in comparison to S1-M1-80 Vector cells (Figure 1C). These results indicate that ABCG2-knockout colorectal cancer cells were successfully established.




Figure 1 | Establishment ABCG2-knockout colorectal cancer cells. A schematic diagram of the designed sgRNA targeting ABCG2 in exon 3 is shown (A). The protein expression levels of ABCG2 were examined by Western blot, and β-tubulin was used as loading control (B). The sequencing comparison and original data of S1-M1-80 cells are shown (C).





AZ32 Sensitizes ABCG2-Overexpressing Colorectal Cancer Cells to ABCG2-Substrate Chemotherapeutic Drugs

AZ32 is a novel ATM inhibitor (21), and its chemical structure is shown in Figure 2A. To investigate the effect of AZ32 on ABCG2-mediated MDR in colorectal cancer cells, we firstly examined the cytotoxicity of AZ32 in the ABCG2-overexpressing MDR colorectal cancer cells S1-M1-80 and its parental S1 cells. The results showed that AZ32 at the used concentrations were non-cytotoxic in both S1 and S1-M1-80 cells (Figure 2B). We then detected the cytotoxicity of combination of AZ32 with two ABCG2 substrates, mitoxantrone and doxorubicin, and one non-ABCG2 substrate, cisplatin, at the various concentrations. As shown in Figures 2C, D, S1-M1-80 and S1-M1-80 Vector cells showed much higher resistance to mitoxantrone and doxorubicin but not cisplatin than S1 and S1-M1-80 sgABCG2 cells, respectively. Compared with the well-known ABCG2 inhibitor FTC, AZ32 showed mildly weaker effect on reversing the resistance of S1-M1-80 and S1-M1-80 Vector cells to mitoxantrone and doxorubicin but not cisplatin. Neither AZ32 nor FTC increased the cytotoxicity of the above chemotherapeutic drugs in S1 and S1-M1-80 sgABCG2 cells. These data suggest that AZ32 can sensitize ABCG2-overexpressing colorectal cancer cells to ABCG2-substrate chemotherapeutic agents.




Figure 2 | AZ32 sensitized ABCG2-overexpressing colorectal cancer cells to ABCG2-substrate chemotherapeutic drugs. The chemical structure of AZ32 is shown (A). Cells were treated with the indicated concentrations of AZ32 or other agents for 72 h, and cell survival was measured by MTT assay. The representative growth curve of cells treated with AZ32 alone (B) or in combination with mitoxantrone, doxorubicin and cisplatin (C, D) are shown.





AZ32 Enhances the Intracellular Accumulation of ABCG2 Substrates in ABCG2-Overexpressing Colorectal Cancer Cells

To examine whether AZ32 reversed ABCG2-mediated MDR in colorectal cancer cells is due to inhibition of the transporter activity of ABCG2, we detected the intracellular levels of three ABCG2 substrates mitoxantrone, doxorubicin and rhodamine 123 in the presence or absence of AZ32. As shown in Figures 3A–F, S1-M1-80 and S1-M1-80 Vector cells showed much weaker intracellular levels of mitoxantrone, doxorubicin and rhodamine 123 than S1 and S1-M1-80 sgABCG2 cells, respectively. Compared with FTC, AZ32 showed mildly weaker effect on enhancing the intracellular levels of mitoxantrone, doxorubicin and rhodamine 123 in S1-M1-80 and S1-M1-80 Vector cells. Neither AZ32 nor FTC enhanced the intracellular levels of mitoxantrone, doxorubicin and rhodamine 123 in S1 and S1-M1-80 sgABCG2 cells. These results suggest that AZ32 can enhance the intracellular accumulation of ABCG2 substrates by inhibiting the transporter activity of ABCG2 in colorectal cancer cells.




Figure 3 | AZ32 enhances the intracellular accumulation of ABCG2 substrates in ABCG2-overexpressing colorectal cancer cells. Cells were incubated with 10 μM mitoxantrone, doxorubicin or rhodamine 123 for another 2 h at 37°C after pre-treated with the indicated concentrations of AZ32 or FTC for 1 h at 37°C and photographed by fluorescent microscope. Then the florescent intensity was measured by flow cytometer and quantified (A–F). *P <0.05, and **P <0.01 vs. corresponding group.





AZ32 Does Not Alert the Protein Expression of ABCG2 in Colorectal Cancer Cells

The reversal of ABCG2-mediated MDR can be accomplished by either inhibiting its transporter activity or downregulating its expression. To examine the effect of AZ32 on the protein expression of ABCG2, S1-M1-80 cells were treated with AZ32 at various periods. As shown in Figure 4A, AZ32 does not alert the protein expression of ABCG2 for up to 72 hours.




Figure 4 | AZ32 does not alter the protein expression of ABCG2 in colorectal cancer cells and model for binding of AZ32 to ABCG2. S1-M1-80 cells were treated with AZ32 at 1 μM for the indicated time points. The protein expression levels of ABCG2 were examined by Western blot, and β-tubulin was used as loading control (A). The optimal docked pose of AZ32 within the putative multidrug-binding site of human ABCG2 based on the crystal structure available from PDB. ABCG2 conformation is presented as a ribbon diagram and colored by secondary structure: read-helix, yellow-sheet, green-loop. AZ32 is shown as stick mode within a slit-like cavity of ABCG2, and the binding surface is exhibited as magenta (B). Zoomed-in the highlighted area shows that AZ32 is sandwiched between Phe-439 (colored green) side chains, and AZ32 interacts favorably with the hydrophobic residues Val-401, Leu-405, Phe-431, Phe-432, Leu-439, Val-442, and Ile-543 (shown as sticks, labeled) (C). The binding site of AZ32 (orange sticks) overlaps with FTC, mitoxantrone and doxorubicin (displayed as yellow, green and red sticks respectively), viewed from the extracellular space of the structure of ABCG2 (D).





Model for Binging of AZ32 to ABCG2

A slit-like cavity close to the two-fold symmetry of ABCG2 dimerization was acknowledged as the ligands binding pocket of ABCG2 (22). Therefore, a structure-based docking assay was conducted to validate the binding of AZ32 with ABCG2. The predicted binding mode showed that AZ32 was located in the crevice between ABCG2 monomers (Figure 4B), and it stabilized in this slit-like cavity mainly through hydrophobic contact with other hydrophobic residues on the binding surface. In this conformation (Figure 4C), AZ32 was located in the transmembrane domain of ABCG2 surrounded by multiple hydrophobic amino acids, including Leu-405, Phe-431, Phe-432, Val-442, and Ile-543. In addition, the aromatic rings of AZ32 were sandwiched between the phenyl moiety of Phe-439 from opposing monomers via π–π stacking. Furthermore, Met-549 on TM5 of ABCG2 interplayed with the benzene ring of AZ32 through π-sulfur interaction. Furthermore, AZ32 almost completely overlayed with FTC, mitoxantrone and doxorubicin in the putative drug-binding cavity of ABCG2 (Figure 4D), suggesting that AZ32 may inhibit the transporter activity of ABCG2 by competing with the substrates to bind ABCG2.




Discussion

Despite ample advances in novel cytotoxic and targeted agents, resistance to chemotherapeutic drugs continues to be one of the biggest obstructions in the treatment of patients with metastatic colorectal cancer (23–25). With accumulated evidence, transmembrane transporter ABCG2 has emerged as an attractive targeting moiety to combat chemotherapeutic drugs resistance (26, 27). Abcg2−/− knockout and wild-type mice were widely used to study the effect of ABCG2 on the tissue distribution of potential substrates by analyzed their plasma, small intestine, colorectal, liver, kidneys, and testicles (28, 29). Recently, Daniella et al. established ABCG2-knockout and EGFP tagged ABCG2 reporter cell lines in human lung adenocarcinoma cells, which were useful to study the ABCG2 gene regulation and visualizing protein activity in live cells (30). In this study, we established an ABCG2-knockout human colorectal cancer cell line by CRISPR-Cas9 mediated genome editing technology which we have used previously (31, 32). This precision-engineered colorectal cell line provided a valuable model for screening new ABCG2 inhibitors and validating the specificity of potential inhibitors.

As a novel selective inhibitor of ATM kinase, AZ32 significantly potentiated the radiotherapy effect on glioma in vitro and in vivo (21). In the present study, we found that AZ32 could sensitize ABCG2-overexpressing colorectal cancer cells to mitoxantrone and doxorubicin but not cisplatin. Further results showed that AZ32 could enhance the intracellular accumulation of mitoxantrone, doxorubicin, and rhodamine 123 in ABCG2-overexpressing colorectal cancer cells. Western blot assay indicated that AZ32 did not alter the expression of ABCG2. Moreover, the predicted molecule docking model presented that AZ32 was stably located in the transmembrane domain of ABCG2. All these data suggest that AZ32 could inhibit the transporter activity of ABCG2 to reverse ABCG2-mediated multidrug resistance in colorectal cancer by competing with the substrate chemotherapeutic drugs to bind ABCG2. However, the combined effect of AZ32 with ABCG2-substrate chemotherapeutic drugs in colorectal cancer need to be further validated in vivo.

In conclusion, our result demonstrated that AZ32 could potently reverse ABCG2-mediated MDR in colorectal cancer by inhibit the transporter activity of ABCG2, which is supported by the predicted binding mode that presented the hydrophobic interactions of AZ32 within the drug binding cavity of ABCG2. Therefore, the combination of AZ32 with ABCG2-substrate chemotherapeutic drugs may be a potential strategy to overcome MDR in colorectal cancer.
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Cisplatin-based chemotherapy and radiotherapy are the main first-line treatment strategies for nasopharyngeal carcinoma (NPC) patients. Unfortunately, resistance is a major obstacle in the clinical management of NPC patients. We prove that the expression level of high-mobility group box 1 (HMGB1) is dramatically increased in resistant NPC cells than that in sensitive cells. HMGB1 induces the expression and secretion of IL6, which leads to constitutive autocrine activation of the JAK2/STAT3 pathway and eventually contributes to chemoresistance in NPC cells. Long non-coding RNAs (lncRNAs) have been identified as key regulators involved in drug resistance. In this study, using GO analysis of the biological process and differential expression analysis, we find 12 significantly altered IncRNAs in NPC cell lines, which may be involved in regulating gene expression. Furthermore, we determine that elevated lncRNA MIAT level upregulates HMGB1 expression, contributing to cisplatin resistance in NPC cells. We find that the deficiency of the lncRNA MIAT/HMGB1 axis, inhibition of JAK2/STAT3, or neutralization of IL6 by antibodies significantly re-sensitizes resistant NPC cells to cisplatin in resistant NPC cells. Moreover, we provide the in vivo evidence that the deficiency of HMGB1 reduces cisplatin-resistant tumor growth. Most importantly, we provide clinical evidence showing that the expression level of the lncRNA MIAT/HMGB1/IL6 axis is elevated in resistant NPC tumors, which is highly correlated with poor clinical outcome. Our findings identify a novel chemoresistance mechanism regulated by the lncRNA MIAT/HMGB1/IL6 axis, which indicates the possibilities for lncRNA MIAT, HMGB1, and IL6 as biomarkers for chemoresistance and targets for developing novel strategies to overcome resistance in NPC patients.
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Introduction

Nasopharyngeal carcinoma (NPC) is a type of squamous cell carcinoma that arises from the nasopharynx’s epithelial lining (1). The prevalence of NPC in southern China, Southeast Asia, Northern Africa, Greenland, and Inuits of Alaska endangers human health (1, 2). Clinical evidence and experimental studies indicated that Epstein-Barr virus (EBV) infection, genetic susceptibility, and environmental factors are associated with pathogenic factors of NPC (3, 4). Currently, chemotherapy and radiotherapy are the front-line treatment of NPC. Even though these therapeutic options increased the survival of patients with locally advanced NPC and distant metastasis (DM), resistance to radiotherapy and chemotherapy remains a major clinical obstacle for the treatment of NPC (5–7). Therefore, there is an urgent need to explore the mechanisms underlying radio or chemoresistance for NPC and develop more effective therapeutic strategies.

Recent evidence has revealed that many cytokines/chemokines/growth factors and their receptors are dysregulated in cancers, building up a network involved in regulating tumor progressions, invasion, and especially resistance to radiotherapy and chemotherapy (8, 9). Notably, the interleukin-6 (IL6) cytokine family has been reported to be involved in cancer invasion and proliferation (10). Interestingly, IL6, as a member of the IL6 family and a pleiotropic cytokine, has been shown to accumulate in solid tumors of human colorectal cancer, breast cancer, gastric cancer, prostate cancer, and osteosarcoma (11–14). IL6 is a key player in multiple pathophysiological properties associated with cancer progression and drug resistance (9, 15, 16). The interleukin-6 receptor (IL6R) engages through gp130 ligands and activates the JAK2/STAT3 pathway. IL6R has been shown to be involved in tumor proliferation, survival, invasion, and angiogenesis (17–19). IL6 binding to the IL6R/gp130 complex activates the JAK2/STAT3 pathway and induces its own production in an autocrine manner (13, 20).

High-mobility group box 1(HMGB1) is a nonhistone and highly mobile DNA-binding protein, which functions as a nuclear factor that enhances gene transcription and regulates DNA repair and chromatin remodeling (21, 22). HMGB1 is also recognized as a damage-associated molecular pattern molecule (DAMP) released by necrotic cells and monocytes in response to cell death, inflammation stimuli, and various environmental stressors (21–23). Particularly, dysfunction of intracellular and extracellular HMGB1 has been implicated in the proliferation and metastasis of various cancers, including hepatocellular carcinoma, colorectal cancer, melanoma, and breast cancer (24–27). In many cases, extracellular HMGB1 acts as a pro-tumor protein due to its cytokine, chemokine, and growth factor activity, whereas intracellular HMGB1 promotes drug resistance owing to the pro-autophagy activity and regulation of gene transcription (28–30). However, the function of HMGB1 in chemoresistance remains unknown.

Long non-coding RNAs (lncRNAs), known as non-coding single-strand RNAs, play an essential role as carcinogenic genes or tumor suppressors in the development of human cancer (31–34). Myocardial infarction-associated transcript (MIAT) was first identified as an lncRNA in 2006 and is considered as a regulator in the nucleus interacting with nuclear factors, while as a competitive endogenous RNA (ceRNA) in the cytoplasm (31, 35, 36).

In this study, we demonstrated that the lncRNA MIAT/HMGB1 axis is highly upregulated in cisplatin-resistant nasopharyngeal carcinoma cell lines. The lncRNA MIAT/HMGB1 axis contributes to cisplatin resistance by regulating IL6 expression and secretion. Autocrine IL6 promotes resistance by activating the JAK2/STAT3 pathway in NPC. HMGB1 deficiency overcomes cisplatin resistance in vivo. Clinical evidence shows that the expression level of the lncRNA MIAT/HMGB1/IL6 axis is elevated in resistant NPC tumors, which is highly correlated with the poor survival of patients. Thus, the lncRNA MIAT/HMGB1/IL6 axis could be considered as a promising candidate for therapy in chemoresistant NPC.



Material and Methods


Cell Cultures

NPC cell lines CNE-2 and HONE-1 were cultured in Roswell Park Memorial Institute 1640 medium with 10% fetal bovine serum (FBS) and 100 IU/ml of penicillin/streptomycin. Cells were maintained at 37°C and 5% CO2 in a humidified incubator. Resistant cells were generated according to previous studies (37). Briefly, CNE-2 resistant cells (CNE-2 CR) and HONE-1 resistant cells (HONE-1 CR) were generated by exposing CNE-2 wild-type cells (CNE-2 WT) or HONE-1 wild-type cells (HONE-1 WT) to increasing concentrations of cisplatin once per week for at least three months.



Cell Viability Assay

A cell viability assay was performed as previously described (37). Briefly, cells were seeded in a 96-well plate to a final concentration of 5,000 cells per well and cultured to allow adherence. Then cells were exposed to cisplatin at varying concentrations and incubated for 72 h. Cell viability was detected using a Sulforhodamine B (SRB) assay. Cells were fixed by 10% trichloroacetic acid (TCA) then followed by staining using 0.02% SRB, finally the SRB was extracted with Tris buffer (10 mM of tris-HCl, pH 10.5) and the absorbance was measured at 510 nm by a microplate reader (MTX Lab Systems).



Transfection

Transfections of siRNA were performed with Lipofectamine™ RNAi MAX (Invitrogen) according to the manufacturer’s instructions. Gl2 (luciferase) siRNA was used as a negative control. The HMGB1 plasmid (Addgene #31609) was transfected using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions.



Generation of HMGB1 Knock-Out Cell Lines

HMGB1 KO cell line CNE-2 was generated using CRISPR/Cas9 as previously described (37).



qRT-PCR

RNA isolation and qRT-PCR assays were performed as described previously (37). Total RNA from cells was extracted with the miRNeasy Mini Kit (Qiagen), and complementary DNA was synthesized using moloney murine leukemia virus (M-MLV) reverse transcriptase with random primers. cDNA was generated with the BioTeke super RT kit (Bioteke) according to the manufacture’s protocol. qRT-PCR was performed using SYBR Premix Ex TaqTM (TaKaRa). The relative expressions of genes were calculated by normalization to the internal control Actin. Primers are listed in Supplementary Table 1.



Western Blot Analysis

Western blot was performed as described previously (37). The cells were collected in ice-cold PBS, and lysed in RIPA buffer containing protease inhibitor and phosphatase inhibitor cocktail (Santa Cruz Biotechnology). The protein concentrations were determined by use of Bradford methods and boiled in SDS sample buffer (50 mM of Tris [pH 6.8]; 100 mM of DTT; 2% SDS; 0.1% bromophenol blue; 10% glycerol). The proteins were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. Membranes were then incubated in blocking solution (5% non-fat milk in 20 mM of TRIS-HCl, 150 mM of NaCl, 0.1% Tween-20) (TBST), followed by incubation with the indicated primary antibodies at 4°C overnight. Then secondary antibodies were incubated and detected with an enhanced chemiluminescence reaction.



Data Mining

The whole data of NPC cell lines CNE-2 and HONE-1 underwent GO analysis of the biological process and differential expression analysis, which were implemented in the R programing language.



Ethynyl-2’-deoxyuridine (EdU) Cell Proliferation Assay

EdU staining was conducted using the Click-iT™ Plus EdU Alexa Fluor™ 594 Flow Cytometry Assay Kit (Thermo Fisher) as per the manufacturer’s instructions. EdU-positive cells were analyzed by a flow cytometer.



Xenograft Tumor Model

Eight-week-old nude mice (female, athymic Foxn1nu; Vital River, Beijing, China) were inoculated subcutaneously by injecting CNE-2 CR or CNE-2 CR-KO cells (5 x 106) into the dorsal flank of each mouse. Cisplatin was injected twice per week, for a total of two weeks (5 mg/kg, intraperitoneally) when the tumor volume reached 100 mm3. Tumor volume was calculated from caliper measurements by the formula 1/2(L × W2). Tumor volume and body weight were measured twice per week.



Immunohistochemistry

Immunohistochemistry (IHC) staining was performed as previously described. An antibody against Ki67 was used for specific recognition of corresponding proteins in the xenograft tumor samples. The quantification of cells with positive staining per field was analyzed.



Nasopharyngeal Carcinoma Patients

The tumor tissues from sensitive and resistant patients were from China Japan Union Hospital of Jilin University. The present study was approved by the institutional ethics committee. Survival rate of patients was analyzed using a Kaplan-Meier plotter (https://kmplot.com/analysis/).



Statistical Analysis

Data were presented as mean ± SD of at least three independent experiments. Statistical analysis of data was performed by Student’s t test and one-way ANOVA using Graph Pad Prism 7 software for two groups and multiple group comparison. P<0.05 represents the statistically significant difference.




Results


Establishment of Cisplatin-Resistant NPC Cells

To discover new mechanisms of resistance, pathways, and targets for novel drug combinations that can overcome cisplatin resistance, we established resistant NPC cells using two parent NPC cell lines CNE-2 and HONE-1, according to methods described previously (37). We obtained sub-cell lines, CNE-2 CR and HONE-1 CR, which could grow in a high concentration of cisplatin (Figures 1A, B). The SRB cell survival assay revealed that the IC50 of cisplatin in CNE-2 CR and HONE-1 CR increased 3-fold (Figures 1A, B). We further used these two pairs of cell lines to screen for factors that may contribute to chemoresistance.




Figure 1 | The expression and secretion levels of IL6 were elevated in resistant NPC cells. (A, B) Establishment of cisplatin-resistant NPC cells. Cell proliferation was assessed by SRB assay, ***P < 0.001. (C, D) The mRNA levels of some cytokines and chemokines in parent wild-type NPC cell lines (CNE-2 WT and HONE-1 WT) and resistant cell lines (CNE-2 CR and HONE-1 CR) were detected by qPCR, *P < 0.05, **P < 0.01, ***P < 0.001. (E, F) The protein levels of IL6, p-JAK2, JAK2, p-STAT3, STAT3, and Actin were detected by western blotting. (G, H) IL6 secretion levels were detected by an ELISA kit, ***P < 0.001.





Identification of IL6 as a Key Factor That May Regulate Cisplatin Resistance

Cytokines and chemokines have been reported to participate in the progression of tumor growth, invasion, metastasis, and drug resistance. The expressions of cytokines and chemokines including IL6, IL-11, TGF-b, IL-5, IL-10, and IL-1b have significant differences after ionizing radiation (IR) or cisplatin treatment in various tumors (8, 11, 38, 39). Thus, cytokines or chemokines are designated as potential biomarkers for diagnosis and treatment in cancers. We hypothesized that cytokines or chemokines and their activated receptors might be involved in resistance to cisplatin. To further test this possibility, we detected the mRNA expression levels of some cytokines and chemokines in parent wild-type sensitive NPC cell lines (CNE-2 WT and HONE-1 WT) and resistant cell lines (CNE-2 CR and HONE-1 CR). Interestingly, the IL6 mRNA level was significantly increased in both resistant cell lines compared to the sensitive cell lines (Figures 1C, D), indicating that an elevated level of IL6 may cause resistance.



The Expression and Secretion Levels of IL6 Are Elevated in Resistant NPC Cells

To verify if IL6 expression and its downstream pathway are upregulated in cisplatin resistant cells, we detected the IL6 protein level and its downstream pathway in cisplatin sensitive and resistant cells. Consistently, we found the protein level of IL6 was significantly increased in both resistant cell lines (Figures 1E, F). Furthermore, we tested the activation of IL6 downstream signaling via the JAK2/STAT3 pathway. The phosphorylation levels of JAK2 (Y1007/1008) and STAT3 (Y694) were both upregulated in resistant cells, while the total protein level of JAK2 and STAT3 were not altered when compared to the sensitive cells (Figures 1E, F). Our data indicated that IL6 is upregulated, which activates the JAK2/STAT3 pathway in resistant cells.

Given that IL6 mRNA and protein levels are increased in both resistant cells, we hypothesized that IL6 in the medium of resistant cells may cause, in an autocrine fashion, the activation of a downstream pathway, which eventually results in resistance to cisplatin. We tested the level of IL6 secreted in resistant cells. Consistently, the secretion level of IL6 in the medium of both resistant cells was significantly elevated compared to their sensitive counterparts (Figures 1G, H).



Autocrine IL6 Activation Promotes Cisplatin Resistance

Given the above findings of the elevated expression and secretion levels of IL6, we hypothesized that IL6-mediated autocrine activation of the JAK2/STAT3 pathway may contribute to the induction of resistance in NPC. We showed that the stimulation of recombinant IL6 treatment turned the sensitive cells toward resistance to cisplatin (Figures 2A, B). To confirm whether the elevated IL6 secretion level in the medium of resistant cells causes resistance to cisplatin, the conditioned medium from sensitive cells and resistant cells were collected to culture sensitive cells. Indeed, both sensitive cells CNE-2 WT and HONE-1 WT cultured with the conditioned medium from resistant cells displayed an elevated resistance to cisplatin, compared to the cells cultured in the conditioned medium from sensitive cells (Figures 2C, D). However, this elevated resistance was abolished by an IL6 neutralization antibody (Figures 2C, D). Meanwhile, the activation level of the JAK2/STAT3 pathway was also dramatically decreased by an IL6 neutralization antibody (Figures 2E, F). These results indicate that the secreted IL6 acts as an autocrine factor to induce cisplatin resistance in NPC cells via the JAK2/STAT3 pathway. Furthermore, we found that IL6 deficiency by specific siRNA resulted in a decreased IL6 secretion level (Figures 2G, H). More importantly, IL6 deficiency suppressed the cell survival of both resistant cell lines by downregulating the activation of the JAK2/STAT3 pathway, indicating that IL6 deficiency re-sensitizes resistant cells to cisplatin (Figures 2I–L).




Figure 2 | Activation of IL6 promotes cisplatin resistance. (A, B) Cell proliferation was assessed by SRB assay after recombinant IL6 treatment, **P < 0.01. (C, D) Cell proliferation was assessed by SRB assay after incubation with conditional medium from wild-type cells or resistant cells, and isotype control or anti-IL6, **P < 0.01, ***P < 0.001. (E, F) The protein levels of p-JAK2, JAK2, p-STAT3, STAT3, and Actin were detected by western blotting in CNE-2 WT and HONE-1 WT cells treated with conditional medium from resistant cells, and isotype control or anti-IL6. (G, H) IL6 secretion levels were detected by an ELISA kit after IL6 siRNA transfection, ***P < 0.001. (I, J) Cell proliferation was assessed by SRB assay after IL6 siRNA transfection, ***P < 0.001. (K, L) The protein levels of IL6, p-JAK2, JAK2, p-STAT3, STAT3, and Actin were detected by western blotting after IL6 siRNA transfection.





HMGB1 Upregulates the Expression of IL6 in NPC Resistance

Previous studies have reported that HMGB1 is associated with cytokines or chemokines production (21, 23, 28, 40–42). We tested whether HMGB1 is involved in the upregulation of IL6. Interestingly, we observed that the basal levels of HMGB1 in both resistant cells CNE-2 CR and HONE-1 CR were significantly elevated (Figures 3A, B). To determine whether HMGB1 regulates IL6 expression, we knocked down HMGB1 with siRNA and detected the expression of IL6 and the activation of the downstream JAK2/STAT3 pathway. HMGB1 deficiency significantly reduced IL6 expression, as well as the phosphorylation level of JAK2 and STAT3 (Figures 3C, D). Importantly, HMGB1 deficiency re-sensitized resistant cells to cisplatin (Figures 3E, F). Similar results were observed from the EdU cell proliferation assay. The resistant cells with HMGB1 deficiency showed less proliferation when exposed to cisplatin compared to the cells in the control group (Figures 3G, H). To confirm whether HMGB1 contributes to cisplatin resistance in NPC cells via targeting IL6 directly, we established HMGB1 knock-out cells in resistant NPC cells (CNE-2 CR KO) for rescue experiments (Figures 4A, B). The results showed that HMGB1 KO cells in resistant cells re-sensitized to cisplatin, which was polished by recombinant IL6 treatment. Consistently, the elevated resistance caused by ectopic overexpression of HMGB1 in sensitive CNE-2 WT cells was polished by the treatment of the IL6 neutralization antibody (Figures 4C, D). To further validate the HMGB1 function, we rescued HMGB1 by overexpressing it in HMGB1 KO resistant cells. Results showed that overexpressed HMGB1 impaired the sensitivity to cisplatin in HMGB1 KO resistant cells (Figures 4E, F). Taken together, these results suggest that HMGB1 contributes to cisplatin resistance by directly upregulating IL6 expression in NPC cells.




Figure 3 | HMGB1 is upregulated in NPC cisplatin-resistant cells. (A, B) The protein levels of HMGB1 and Actin were detected by western blotting. (C, D) The protein levels of HMGB1, IL6, p-JAK2, JAK2, p-STAT3, STAT3, and Actin were detected by western blotting after HMGB1 siRNA transfection. (E, F) Cell proliferation was assessed by SRB assay, after HMGB1 siRNA transfection ***P < 0.001. (G, H) A cell proliferation assay was performed using an EdU assay and analyzed by flow cytometry after siRNA transfection. *P < 0.05, **P < 0.01.






Figure 4 | HMGB1 upregulates expression of IL6 in resistance. (A) Cell proliferation was assessed by SRB assay after recombinant IL6 treatment in CNE-2 CR and CNE-2 CR-KO cells, **P < 0.01, ***P < 0.001. (B) The protein levels of HMGB1 and Actin were detected by western blotting in CNE-2 CR and CNE-2 CR-KO cells. (C) Cell proliferation was assessed by SRB assay after anti-IL6 treatment in CNE-2 WT and CNE-2 HMGB1 OE cells, **P < 0.01, ***P < 0.001. (D) The protein levels of HMGB1 and Actin were detected by western blotting after HMGB1 was overexpressed in CNE-2 WT cells. (E) Cell proliferation was assessed by SRB assay after HMGB1 was overexpressed in CNE-2 CR OK cells. (F) The protein levels of HMGB1 and Actin were detected by western blotting in CNE-2 CR and CNE-2 CR KO and CNE-2 CR KO with HMGB1 overexpressed cells. (G) Cell proliferation was assessed by SRB assay after treatment with JAK2 inhibitor LY2784544 or STAT3 inhibitor stattic, ***P < 0.001.



Given that HMGB1 elevated IL6 level, which induces the activation of the JAK2/STAT3 pathway, we explored the approach to overcome cisplatin resistance via treating resistant cells with JAK2 inhibitor LY2784544 or STAT3 inhibitor stattic. Similarly, both the JAK2 inhibitor and STAT3 inhibitor exhibited a synergistic effect with cisplatin on resistant cells (Figure 4G) which suggests possibilities to develop novel drug combinations with chemotherapy to overcome resistance in NPC.



HMGB1 Deficiency Overcomes Cisplatin Resistance In Vivo

To evaluate whether HMGB1 deficiency could re-sensitize cisplatin in vivo, we established xenograft tumors by injecting CNE-2 CR or CNE-2 CR-KO cells, followed by cisplatin treatment (Figure 5A). We found that HMGB1 deficiency without cisplatin treatment did not affect tumor growth. Strikingly, HMGB1 deficiency showed a dramatically synergistic effect with cisplatin in resistant xenograft tumors with no significant difference in body weight (Figures 5B–E). Similarly, the Ki67 immunohistochemistry (IHC) results showed that cell proliferation was impaired in CNE-2-KO xenograft tumors with cisplatin treatment (Figures 5F, G).




Figure 5 | HMGB1 deficiency overcomes cisplatin resistance in vivo. (A) The scheme of xenograft tumors and treatment. (B) The photograph of the representative tumors from mice in each treatment group. Ruler scale is shown in cm. (C) Growth curves of CNE-2 CR xenograft tumors treated with vehicle and cisplatin (5 mg/kg, intraperitoneally) for two weeks, n = 6 mice/group, ***P < 0.001. (D) The tumor weight in each treatment group, ***P < 0.001. (E) The body weight from mice in each treatment group. (F–G) Immunohistochemistry staining of Ki67 in xenograft tumor samples. Ki67 positive cells were quantified. NS, Non-significant.





lncRNAs Differentially Express in NPC Cells

lncRNAs have been reported to regulate the growth, proliferation, invasion, metastasis, and drug resistance of various cancers (32, 33, 34). lncRNAs participate in transcriptional modulation, splicing regulation, post-transcriptional process, chromatin remodeling, or protein-protein, protein-DNA, and protein-RNA interactions (43, 44, 45). We, therefore, compared the nasopharyngeal carcinoma cell lines CNE-2 and HONE1 to a normal nasopharynx cell line for the detection of differentially expressed lncRNAs (Figure 6A and Supplementary Figure 1). The GO analysis results showed differentially expressed genes enrichment in the pathway of negative regulation of posttranscriptional gene silencing and negative regulation of gene silencing by RNA, which had been reported to be associated with chemotherapy resistance in various cancers (Figure 6B). This result indicates that these lncRNAs may be involved in the regulation of HMGB1 expression. We overlapped the differentially expressed lncRNAs in CNE-2 and HONE-1 cell lines. Twelve lncRNAs (LINC01238, TCL6, LINC01006, TNRC6C-AS1, MMP25-AS1, LINC00954, A1BG-AS1, lnc MIAT, LINC00173, LINC00342, CD27-AS1, and TSPOAP1-AS1) were found dramatically differentially expressed compared with the normal nasopharynx cell line, which may be involved in the regulation of HMGB1 expression (Figure 6C).




Figure 6 | lnc MIAT contributes to cisplatin resistance via regulating HMGB1 in NPC cells. (A) Volcano plot showing differentially expressed lncRNAs in CNE-2 compared with normal nasopharynx cells. A change is considered significant if the change is >2-fold with a p-value of <0.05. (B) GO analysis of the biological process in CNE-2 cells. (C) Heatmap showing the selected differentially expressed lncRNAs in CNE-2 after overlap with those in HONE-1. (D, E) lncRNA levels were detected by qPCR, **P < 0.01, ***P < 0.001. (F–I) The expression levels of HMGB1 and IL6 were detected by qPCR after siRNA transfection of lncRNAs, **P < 0.01, ***P < 0.001. (J, K) Cell proliferation was assessed by SRB assay, after MIAT siRNA transfection ***P < 0.001. (L, M) Cell proliferation assay was performed using an EdU assay and analyzed by flow cytometry after siRNA transfection. *P < 0.05.





lncRNA MIAT Contributes to Cisplatin Resistance via Regulating HMGB1 in NPC Cells

To determine the roles of lncRNAs involved in cisplatin resistance in NPC cells, we tested the expression levels of these twelve lncRNAs in resistant NPC cells. We found that TNRC6C-AS1, LINC01006, and lncRNA MIAT were upregulated in both resistant NPC cells CNE-2 CR and HONE-1 CR (Figures 6D, E). To determine which lncRNA may be involved in regulating HMGB1 in resistant cells, we detected their effect on HMGB1 expression via defecting these lncRNAs by siRNA individually. Notably, lncRNA MIAT deficiency decreased HMGB1 expression as well as IL6 expression, while TNRC6C-AS1 and LINC01006 did not show an effect on HMGB1 and IL6 (Figures 6F–I). This result indicates that lncRNA MIAT participates in HMGB1 expression in resistance. To further confirm whether lncRNA MIAT deficiency overcomes resistance, we tested synergy with cisplatin in NPC resistant cells and results showed that lncRNA MIAT deficiency re-sensitized cells to cisplatin (Figures 6J, K). Similar results were obtained from the EdU cell proliferation assay. The resistant cells with lncRNA MIAT deficiency showed less proliferation when exposed to cisplatin (Figures 6L, M). Taken together, we found that lncRNA MIAT participated in cisplatin resistance via regulating the HMGB1/IL6 axis in NPC cells.



Clinical Evidence of the lncRNA MIAT/HMGB1/IL6 Axis

To directly evaluate the correlation between the lncRNA MIAT/HMGB1/IL6 axis and tumor resistance in NPC patients, we collected samples from cisplatin-sensitive patients and the patients developed resistance. We obtained four sensitive tumor samples and four resistant tumor samples and analyzed the expression levels of lncRNA MIAT, HMGB1, and IL6 (Figures 7A–D). We found that all the resistant patients had elevated lncRNA MIAT, HMGB1, and IL6 expression levels. Inspired by this finding of the correlation between the lncRNA MIAT/HMGB1/IL6 axis and resistance in NPC patients, we further evaluated the correlation between the expression of the lncRNA MIAT/HMGB1/IL6 axis and survival rate. NPC is the most common head neck squamous cell carcinoma (HNSCC) derived from the epithelial cells at the nasopharynx. Given that NPC samples are relatively rare to obtain, we analyzed the data from HNSCC patients in the datasets and correlated the expression levels of lncRNA MIAT, HMGB1, and IL6 with the survival rate of these patients using a Kaplan-Meier plotter (https://kmplot.com/analysis/). Indeed, patients exhibited a worse 5-year PPS rate when the expression level of lncRNA MIAT, HMGB1, or IL6 was higher (Figures 7E–G). Consistently, the high expression level of the lncRNA MIAT/HMGB1/IL6 axis significantly correlated with poor patient survival (Figure 7H). Thus, this clinical evidence strongly indicates that the expression level of the lncRNA MIAT/HMGB1/IL6 axis is elevated in resistant NPC tumors, which is highly correlated with poor survival.




Figure 7 | Clinical evidence of the lncRNA MIAT/HMGB1/IL6 axis. (A) The protein levels of HMGB1 and Actin were detected by western blotting in patient samples. (B–D) The mRNA levels of IL6, HMGB1, and lncRNA MIAT were detected by qPCR in patient samples, **P < 0.01. (E–H) Survival rate of patients was analyzed using a Kaplan-Meier plotter (https://kmplot.com/analysis/). (I) Working model of the lncRNA MIAT/HMGB1/IL6 axis in regulating cisplatin resistance in NPC cells.






Discussion

In this study, we showed the elevated lncRNA MIAT/HMGB1 axis is responsible for IL6-mediated activation of the JAK2/STAT3 pathway to endow NPC cells with cisplatin resistance (Figure 7I). We have provided the evidence that targeting lncRNA MIAT, HMGB1, or IL6 is capable of re-sensitizing cells to cisplatin. In recent years, there has been more and more evidence that lncRNAs can be considered as new and valuable molecules that are involved in the regulation of the growth, proliferation, invasion, metastasis, and drug resistance of cancer cells (32, 33, 34). lncRNAs participate in transcriptional modulation, splicing regulation, post-transcriptional process, chromatin remodeling, or protein-protein, protein-DNA, and protein-RNA interactions (43, 44, 45). Myocardial infarction-associated transcript (MIAT) known as retina non-coding RNA2, locates on the human chromosome 12q12.1 (31, 46). It has been reported that lncRNA MIAT acts as an oncogene upregulated in various cancers such as gastric cancer, liver cancer, colorectal cancer, and lung cancer (31). lncRNA MIAT is involved in regulating proliferation, migration, invasion, drug resistance, and cell cycle by targeting some proteins, including MMP9, SF1, TDP43, ZEB1, MYO1B, SGK1, WNT9A, DDX5, and HDAC4 (31). However, the role of lncRNA MIAT in cisplatin-resistant NPC cells is barely known. For the first time, our study determined that MIAT, as well as HMGB1, is upregulated in cisplatin-resistant NPC cells. More importantly, we have revealed that MIAT contributes to cisplatin resistance via upregulating HMGB1 expression and then elevating IL6 expression and secretion levels. However, the mechanism by which MIAT regulates HMGB1 expression remains to be defined in a future study. Given that MIAT has been revealed to play a regulatory role in the cytoplasm via the mechanism of competitive endogenous RNA (ceRNA) to target various microRNAs including miR-141, miR-29A-3p, miR-133a-5p, miR-184, miR-34a, miR-1246, and miR-150 (31), we assume that MIAT regulates HMGB1 expression via targeting some microRNAs.

HMGB1 was first discovered as one of a group of chromatin-associated proteins. Structurally, HMGB1 protein contains two homologous DNA-binding domains with a negatively charged C-terminal region (47). Nuclear HMGB1 binds to DNA to stabilize the nucleosome and regulate chromatin remodeling, DNA repair, and gene transcription (22). HMGB1 has been shown to be a transcriptional co-factor of multiple genes, including p53, p73, NF-κB, and estrogen receptor (22, 30). Therefore, it is reasonable that HMGB1 participates in upregulating IL6 expression. Most importantly, for the first time, we demonstrated that the expression level of HMGB1 is much higher in resistant NPC cells than in sensitive cells, suggesting that HMGB1 may be associated with resistance. Indeed, we have found that HMGB1 deficiency re-sensitizes resistant cells to cisplatin. Extracellular HMGB1 also acts as a pro-tumor protein due to its cytokine, chemokine, and growth factor activity (28–30). It has been previously reported that HMGB1 binds to lipoteichoic acid and enhances TNF-α and IL6 production in an inflammatory response (40). Consistent with this report, our findings have revealed that HMGB1 upregulates IL6 expression to contribute to resistance, because HMGB1 has dual nucleus and extracellular functions. This also opens up new possibilities that the secreted HMGB1 may also improve tumor cell survival and invasion. Moreover, we found that HMGB1 deficiency overcomes cisplatin resistance in vivo, which provides evidence that HMGB1 could be a potential target for the following therapy of NPC patients.

We have also provided evidence that IL6 acts as an autocrine factor to activate the downstream JAK2/STAT3 pathway, which eventually transforms sensitive cells into resistant cells. Therefore, it provides the possibility that IL6 can be potentially used as a biomarker for diagnosing, preventing, and treating cisplatin resistance in clinical application.

Most importantly, we have provided clinical evidence showing that the expression level of the lncRNA MIAT/HMGB1/IL6 axis is elevated in resistant NPC tumors, which is highly correlated with the poor survival of patients. Therefore, lncRNA MIAT, HMGB1, and IL6 are promising targets in drug development to overcome resistance in NPC patients. Additionally, it is well known that the JAK inhibitor (LY2784544) we used in this study is currently in a Phase 2 clinical trial for its potential use in treating myeloproliferative neoplasms (NCT01594723). During the Phase 1 trials, patients showed good tolerance to LY2784544 and clinical improvement at a dose of 120 mg/day (48). Our studies have indicated that LY2784544 can efficiently re-sensitize cisplatin-resistant NPC cells to cisplatin via inhibition of JAK2, which eventually blocks IL6 autocrine activity. Therefore, the application of specific JAK2 inhibitors, including LY2784544 is likely to lead to a promising and efficient combination approach with chemotherapy as the first-line treatment or the treatment strategy for relapsed patients after radiotherapy (Figure 7I). We have also demonstrated that the STAT3 inhibitor (stattic) overcomes resistance, which indicates that the STAT3 inhibitor is promising for drug innovation (Figure 7I). Taken together, our study provides the impetus to discover new strategies, for instance, the development of efficient agents, including JAK2/STAT3 inhibitors and humanized monoclonal antibodies against IL6 to re-sensitize resistant NPC cells or other cancers that were resistant to chemotherapy.
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Apatinib is a new oral tyrosine kinase inhibitor that targets vascular endothelial growth factor receptor-2. It has been proven effective in treating multiple solid tumors. Herein, we report the case of a 67-year-old Chinese patient who was diagnosed with recurrent and malignant transformation of intrahepatic biliary cystadenoma. After multidisciplinary team discussion, the team considered that the remaining liver volume was insufficient for surgical resection. The patient refused chemotherapy and radiotherapy and was willing to take apatinib. Initially, the patient experienced severe tongue ulcers and difficulty eating. The dose of apatinib was then adjusted to 250 mg/day. To date, he has been taking apatinib for 48 months. Regular re-examination showed that the tumor had significantly decreased in size. On January 16, 2021, a CT scan revealed a tumor diameter of 4.5 cm. In our case, the patient achieved partial response and progression-free survival(PFS) of 48.0 months. During treatment, the patient’s appetite and mental state were expected. The treatment did not induce hypertension, fatigue, hand-foot syndrome, or liver and kidney damage. Apatinib may be an option for the treatment of advanced intrahepatic biliary cystadenocarcinoma. Its toxicity is controllable and tolerable. The exact curative effect still needs to be evaluated in more cases.




Keywords: apatinib, intrahepatic biliary cystadenoma, intrahepatic biliary cystadenocarcinoma, targeted therapy, intrahepatic bile duct cystic tumor



Background

Apatinib (Hengrui Pharmaceutical Co., Ltd., Shanghai, China.) is a multi-target, small-molecule tyrosine kinase inhibitor that can selectively inhibit the tyrosine kinase activity of vascular endothelial growth factor receptor-2 (VEGFR-2) and inhibit tumor neovascularization, thus suppressing tumor growth. Clinical observations have shown that apatinib has a specific anti-tumor effect in various tumors (1–3). However, there are no reports on the effectiveness and safety of apatinib in treating patients with intrahepatic biliary cystadenocarcinoma (IBCA). Here, we report, for the first time, the case of a 67-year-old male patient with IBCA who showed a satisfactory response to low-dose apatinib in our department.



Case presentation

On December 10, 2016, a 67-year-old man was admitted to our hospital to further evaluate a liver mass discovered during routine postoperative examination in a local hospital. The patient had no clinical discomfort. Past History: On December 2, 2011, the patient underwent a left lateral hepatectomy because of abdominal magnetic resonance imaging (MRI) showing a multilocular cystic mass in the left lateral lobe of the liver (Figures 1A–C). Postoperative pathology confirmed intrahepatic biliary cystadenoma (IBC) (Figure 1D). No recurrence was found during regular follow-up 3 years after the operation. On December 15, 2016, a computed tomography (CT) scan of the abdomen in our hospital revealed a 16×12 cm mass with cystic and solid masses, accompanied by mixed density and papillary excrescences. After the contrast agent’s infusion, the lesions showed inhomogeneous enhancement, with a low-density necrotic area in the arterial phase and decreased enhancement in the venous phase (Figures 2A–C). Serum CA19-9 level was 8.4 U/mL(normal range: 0-27 U/mL), Serum CEA level was 1.67 ng/mL (normal range: 0-5 ng/mL). After multidisciplinary team discussion, we diagnosed the patient with recurrent and malignant transformation of IBC. We assessed that the patient’s remaining liver volume was not sufficient to undergo liver resection. The patient resisted radiotherapy, chemotherapy, and interventional therapy and only agreed to take apatinib treatment. After signing an informed consent form, the patient started taking apatinib 500 mg/day on February 3, 2017. After taking medicine for 10 days, the patient experienced severe tongue ulcers and difficulty in eating. Therefore, the patient stopped taking apatinib and was treated symptomatically. After 15 days, the discomfort symptoms were relieved, and the dose of apatinib was adjusted to 250 mg/day. MRI (on May 25, 2017) showed that the tumor had shrunk to 12×9 cm, which indicated that the patient achieved stable disease (Figures 2D–F). On July 15, 2020, the patient underwent tension-free repair of the right inguinal hernia in our department and recovered well after the operation. On January 16, 2021, a CT scan showed that the tumor had a diameter of 4.5 cm. No noticeable enhancement was observed (Figures 3A–D). During the follow-up period, no other organs or lymph node metastasis were observed found. The serum tumor marker levels of CEA, CA199, were within the normal range. To date, this patient has been taking apatinib for 48 months. The patient achieved a partial response (PR) according to the Response Evaluation Criteria in Solid Tumours (RECIST) 1.1 standard, and PFS of 48.0 months was achieved. No adverse events, such as hypertension, hand-foot syndrome, liver and kidney function damage, thyroid dysfunction, and digestive tract discomfort, were detected during treatment. The low-dose apatinib was well-tolerated by the patient. The patient agreed to continue taking the medication and refused radical surgical resection.




Figure 1 | MRI examination. The lesion showed low signals with multiple rooms on T1-weighted images. (A) Contrast-enhanced T1-weighted images showed no lesion enhancement: (B) arterial phase; (C) venous phase. (D) Microscopically, multiple cysts were observed. The inner wall of the cyst was covered with columnar mucous epithelium, the cytoplasm was slightly eosinophilic, and the nucleus was located at the base (HE ×200).






Figure 2 | Abdominal magnetic resonance imaging (MRI)/computed tomography (CT) scans before and after apatinib therapy. Before apatinib treatment, a CT scan showed a mass with cystic and solid masses. (A) plain scan; (B) arterial phase; (C) venous phase. After 3 months of apatinib treatment, MRI revealed that the tumor mass decreased significantly. (D) T1-weighted image; (E) arterial phase; (F) venous phase.






Figure 3 | CT scan (on January 21, 2021) showing liver mass after 48 months of apatinib treatment. (A) plain scan; (B) arterial phase; (C) venous phase; (D) equilibrium phase.





Discussion

Intrahepatic bile duct cystic tumor (IBCT) is a rare hepatic cystic tumor, and its aetiology remains unknown. It accounts for 5% of all intrahepatic cystic diseases (4). Due to progress in understanding IBCT, there is an increasing number of related reports. Its actual incidence should be higher, as it is often misdiagnosed as a simple hepatic cyst or other cystic lesions (5). Most of the lesions are single, mostly in the intrahepatic bile duct and rarely in the extrahepatic bile duct; lesions in the gallbladder are rare (6), and most cysts are different IBCT. IBCT is classified into two histological types: IBC and IBCA (7, 8). IBC is a precancerous lesion with a malignant transformation rate of up to 30% (5).

IBCA is a multilocular liver malignant tumor originating from the IBC and is composed of mucous-secreting epithelial cells (7, 9). Previous studies have reported that this disease often occurs in middle-aged women (10). Recent studies have found that the disease is more common in men aged between 55 and 60 years, and the incidence is higher in Asian people (9). Devaney et al. (7) proposed two subtypes of IBCA: (1) malignant transformation caused by IBC with or without ovarian stroma, which is the most common subtype in women, and (2) malignant transformation caused by intrahepatic bile duct or bile duct malformation, which is the subtype that is more common in men.

The clinical manifestations of IBCA and IBC are very similar, making diagnosis difficult. If an ultrasound shows that the intracapsular sound transmission is poor, the cyst fluid is thick, the intracapsular septum is thickened, and the mural nodule is larger than 1.0 cm with coarse calcification; cystadenocarcinoma may also be indicated (11). Choi et al. suggested that CT scan and MRI were excellent in facilitating the differential diagnosis of the two diseases (12). Calcification in the cyst wall, solid masses in the cyst (wall nodules), and thickening of the cyst wall or septum have a tendency to be diagnosed as cystadenocarcinoma. Enhanced CT scans can identify, with greater clarity, the intracapsular septum and potential solid masses in the cyst; however, MRI can determine, with greater clarity, whether the intracapsular septum is connected to the bile duct, thus improving diagnosis rate and assisting in making the operation plan (13). For imaging diagnosis, with respect to suspected IBC or IBCA, there is a risk of transmission, in addition to the limited diagnostic value of the fluid composition characteristics of the needle tract. Therefore, invasive examination or percutaneous fine-needle aspiration cytology is not recommended (8).

Surgical resection is the first choice for treating IBCT because of the difficulty in diagnosing IBCA before surgery and the high malignant transformation rate (14). The possibility of IBC or IBCA should be considered for patients with atypical hepatic cystic lesions. For any suspected hepatobiliary cystadenoma, standard lobectomy should be performed as far as possible to ensure complete resection of the cystic wall and to reduce the recurrence rate (15). During an operation of a patient with IBCA, destroying the integrity of the tumor should be avoided, the scope of resection should be at least approximately 2 cm from the edge of the cyst, and the cyst fluid should be prevented from leaking into the abdominal cavity, which will cause extensive metastasis while ensuring an excellent margin to achieve good prognosis (16). Atypical IBC can easily be misdiagnosed as a hepatic cyst. When thickening of the cyst wall occurs, yellow vegetation on the cyst wall, turbid flocculent or viscous fluid accompanied by bile-like fluid or dark red bloody fluid, or different shapes of polycystic liver cyst fluid may be observed during an operation; in such cases, multi-point sampling is recommended to avoid the omission of bad lesions and the possibility of secondary operation (17). In this case, the patient should undergo resection after drug treatment. Unfortunately, the patient refused to receive surgery or pathological puncture for accurate pathological result.

IBCA is not sensitive to radiotherapy or chemotherapy, and advanced patients lack effective treatment. Radiotherapy and chemotherapy are suitable for patients with advanced tumors, unresectable operations, or late remission of symptoms (18, 19). In a study by Zhao et al. (20), patients with advanced IBCA were treated with docetaxel combined with cisplatin and hyperthermia, and after six cycles of treatment, the lesions did not progress. There have been no reports of targeted therapy for IBCA.

Tumour angiogenesis is a critical step in tumor growth and metastasis. It plays a vital role in providing oxygen, nutrition, and growth factors for tumors; therefore, anti-angiogenesis agents can treat solid tumors (21). Apatinib is a small-molecule tyrosine kinase inhibitor that highly selectively binds to and strongly inhibits VEGFR-2, decreasing VEGF-mediated endothelial cell migration, proliferation, and tumor microvascular formation (22). The China Food and Drug Administration recommended apatinib as a third-line treatment for advanced gastric and gastroesophageal junction adenocarcinoma in 2015. Besides, apatinib shows excellent potential in various solid tumors, such as non-small cell lung cancer (23), breast cancer (24), hepatocellular carcinoma (3), pancreatic cancer (25), and ovarian cancer (26). Adverse reactions to apatinib include hypertension, hand-foot syndrome, albuminuria, fatigue, anorexia, and elevated transaminase level; most of these adverse events are of grade1-2, which can be relieved by drug withdrawal or reduction (3, 27). We report a patient with advanced IBCA who showed a very encouraging response to apatinib. The patient achieved a PR, and a PFS of 48.0 months was achieved, which shows that angiogenesis also plays a vital role in cholangiocarcinoma’s occurrence and development. In addition, apatinib was well-tolerated by the patient, which further proved its safety and suitability. It is suitable as the choice of long-term maintenance treatment. We also think that adverse effects were controlled by dose reduction, or interruption, and symptomatic treatment. Through this patient’s treatment process, combined with relevant literature reports at home and abroad, we get the following enlightenment: We administer drug dose according to the patient’s body weight and age. In the beginning, a medium dose is recommended, which can be increased if the patient is well tolerated; On the contrary, if the adverse reaction is severe, the dose can be reduced to maintain the long-term curative effect.



Conclusions

IBCA is a rare malignant tumor of the liver. IBCA is not sensitive to radiotherapy and chemotherapy, and patients with advanced IBCA lack effective treatment. We think that apatinib may be a new option for the Treatment of IBCA. Its efficacy and safety need to be confirmed by further study..
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Chronic Myeloid Leukemia (CML) is a hematological disorder characterized by the clonal expansion of a hematopoietic stem cell carrying the Philadelphia chromosome that juxtaposes the BCR and ABL1 genes. The ensuing BCR-ABL1 chimeric oncogene is characterized by a breakpoint region that generally involves exons 1, 13 or 14 in BCR and exon 2 in ABL1. Additional breakpoint regions, generating uncommon BCR-ABL1 fusion transcripts, have been detected in various CML patients. However, to date, the impact of these infrequent transcripts on BCR-ABL1-dependent leukemogenesis and sensitivity to tyrosine kinase inhibitors (TKIs) remain unclear. We analyzed the transforming potential and TKIs responsiveness of three atypical BCR-ABL1 fusions identified in CML patients, and of two additional BCR-ABL1 constructs with lab-engineered breakpoints. We observed that modifications in the DC2 domain of BCR and SH3 region of ABL1 affect BCR-ABL1 catalytic efficiency and leukemogenic ability. Moreover, employing immortalized cell lines and primary CD34-positive progenitors, we demonstrate that these modifications lead to reduced BCR-ABL1 sensitivity to imatinib, dasatinib and ponatinib but not nilotinib. We conclude that BCR-ABL1 oncoproteins displaying uncommon breakpoints involving the DC2 and SH3 domains are successfully inhibited by nilotinib treatment.
Keywords: CML, BCR-ABL1 fusion transcripts, TKIs, nilotinib, DC2, SH3
INTRODUCTION
The BCR-ABL1 oncoprotein is the molecular hallmark of chronic myeloid leukemia (CML) and transforms the hematopoietic stem cell by modulating several intracellular mediators involved in survival and proliferation (Cilloni and Saglio, 2012; Ishii et al., 2015; Manzella et al., 2016). BCR-ABL1 is a fusion gene derived from the t (9; 22) reciprocal translocation that joins part of the BCR (Breakpoint Cluster Region on chromosome 22) and of the ABL1 (Abelson murine leukemia viral oncogene homolog 1 on chromosome 9) messenger RNAs. The regions generally involved in this rearrangement are exons 1, 13 or 14 of BCR (e) and exon 2 of ABL1 (a). Fusions involving one of the aforementioned exons give rise to the more common BCR-ABL1 transcripts e1a2 (expressed in ∼20% of acute lymphoblastic leukemia), and e13a2 or e14a2 (generally detected in CML) (Laurent et al., 2001). These common BCR-ABL1 isoforms can be expressed at different times - or simultaneously - in the same patient during the course of the disease (Gong et al., 2017; Massimino et al., 2019a; Stella et al., 2019b). However, published data demonstrates that the t (9:22) reciprocal translocation can involve additional BCR and ABL1 exons, thus generating several uncommon BCR-ABL1 fusion transcripts such as e6a2, e8a2, e19a2, e1a3, e13a3 or e14a3 (Burmeister and Reinhardt, 2008; Gong et al., 2017). The ensuing variations in the BCR and ABL1 functional domains encompassing the breakpoint region affect the oncoproteins structural organization and may influence its leukemogenic potential. Published data show that BCR-ABL1 fusion transcripts characterized by a shorter BCR contribution - i.e., lacking both the DH-GEF and PH domains (BCR-ABL1e1a2 and BCR-ABL1e1a3) or only the DH-GEF region (BCR-ABL1e6a2 and BCR-ABL1e8a2) - trigger different signaling networks despite a kinase activity similar to that of conventional (e1a2, e13a2 and e14a2) BCR-ABL1 isoforms (Reckel et al., 2017). Furthermore, the response to the tyrosine kinase inhibitor (TKI) imatinib depends - at least in part - on the size of the DC2 domain as individuals expressing e13a2 BCR-ABL1 (i.e., with a shorter DC2 region) display an inferior outcome compared to those with e14a2 (which comprises a longer DC2 domain) (Jain et al., 2016; Ercaliskan and Eskazan, 2018). It should also be noted that the SH3 and SH2 regions of ABL1 (encoded by exons 2 and 3), interact intramolecularly with the ABL1 kinase domain, thus playing a critical role in BCR-ABL1-mediated cell survival and leukemogenesis as well as TKI responsiveness (Sherbenou et al., 2010; Grebien et al., 2011).
Although different reports have described the clinical history of CML patients displaying uncommon BCR-ABL1 transcripts (Gui et al., 2015; Ha et al., 2016; Cai et al., 2018; Chisti and Sanders, 2018; Qin et al., 2018), to date, the specific contribution of each different BCR and ABL1 domains modified in infrequent BCR-ABL1 fusions remain unclear. We therefore analyzed the effect of uncommon BCR-ABL1 breakpoints on the oncoprotein’s kinase efficiency, signal transduction, leukemogeneic potential and TKI sensitivity. To this end, we generated five different BCR-ABL1 transcripts: three previously identified in CML patients (BCR-ABL1INS/Del, BCR-ABL1e13a3 and BCR-ABL1e14a3), and two (BCR-ABL1∆DC2 and BCR-ABL1∆SH3) artificially engineered to investigate the role of the DC2 (in BCR) and SH3 (in ABL1) domains. Using in-vitro and ex-vivo models, we demonstrate that modifications in the DC2 and SH3 domains affect BCR-ABL1 signal transduction, leukemogenic potential and TKI response.
METHODS
Identification of Atypical BCR-ABL1 Transcripts
Total RNA extracted from primary CML cells was subjected to RT-PCR using the indicated primers as previously described (Massimino et al., 2019b): Fw BCR-10: 5′-TAT​GAC​TGC​AAA​TGG​TAC​ATT​CC-3′ and Rv ABL1-4: 5′-TCG​TAG​TTG​GGG​GAC​ACA​CC-3′. Atypical breakpoint regions corresponding to BCR-ABL1INS/Del, BCR-ABL1e13a3 and BCR-ABL1e14a3 fusions were confirmed by Sanger sequencing. For BCR-ABL1INS/Del, cDNA sequencing identified the lack of exons 13 and 14 of BCR and the partial deletion of exon 2 in ABL1 with a 39 bp insert that matched a genomic region from 29534693 to 29534732 (GRCh38) corresponding to chromosome 20. The insertion/deletion produced a breakpoint between exon 12 in BCR and exon 2 in ABL1, generating the BCR-ABL1e12a2 transcript that we refer to as BCR-ABL1INS/Del.
Cell Lines and Drugs
Ba/F3 (mouse pro-B cells) cell lines were purchased by DSMZ (German Collection of microorganisms and Cell Cultures GmbH) and cultivated in RPMI (Sigma) plus 10% WEHI3B conditioned medium. Rat1 cells (a gift of J.Y.J. Wang, University of California, San Diego School of Medicine, United States) were cultivated in D-MEM high glucose (Sigma). All growth media were supplemented with 10% fetal bovine serum (FBS) (Euroclone), 2 mM glutamine, 50 µg/ml streptomycin and 100 µg/ml penicillin (All from Sigma). For drug treatments, imatinib (IM) and nilotinib (NIL) were provided by Novartis, dasatinib (DAS) by Bristol Myers Squibb while ponatinib (PON) was purchased by Selleckchem.
Isolation and Expansion of CD34-Positive Progenitors
Immunomagnetic separation of bone marrow leukemic CD34-positive progenitors expressing the e14a3 BCR-ABL1 fusion was performed as previously described (Massimino et al., 2014). CD34-positive cells derived from healthy donors were obtained from ALLCELLS. CD34-positive cells were maintained in Stem Span SFEM supplemented with cytokines at low concentrations (Flt-3 ligand: 5 ng/ml, stem cell factor: 5 ng/ml, interleukin 3: 1 ng/ml, interleukin 6: 1 ng/ml) (all from Stem Cell Technologies).
Generation of Lentiviral Vectors
The pLEX empty vector (EV) (Dharmacon) was used as a backbone to obtain all lentiviral vectors described below.
FLAG- and 6xHIS-BCR-ABL1WT(e14a2) were obtained as previously reported (Massimino et al., 2014) and used as a template to generate all BCR-ABL1 deletion mutants.
To obtain the pLEX-FLAG-BCR-ABL1∆DC2 and pLEX-FLAG-BCR-ABL1∆SH3 constructs, the BCR and ABL1 sequences were separately amplified using the primers reported in Table 1.
TABLE 1 | BCR and ABL1 primer sequences to generate ΔDC2 and ΔSH3 FLAG-BCR-ABL1 deletion constructs.
[image: Table 1]All BCR portions were cloned in the pLEX-EV using Spe-I and Not-I restriction sites and each construct was subsequently subjected to ligation with his respective ABL1 counterpart using the Not-I and Mlu-I enzymes.
To generate the pLEX-FLAG-BCR-ABL1INS/Del, pLEX-FLAG-BCR-ABL1e13a3 and pLEX-FLAG-BCR-ABL1e14a3 we employed the Q5 site-direct mutagenesis kit according to the manufacturer’s protocol (NEB) using the following primers:
FwINS/Del: 5′-ATA​TTC​AGA​GTT​TCA​TGT​TCT​GAA​GCC​GCT​CGT​TGG​AA-3′
RvINS/Del: 5′-TTG​GCC​ATT​ATT​CTG​GCA​ATT​GTT​CTC​CCT​CCA​CTC​TGC-3′
Fwe13a3: 5′-TTC​CTT​ATT​GAT​GGT​CAG​CGG​A-3′
Rve13a3: 5′-GGT​GAA​AAG​CTC​CGG​GTC​TTA​G-3′
Fwe14a3: 5′-AAG​TGA​AAA​GCT​CCG​GGT-3′
Rve14a3: 5′-GAA​CTC​TGC​TTA​AAT​CCA​GTG-3′
Each FLAG-tagged BCR-ABL1 deletion construct was used as a template to obtain the respective 6xHIS-tagged-derivative employing the primers indicated below:
Fw6xHIS-BCR: 5′-ACT​AGT​GCC​ACC​ATG​CAT​CAC​CAT​CAC​CAT​CAC​ATG​GTG​GAC​CCG​GTG​GGC-3'
RvABL1: 5′-ACG​CGT​CTA​CCT​CTG​CAC​TAT​GTC​ACT-3′
PCR products were ligated using the Spe-I and Mlu-I enzymes.
The pLEX-Myc-FLAG vector was generated amplifying human c-Myc by RT-PCR using total RNA extracted from HL-60 cells. The following primers were used:
FwMyc: 5′-ACC​GGT​GCC​ACC​ATG​CCC​CTC​AAC​GTT​AGC​TTC​A-3'.
RvFLAG-Myc: 5′-GCG​GCC​GCT​TAC​TTA​TCG​TCG​TCA​TCC​TTG​TAA​TCC​GCA​CAA​GAG​TTC​CGT​AGC​TG-3′.
The PCR product was then cloned in pLEX-EV using the Age-I and Not-I restriction sites.
Lentivirus Production, Titering and Transduction
Recombinant lentiviral production, titration and transduction were performed as previously reported (Tirro et al., 2019a). Lentiviral particles were obtained according to the Dharmacon protocol as previously described (Jiang et al., 2015) and then titrated using the Lenti-X p24 Rapid Titer Kit (TakaraBio) according to the manufacturer’s protocol.
All cell lines were transduced by two rounds of spinoculation at 1,200 x g for 90 min at 32°C in the presence of 8 µg/ml of polybrene (Sigma) for Ba/F3 and Rat1 and 4 µg/ml of polybrene for CD34-positive cells. Primary CD34-positive progenitors were maintained in Stem Span SFEM supplemented with 100 ng/ml Flt-3 ligand, 100 ng/ml stem cell factor, 20 ng/ml interleukin-3 (IL-3) and interleukin-6 (IL-6). Rat1 cells were lentivirally transduced (MOI = 5) with pLEX-Myc-FLAG while Ba/F3 (MOI = 10) were exposed to the pLEX-EV and FLAG-tagged BCR-ABL1 constructs reported above. All transduced cells received 3.5 µg/ml puromycin to select resistant clones. Rat1Myc (MOI = 10) and CD34-positive cells (MOI = 70) were lentivirally infected with BCR-ABL1WT and deletion mutants and used for the indicated experiments.
Transformation Assays
To assess BCR-ABL1-mediated growth factor-independent transformation, lentivirally transduced Ba/F3 cells were deprived of IL-3 for 24 h. At this time, 1 × 104/ml were cultivated in the absence of IL-3 and counted every 24 h for three days. 1 × 104/100 µL CD34-positive progenitors ectopically expressing native and atypical BCR-ABL1 fusion transcripts, were exposed to IM, NIL, DAS or PON and counted after three days. For both immortalized and primary cell populations, their number was obtained by trypan blue exclusion assays using a 0.4% trypan blue solution.
Colony Forming Units Assay
Lentivirally infected CD34-positive cells were either grown in the absence of drugs or exposed to IM, NIL, DAS or PON for 24 h. At this time, 1 × 103 cells were dispersed in TKI-additioned methylcellulose (Stem Cell Technologies) and 15 days later the resulting colonies were counted under an optical microscope (IX71; Olympus). Only colonies with >20–30 cells were considered (Aloisi et al., 2006).
LTC-IC
Bone marrow leukemic CD34-positive cells obtained from CML patients at diagnosis and expressing the e14a3 fusion transcript, were exposed to IM, NIL, DAS or PON. After 24 h, cells were seeded on an M2-10B4 mouse fibroblasts feeder in 96 well-plates replacing the LTC-IC medium (MyeloCult H5100, Stem Cell Techonologies) weekly. After 5 weeks of culture, each well was overlaid with methylcellulose (H4435, Stem Cell Theconologies) supplemented with 10% of conditioned medium derived from 5,637 cells (Konig et al., 2008). Colonies were scored under an optical microscope after 12 additional days and the LTC-IC frequency calculated using the L-Calc software (Stem Cell Tecnologies).
Protein Purification and In Vitro Kinase Assay
To purify 6xHIS-tagged BCR-ABL1WT, BCR-ABL1∆DC2, BCR-ABL1∆SH3, BCR-ABL1INS/Del, BCR-ABL1e13a3 and BCR-ABL1e14a3, each lentiviral vector was transiently transfected by calcium phosphate in HEK293 cells. Forty-eight hours post-transfection, a purification step was performed employing the Ni-NTA purification system (Thermo Fisher Scientific). In vitro kinase assays were performed as previously reported (Massimino et al., 2014) employing ADP-GLO (Promega), using approximately 8 nM of each BCR-ABL1 construct and concentrations of the ABLTIDE peptide [EAIYAAPFAKKK] (SignalChem) ranging from 0.78 to 100 µM. The resulting data was then used to calculate the ADP-ATP conversion rate thus obtaining the Km and Vmax values (analyses were performed with the Prism software). The constant catalytic rate (Kcat) was obtained from the equation Kcat = Vmax/[enzyme] and Kcat/Km ratio defining catalytic efficiency.
Immunoblots
Whole cell lysates were prepared by resuspending Ba/F3 or Rat1 cells in Laemmli buffer. Cell pellets were then sonicated, denatured and protein lysates separated by SDS-PAGE. Antibodies used were as follow: anti-phosphotyrosine (4G10; Millipore, 2138006), anti-actin (AC-15, 121M4846) and anti-FLAG-M2-F3165 (both from Sigma, SLBN8915V), anti-MYC (9E10; Santa Cruz, (H1314), anti-AKT rabbit (9272, 28), anti-p44-42 mitogen-activated protein kinase rabbit (ERK1/2, 9102, 27), anti-STAT5 rabbit (D206Y- 9363, 1), anti-CRKL mouse (32H4, 3182, 5) and phospho-specific anti-bodies anti-pAKT-Ser473 rabbit (S473, 9271, 14), anti-p44-42 mitogen-activated protein kinase rabbit (ERK1/2, Thr202-Tyr204, 9101, 30), pSTAT5-Y694 rabbit (9351 9) and pCRKL-Y207 rabbit (3181,5), all from Cell Signaling. Appropriate horseradish peroxidase-conjugated secondary antibodies were used to detect the indicated proteins using the LiteAblot enhanced chemiluminescence reagent (EuroClone, MI, Italy) and signals were acquired using the C-DIGIT system (Licor).
MTS and IC50 Calculation
Infected Ba/F3 cells were deprived of IL-3 for 24 h. At this time, 4 × 103/100 µL cells in 96 well-plates were exposed to logarithmic dilutions of IM, NIL, DAS or PON. Three days later, the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega) was used to quantify cell viability according to the manufacturer’s protocol. The absorbance obtained was used to calculate IC50 values employing the Prism software (GraphPad Software).
Growth Competition Assay Experiments
Ba/F3 cells expressing BCR-ABL1WT were individually mixed in a 1:1 ratio with those transduced with BCR-ABL1∆DC2, BCR-ABL1∆SH3, BCR-ABL1INS/Del, BCR-ABL1e13a3 and BCR-ABL1e14a3 (Griswold et al., 2006). Each individual cell mixture was then exposed to IM, NIL, DAS or PON replacing fresh medium additioned with drugs every three days and re-implanting cells at the same confluence. Each cell mixture was then harvested and used for total RNA extraction as reported in Figure 3F.
RNA Extraction and One-Step RT-PCR
For transduced Ba/F3 cells, total RNA was extracted using the Trizol reagent following the manufacturer’s protocol (Termofisher Scientific). For plucked CD34-derived CFUs, RNA was extracted as previously described (Tirro et al., 2019c).
The following primers were used to amplify the BCR-ABL1 oncogene: 
FwBCR10: 5′-TAT​GAC​TGC​AAA​TGG​TAC​ATT​CC-3′
RvABL4: 5′-TCG TAG TTG GGG GAC ACA CC-3′.
Primers recognize exons 10 and 4 of BCR and ABL1 (Massimino et al., 2019a; Massimino et al., 2019b).
To assess the integrity of the RNA derived from CD34-positive cells, CD45 was used and amplified employing the following primers: 
FwCD45: 5′-ACA​GCC​AGC​ACC​TTT​CCT​AC-3′
RvCD45: 5′-GTG​CAG​GTA​AGG​CAG​CAG-3′.
Anchorage-Independent Growth
Anchorage-independent assays were performed as previously reported (Lugo and Witte, 1989; Sahay et al., 2008; Sears et al., 2010) with the following modifications. 20 × 103/cm2 transduced Rat1 cells were cultivated to achieve their confluence and subsequently over-grown for additional 10 days until foci formation was visible under an optical microscope. Cells were then trypsinized and re-implanted to repeat the over-growth process to obtain more than 80% cells showing foci formation. At this time, adherent and non-adherent cells were either left untreated or exposed to IM, NIL, DAS or PON. Two days later, 15 × 103 cells for each condition were dispersed in soft-agar medium (D-MEM high glucose added of TKIs, 10% FBS, 2 mM glutamine and containing 0.3% agar) and stratified on a soft-agar bottom phase (soft-agar medium containing 0.6% agar). Each well was overlaid with growth medium to feed cells every 7 days. Twenty days later, each well was covered with an MTT (Sigma) solution (5 mg/ml in D-MEM high glucose) and placed in a CO2 incubator for 4 h. Images were acquired and colony numbers counted using the Image-J software.
Statistical Analyses
The Prism Software was used to perform analysis of variance (One-way ANOVA).
RESULTS
The BCR-ABL1 Breakpoint Region Modulates the Oncoproteins Catalytic Efficiency
Previous evidence has demonstrated autoinhibition of ABL1 kinase activity by the SH3 domain (Smith et al., 2003; Hantschel, 2012). Furthermore, an inverse correlation has been reported between the size of the BCR portion retained in the oncogenic fusion and CML outcome (Yao et al., 2017). These findings suggest a direct involvement of the BCR-ABL1 breakpoint region in modulating the oncoproteins catalytic activity. To assess the role of the DC2 and SH3 domains in regulating kinase efficiency, we generated five different BCR-ABL1 fusion transcripts (Figure 1A) and employed an in vitro kinase assay to define their catalytic activity as compared to native BCR-ABL1. Using a preferential ABL1 substrate we analyzed the effects of varying substrate concentration on each enzymatic reaction. Applying the nonlinear regression fits, we calculated the Michaelis-Menten constant (Km), the maximum reaction rate (Vmax), the catalytic constant rate (Kcat) and the catalytic efficiency (Kcat/Km) of each mutant (Figures 1B,C). Compared to BCR-ABL1WT, we found that BCR-ABL1∆SH3 and BCR-ABL1e13a3 displayed a 1.4-fold and a 1.9-fold higher Km value, suggesting reduced substrate binding to the active site. On the contrary, we observed lower Km values (1.34, 1.79 and 2.2-fold) for BCR-ABL1∆DC2, BCR-ABL1INS/Del and BCR-ABL1e14a3, indicating higher substrate affinity. Analyzing the maximum rate of the enzymatic reaction (Vmax), we found lower saturation concentrations (1.76, 1.70, 2.63 and 1.80-fold) for BCR-ABL1∆DC2, BCR-ABL1∆SH3, BCR-ABL1INS/Del and BCR-ABL1e14a3. On the contrary, BCR-ABL1e13a3 presented a 1.57-fold higher Vmax than BCR-ABL1WT. To establish the catalytic rate of each atypical BCR-ABL1 isoform we divided the detected Vmax for the enzyme concentration employed in the assay, thus calculating the Kcat value. We found that BCR-ABL1e13a3 showed a 1.57-fold higher Kcat value, while all the remaining constructs presented values lower than BCR-ABL1WT. Finally, to establish if the BCR-ABL1 breakpoint region modifies the oncoprotein’s catalytic efficiency, we divided the Kcat of each isoform for its Km determining that BCR-ABL1∆DC2, BCR-ABL1∆SH3, BCR-ABL1INS/Del and BCR-ABL1e13a3 were less catalytically efficient than BCR-ABL1WT. Unlike the aforementioned isoforms, BCR-ABL1e14a3 displayed a Kcat/Km ratio 1.23-fold higher than the native construct. These findings strongly suggest that the BCR-ABL1 breakpoint region modulates the oncoproteins substrate binding, substrate affinity and kinase activity.
[image: Figure 1]FIGURE 1 | BCR-ABL1 catalytic efficiency is modulated by its breakpoint region. (A) Schematic representation of the BCR-ABL1 constructs used in this study. Numbers indicate the amino acid positions involved in the deleted region. (B) Curves show the results of an in vitro kinase assay plotting velocity versus substrate concentration using the indicated 6xHIS constructs. Assays were performed in triplicates with the standard deviation of the velocities shown as error bars. (C) Panel reporting the enzymatic values of substrate-binding rates expressed as the Michaelis-Menten constant (Km), maximum reaction rate (Vmax), the catalytic constant rate (Kcat) and the Kcat/Km ratio defining catalytic efficiency. OD: Oligomerization Domain; S/T_KD: Serine Threonine Kinase Domain; DH-GEF (Dbl Homology Domain-Guanine Nucleotide Exchange Factor); PH (Pleckstrin Homology Domain); DC2: C2 domain; SH3-SH2: Src homology domains; KD: kinase domain, ABD: Actin Binding Domain.
Alterations of the BCR-ABL1 Breakpoint Region Modify Its Transforming Potential and the Activation of Its Downstream Targets
It has been previously reported that different BCR-ABL1 fusion proteins lead to different disease phenotypes (Hur et al., 2002; Hanfstein et al., 2014; Jain et al., 2016). To better investigate the impact of alterations in the BCR-ABL1 breakpoint region on cell transformation and intracellular signaling, we lentivirally expressed BCR-ABL1WT and five atypical fusion transcripts in Ba/F3 cells. We initially evaluated the ability of native and atypical transcripts to mediate IL3-independent growth. We observed that BCR-ABL1WT was more proficient in inducing cytokine-independent growth than BCR-ABL1INS/Del, BCR-ABL1e13a3 and BCR-ABL1e14a3, while BCR-ABL1∆DC2 and BCR-ABL1∆SH3 showed comparable transforming activity (Figure 2A). We subsequently investigated if these differences were dependent on modifications of the intracellular tyrosine phosphorylation pattern. To this end, we first performed a total anti-phosphotyrosine immunoblot and found that—compared to the empty vector condition—all BCR-ABL1 constructs induced higher phosphorylation levels. However, we did not observe visible differences in the immunoreactivity of Ba/F3 cells expressing BCR-ABL1WT or the various deletion mutants. These results indicate that uncommon breakpoints do not majorly affect BCR-ABL1-dependent intracellular tyrosine phosphorylation (Figure 2B). We therefore investigated if atypical breakpoint regions can modulate BCR-ABL1-dependent phosphorylation of its direct (CRKL, STAT5) and indirect (AKT, ERK1/2) substrates (Figure 2C). Compared to native BCR-ABL1, densitometric analyses revealed that only BCR-ABL1∆DC2 and BCR-ABL1e13a3 preserved CRKL phosphorylation (pCRKL) while the remaining atypical transcripts showed a reduced ability to phosphorylate this protein (Figure 2D). Furthermore, although all BCR-ABL1 deletion mutants increased STAT5 phosphorylation, we observed that BCR-ABL1e14a3 and BCR-ABL1e13a3 were more effective than native BCR-ABL1 (Figure 2E). We subsequently investigated the activation of BCR-ABL1-indirect downstream targets and found that pAKT levels were increased in Ba/F3 cells expressing BCR-ABL1∆DC2 and BCR-ABL1e13a3 (Figure 2F) while no variations were observed for the remaining deletion mutants. No statistically significant differences were detected in ERK1/2 phosphorylation (Figure 2G). These data indicate that the BCR-ABL1 breakpoint region plays a critical role in modulating the activation of intracellular transducers involved in cell survival (STAT5) and anti-apoptotic signaling (AKT).
[image: Figure 2]FIGURE 2 | Alterations in the breakpoint region modify BCR-ABL1-dependent transforming ability and downstream target phosphorylation. (A) Curves indicate the number of viable Ba/F3 cells transduced with the specified constructs as determined by the Trypan blue exclusion assay. Bars indicate standard deviation derived from three independent experiments performed in triplicates. (B,C) Immunoblots of protein lysates obtained from transduced Ba/F3 cells. Protein lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes and hybridized with anti-FLAG, anti-posphtyrosine (B) or other antibodies recognizing the indicated total or phosphorylated protein (C). For all immunoblots actin was used as loading control. (D–G) Histograms reporting the densitometric analysis for each indicated phosphorylated protein derived from the immunoblot showed in (B) employing the Image J software and arbitrarily setting the densitometric value of BCR-ABL1WT at 1. The densitometric value of each total and phospho-protein was initially normalized to actin. The final relative densitometric units were obtained by calculating the ratio between phosphorylated versus total protein fractions. Bars indicate standard deviations derived from two independent experiments.
Ba/F3 Cells Expressing Uncommon BCR-ABL1 Transcripts are More Sensitive to Nilotinib
To establish if atypical breakpoints affect BCR-ABL1 responsiveness to different TKIs, we exposed Ba/F3 cells expressing BCR-ABL1WT and the five deletion mutants to logarithmic concentrations of IM, NIL, DAS and PON and calculated their IC50 values (Figures 3A–D). We observed that cells expressing uncommon BCR-ABL1 transcripts required higher concentrations of IM, DAS and PON to inhibit their proliferative activity. Strikingly, this was not the case after NIL exposure. In detail, after NIL treatment BCR-ABL1WT and BCR-ABL1∆DC2 showed comparable IC50 values, while BCR-ABL1∆SH3, BCR-ABL1INS/Del BCR-ABL1e13a3 and BCR-ABL1e14a3 displayed IC50 values that were 1.37, 1.95, 6.3 and 2.16-fold lower than the common oncoprotein (Figure 3E). Subsequently we wanted to determine the clonal growth advantage of Ba/F3 cells expressing BCR-ABL1 mutants comparing them to BA/F3 cells expressing native BCR-ABL1 after a long time TKIs exposure. To this end we used the native BCR-ABL1 IC50 values to establish if selectively reduces clonal growth when different deletion mutants were mixed with each other in a cell growth competition assay. We mixed an equal number of Ba/F3 cell expressing BCR-ABL1WT with each of the uncommon fusion transcripts obtaining a series of co-cultures. Each co-culture was then individually exposed to the BCR-ABL1WT IC50 value for each TKI, as reported in Figure 3F. We found that after 10 days of co-culture, Ba/F3 cells expressing BCR-ABL1∆DC2, BCR-ABL1∆SH3, BCR-ABL1INS/Del and BCR-ABL1e13a3 successfully outgrew their BCR-ABL1WT counterpart in the presence of IM, DAS and PON (Figure 3G). We obtained the same results for BCR-ABL1e14a3 with the exception of DAS, which showed comparable efficacy on this mutant and on BCR-ABL1WT. Interestingly, when we exposed each co-culture to NIL, we found that native BCR-ABL1 and the atypical transcripts BCR-ABL1∆DC2, BCR-ABL1∆SH3, BCR-ABL1INS/Del and BCR-ABL1e14a3, were equally sensitive to this TKI. Furthermore, BCR-ABL1e13a3 was more susceptible to NIL than BCR-ABL1WT. These results imply that modifications in the BCR-ABL1 breakpoint region are critical for the activity of most ABL1 inhibitors with the exception of NIL.
[image: Figure 3]FIGURE 3 | Ba/F3 cells transformed by atypical BCR-ABL1 fusion transcripts are more sensitive to NIL than IM, DAS and PON. (A–D) MTS assay to define the IC50 values of Ba/F3 cells expressing the indicated BCR-ABL1 constructs after exposure to logarithmic dilutions of the specified TKIs for 72 h. Bars indicate the standard deviations obtained from three independent experiments performed in triplicates. (E) IC50 values for each cell line were calculated using the Prism Software®. (F) Schematic representation of the TKI treatment in the growth competition experiment reported in (G). (G) RT-PCR on total RNA extracted from Ba/F3 cell co-cultures collected after 10 days (IM, DAS and PON) or 4 days (NIL).
The BCR-ABL1 Breakpoint Region is Critical for the Anchorage-Independent Growth of Rat1Myc Cells
Jongen-Lavrencic and others have previously shown that BCR-ABL1 induces defective cell adhesion and impaired migration (Jongen-Lavrencic et al., 2005). These findings are in keeping with available evidence indicating that the oncoprotein induces fibroblasts transformation by promoting anchorage-independent growth (Smith et al., 2003). To establish if the BCR-ABL1 breakpoint region modulates this effect, we lentivirally expressed BCR-ABL1WT and the five atypical fusion transcripts in Rat1Myc cells. These cells represent a helpful tool to investigate BCR-ABL1-dependent adhesion since, when overexpressing the human cMyc gene, they can be transformed by BCR-ABL1 (Lugo and Witte, 1989; Sahay et al., 2008; Gong et al., 2017). After confirming the correct expression of both MYC and BCR-ABL1 (Figure 4A), Rat1 transduced cells were exposed to the equivalent plasma concentration of each TKI (Bradeen et al., 2006) and employed to perform an anchorage-independent assay (Figure 4B). As expected, Rat1Myc-EV cells were unable to grow in the absence of adhesion while Rat1Myc expressing BCR-ABL1WT or the five deletion mutants acquired this ability. Specifically, BCR-ABL1WT was more proficient in promoting anchorage-independent growth than BCR-ABL1∆DC2, BCR-ABL1∆SH3, BCR-ABL1INS/Del, BCR-ABL1e13a3 and BCR-ABL1e14a3. Interestingly, all TKIs reduced the colony-forming ability of both native BCR-ABL1 and the five tested constructs. However, DAS and PON failed to inhibit anchorage-independent growth mediated by uncommon BCR-ABL1 transcripts. These observations implicate the BCR-ABL1 breakpoint region in the modulation of cell adhesion.
[image: Figure 4]FIGURE 4 | Uncommon breakpoint regions influence BCR-ABL1-dependent defective adhesion and show high sensitivity to NIL in Rat1 cells. (A) Immunoblots of Rat1 cells transduced with the indicated constructs. Protein lysates were obtained and processed as detailed in Figure 2. Actin was used as loading control. (B) Image showing colony formation in soft-agar of Rat1 cells expressing the indicated constructs. Bars report the standard deviations obtained from two independent experiments.
The BCR-ABL1 Breakpoint Region Contributes to the Transforming and Clonogenic Properties of the Oncoprotein in Human CD34-Positive Progenitors
To investigate if the BCR-ABL1 breakpoint region influences the transformation of CD34-positive cells, we lentivirally expressed BCR-ABL1WT and the five uncommon fusion transcripts in human CD34-positive progenitors and evaluated both BCR-ABL1-dependent transformation and cell clonogenicity. For transformation assays, cells were cultivated in presence of low cytokines concentrations to avoid impairing BCR-ABL1-dependent growth (Modi et al., 2007). We found that all BCR-ABL1 constructs maintained their transforming ability. However, BCR-ABL1WT was more effective than any deletion mutant in transforming CD34-positive cells (Figure 5Ai). We then investigated if modifications in the breakpoint region can alter BCR-ABL1-mediated clonogenicity. We observed that all BCR-ABL1 constructs increased colony numbers compared to the vector control but CD34 cells expressing BCR-ABL1∆SH3 and BCR-ABL1e14a3 were less clonogenic (Figure 5Aii). Successful lentiviral infection was confirmed by performing RT-PCR on five individual colonies selected from each condition (Figure 5B) (Aloisi et al., 2006). These results suggest that the BCR-ABL1 breakpoint region is also implicated in the oncoproteins ability to transform CD34-positive hematopoietic progenitors and modulates its clonogenic potential.
[image: Figure 5]FIGURE 5 | Uncommon fusion transcripts modify BCR-ABL1 transforming ability and clonogenic potential. (A) Histograms show the percentage of transforming ability (I) and clonogenic potential (II) of the indicated constructs lentivirally expressed in human CD34-positive cells compared to the empty vector condition arbitrarily set at 100%. Bars indicate the standard deviation of two experiments performed in duplicates. (B) RT-PCR performed on total RNA extracted from five single colonies plucked after 15 days of growth in methylcellulose. CD45 was used as an RNA integrity control.
Nilotinib Inhibits Both the Transforming Potential and Clonogenic Ability of Atypical BCR-ABL1 Transcripts in CD34-Positive Cells
We finally wanted to investigate the impact of different BCR-ABL1 breakpoints on the oncoproteins TKI responsiveness. To this end, we exposed lentivirally transduced CD34-positive cells to IM, NIL, DAS and PON using doses corresponding to their achievable plasmatic concentration (Bradeen et al., 2006).
We observed that, while all TKIs inhibited the BCR-ABL1-mediated cell transformation and clonogenicity, NIL was more potent than IM, DAS and PON (Figures 6A,B). To confirm these results, we performed LTC-IC assays by LDA analysis on CD34-positive cells derived from a CML patient expressing the e14a3 variant. We confirmed that although IM, DAS and PON all reduced LTC-IC frequency, NIL was the more effective drug on these cells (Figure 6C). These findings support our previous results indicating NIL as the most potent TKI for the uncommon BCR-ABL1 fusions included in our experimental models.
[image: Figure 6]FIGURE 6 | CD34-positive cells expressing atypical BCR-ABL1 transcripts are highly sensitive to NIL. (A,B) Histograms indicating the percentage of transformation (A) and clonogenic (B) inhibition of CD34-positive cells expressing the indicated BCR-ABL1 constructs and exposed to different TKIs. Percentage values were obtained setting untreated cells for each condition to 100%. Bars indicate the standard deviation of two experiments performed in duplicates. (C) Dot plot showing the LTC-IC frequency of CD34-positive cells derived from a CML patient expressing e14a3 BCR-ABL1 after no treatment or exposure to TKIs at the indicated concentrations. All experiments were performed in duplicates.
DISCUSSION
In the current study we investigated the impact of five different breakpoint regions on BCR-ABL1 leukemogenic potential and TKI responsiveness. Three of the five breakpoints were previously identified in CML patients (BCR-ABL1INS/Del, BCR-ABL1e13a3 and BCR-ABL1e14a3) while two were purposefully engineered in our laboratory (BCR-ABL1∆DC2 and BCR-ABL1∆SH3). We found that these modifications affected BCR-ABL1 catalytic efficiency, signal transduction, transforming activity and reduced response to IM, DAS and PON but not NIL. Our work follows that of several other groups that have investigated the specific biological contributions of different functional domains within the BCR and ABL1 portions of the BCR-ABL1 chimeric oncoprotein. Nieborowska-Skorska and others have shown that a BCR-ABL1 construct devoid of either the SH2 or the SH3 domains retained the ability to activate STAT5, while STAT5 phosphorylation was lost after the simultaneous deletion of both domains (Nieborowska-Skorska et al., 1999). Accordingly, we found that total ablation of the SH3 domain (BCR-ABL1∆SH3) did not affect STAT5 phosphorylation, while partial removal of the domain (as in BCR-ABL1e13a3 and BCR-ABL1e14a3) resulted in increased levels of phosphorylated STAT5. This unexpected finding suggests that alterations in the SH3-SH2 structure affect BCR-ABL1 substrate affinity and catalytic activity. Furthermore, as STAT5 phosphorylation was comparable between native BCR-ABL1 and mutants carrying deletions in BCR domains (BCR-ABL1∆DC2 and BCR-ABL1INS/Del), our results indicate that—within the breakpoint region—only ABL1 functional domains are required for STAT5 activation. On the contrary, BCR domains seem critical inhibitors of AKT activation as AKT phosphorylation increased in cells transduced with BCR-ABL1 constructs displaying a reduced BCR contribution (BCR-ABL1∆DC2 and BCR-ABL1e13a3), supporting an inverse correlation between BCR size and activation of anti-apoptotic signaling. It should also be noted that, for the first time, our findings implicate the BCR-ABL1 breakpoint region in the regulation of cell adhesion as all five mutants included in the study were less proficient than native BCR-ABL1 in promoting anchorage-independent growth of Rat1Myc cells.
Griswold and others have previously reported that mutations in the BCR-ABL1 kinase domain modify its substrate utilization and kinase activity (Griswold et al., 2006). These enzymatic characteristics were modified in all the mutants tested in this study, indicating that the functional domains encompassed in the BCR-ABL1 breakpoint region modulate the oncoproteins catalytic activity. Our results also demonstrate that, with the exception of the ABL1 SH3 domain, the remaining regions included in the BCR-ABL1 breakpoint all contribute to the cytokine-independent transformation of Ba/F3 cells. Furthermore, while we confirm that STAT5 phosphorylation is required for BCR-ABL1-mediated growth factor independence (Maru et al., 1996; Skorski et al., 1998), we find that this event per se is insufficient to transform cytokine-dependent cells, as Ba/F3 expressing BCR-ABL1e13a3 and BCR-ABL1e14a3 showed high STAT5 phosphorylation while displaying reduced IL-3 independence. Interestingly, our results reiterate that BCR-ABL1 transforming potential and clonogenic ability are biologically and functionally distinct as the latter were mostly unaffected in the uncommon transcripts investigated in our experiments with the exception of BCR-ABL1∆SH3.
Finally, we wanted to define the TKI responsiveness of the atypical BCR-ABL1 transcripts included in this work. The introduction of ABL1-directed TKIs has dramatically improved the hematological, cytogenetic and molecular responses of leukemia patients displaying a BCR-ABL1 chimeric fusion (Hochhaus et al., 2017; Ottmann et al., 2018; Saglio et al., 2018). Despite these excellent results, an ever-growing number of patients will either fail to achieve or loose a previously attained optimal response. TKI failure is driven by both BCR-ABL1-dependent and -independent mechanisms (Jordanides et al., 2006; White et al., 2007; Wu et al., 2008; Stagno et al., 2012; Castagnetti et al., 2017; Vigneri et al., 2017; Stella et al., 2019c; Soverini et al., 2020) often requiring additional therapeutic strategies (Buffa et al., 2014; Massimino et al., 2018). Published evidence proposes an inverse correlation between the size of the BCR contribution in the chimeric oncogene and TKI response (Jain et al., 2016; Short et al., 2016; Yao et al., 2017). Moreover, it has been shown that the ABL1 SH3 and SH2 domains exercise an important role in regulating the oncoprotein kinase activity (Filippakopoulos et al., 2009; Sherbenou et al., 2010; Grebien et al., 2011). These results suggest that modifications in the BCR and ABL1 domains encompassed in the BCR-ABL1 breakpoint may affect TKI response. Our data indicate that NIL was the most effective TKI in reducing the leukemogenic potential of all tested BCR-ABL1 mutants. These data are in agreement with our previous results where we demonstrated that CML patients with different BCR-ABL1 variants were successfully treated with NIL (Massimino et al., 2019a; Tirro et al., 2019b; Manzella et al., 2020) but failed to respond to DAS (Massimino et al., 2019b). Accordingly, CML patients expressing BCR-ABL1INS/Del failed to obtain a good molecular response when exposed to IM or DAS but benefited from NIL treatment (Stella et al., 2019a). While the reasons underlying NIL superior efficacy remain unclear, we hypothesize that the drug’s prolonged intracellular accumulation and residence time when bound to the BCR-ABL1 kinase domain may contribute to the observed effect (Manley et al., 2010; Wagner et al., 2013). It should also be noted that, unlike DAS, IM and NIL fit in the ATP-binding site when a hydrophobic portion defined as the adenine binding-site region displays the Aspartate-Phenylalanine-Glycine motif (DFG) is in an out conformation (DFG-out, ABL kinase inactive conformation). However, despite this similarity, the different molecular structure of each compound explains their distinct structure-activity relationship. Indeed, IM requires stringent interactions by Van der Waals (VdW) forces and six highly energetic hydrogen bonds (H-bs) in order to dock to the adenine region, while NIL needs an increased number of VdW forces with a lower energetic contribution by H-bs (Rossari et al., 2018). Interestingly, although PON binds the adenine region in an IM/NIL-like mode (i.e., with the DFG-out), its interaction with the ABL1 kinase domain requires different amino acidic residues. These structural differences may explain why PON can overcome most mutation-dependent TKI resistance (Reddy and Aggarwal, 2012; Buffa et al., 2014).
Overall, these observations promote the hypothesis that the breakpoint region influences the structural conformation of the adenine region rendering NIL more effective than IM, DAS and PON against atypical BCR-ABL1 fusion transcripts.
In summary, our findings demonstrate that the BCR-ABL1 breakpoint region critically regulates the oncoproteins catalytic activity, transforming efficiency and TKI sensitivity and that the variations investigated in this work can reduce IM, DAS and PON sensitivity but not NIL responsiveness. Taken together our results suggest that CML patients expressing uncommon BCR-ABL1 fusions may derive greater clinical benefit from NIL treatment.
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Sorafenib a multi-target tyrosine kinase inhibitor, is the first-line drug for treating advanced hepatocellular carcinoma (HCC). Mechanistically, it suppresses tumor angiogenesis, cell proliferation and promotes apoptosis. Although sorafenib effectively prolongs median survival rates of patients with advanced HCC, its efficacy is limited by drug resistance in some patients. In HCC, this resistance is attributed to multiple complex mechanisms. Previous clinical data has shown that HIFs expression is a predictor of poor prognosis, with further evidence demonstrating that a combination of sorafenib and HIFs-targeted therapy or HIFs inhibitors can overcome HCC sorafenib resistance. Here, we describe the molecular mechanism underlying sorafenib resistance in HCC patients, and highlight the impact of hypoxia microenvironment on sorafenib resistance.
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Introduction

The globally cancer statistics of 2018 show that liver cancer is the sixth most commonly diagnosed form of cancer, and a fourth cause of cancer-related deaths worldwide (1). Despite significant progress being made in development of therapies for early diagnosis and treatment therapies for HCC in recent years, over 50% of all HCC cases are still diagnosed at an advanced stage. Additionally, approximately 70% of all HCC patients relapse within five years of initial treatment (2). Current treatment options for HCC include radiotherapy, chemotherapy, local ablation and molecular targeted therapy (3). Several targeted inhibitors have also been developed and applied in clinical practice. For example, sorafenib, which acts as a multiple-target tyrosine kinase inhibitor (TKI), was the first systematic drug to be approved for advanced HCC patients based on results of two randomized clinical trials. Functionally, sorafenib inhibits proliferation and angiogenesis of tumor cells, thereby delaying HCC progression while effectively prolonging the survival time of patients (4). A previous Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol (SHARP) trial confirmed that the drug was safe and efficacious in patients with advanced HCC. In fact, these similar results were corroborated by findings in Asia-Pacific clinical trials (5, 6), in which sorafenib improved the clinical symptoms of about 30% of HCC patients. However, this group of patients reportedly develop resistance to sorafenib within 6 months of treatment (7). Previous studies indicate that sorafenib inhibits activity of various kinases, including Ras, Raf, MEK, and ERK, among others, and further targets VEGFR, c-KIT, PDGFR-β, and FLT-3, as well as other proteins that suppress tumor angiogenesis (8, 9). Moreover, sorafenib plays an anti-tumor role in HCC and other types of cancer, such as desmoid tumor, renal cell carcinoma, lung cancer and thyroid cancer (10–13). Although the drug effectively prolongs survival rates of HCC patients, its efficacy is significantly limited by development of drug-acquired resistance. The underlying mechanism of sorafenib resistance is complex. Previous studies have shown that the drug activates c-Jun, Akt pathway, epidermal growth factor receptor (EGFR), cancer stem cells enrichment, epithelial-mesenchymal transition (EMT) enhancement and reduces autophagy. Recently, other factors, such as dysregulation of miRNAs and lncRNAs in HCC have been implicated in sorafenib resistance (9, 14). Moreover, sorafenib reportedly induces hypoxia response in HCC, with dysregulation of hypoxia microenvironment and HIF expression shown to contribute to poor prognosis of HCC patients. In addition, sorafenib has also been implicated in effective inhibition of the HIF-1α/VEGFA signaling pathway (15). Weinberg et al. described six hallmarks of cancer, namely evasion of growth suppression, sustained proliferative signaling, induction of angiogenesis, resistance to cell death, replicative immortality, as well as activation of invasion and metastasis, and further demonstrated that these biological behaviors influence the degree of malignancy (16). Hypoxia, a common event that plays important roles in development and progression of malignant tumors, has been implicated in development of drug resistance and activation of tumor metastasis (17, 18). In the present study, we sought to clarify the underlying mechanism of sorafenib resistance, its relationship with the hypoxia microenvironment and the effect of targeting HIFs on sorafenib resistance in hepatocellular carcinoma.



Sorafenib Resistance In Hcc

Drug resistance is divided into the primary and acquired resistance, based on the time and sequence of exposure to the drug. Although both categories involve a complex chemical resistance mechanism, signaling pathways, characterized by up-/down-regulation and changes in molecular targets, represent the two most important factors (19). Elucidating the underlying mechanism of drug resistance is imperative to development of effective strategies to prevent or overcome its development (Figure 1).




Figure 1 | Molecules and signal pathways related to sorafenib resistance in hepatocellular carcinoma. Sustained sorafenib treatment will affect the expression of the molecules and activate pathways, leading to sorafenib resistance in hepatocellular carcinoma. VEGFA, vascular endothelial growth factor A; EGFR, epidermal growth factor receptor; PDGFR, Platelet-derived growth factor receptor; c-kit, tyrosine kinase receptors hepatocyte factor receptor; EMT, epithelial–mesenchymal transition; CSCs, cancer stem cells; PI3K, phosphatidylinositol-3-kinase; AKT, protein kinase B; ERK, extracellular signal-regulated kinase; JAK, janus tyrosine kinase; STAT, signal transducer and activator of transcription.



c-Jun also known as AP-1 transcription factor subunit. It’s located at 1p32-p31, Deletion and translocation of this chromosomal region has been associated with development of malignant tumors. A previous study reported that regulation of mitotic signals can activate AP-1 (20). while others have shown demonstrated its significance in hepatocyte activity and liver regeneration, as well as in development of hepatocellular carcinoma (21). Previous studies have also shown that c-Jun was remarkably activated in sorafenib-treated HCC cells, with its downregulation found to significantly elevate apoptosis of HCC cells induced by sorafenib (22). Another in vitro study found that sorafenib treatment could activate expression of c-Jun, while its inhibition significantly enhanced sorafenib-induced apoptosis in HCC cells (23). Results from a clinical trial revealed that HCC patients approached with sorafenib, the expression of Phosphorylation C-Jun was remarkably higher in the non-responder group than in the responder group (24). Therefore, c-Jun is probably one of the molecules that causes of HCC resistance to sorafenib.

The PI3K/AKT signaling pathway plays a role in regulation of apoptosis and chemotherapeutic resistance in malignant tumors. Previous studies have shown that sorafenib-mediated inhibition of AKT expression enhanced apoptosis induction in HCC cells (25). Moreover, Zhang et al. found that long term exposure of HCC cells to sorafenib could activate the PI3K/Akt signaling pathway, thereby whereas inhibiting PI3K using LY294002 could reverse sorafenib resistance (26). In another study, sorafenib effectively promoted AKT phosphorylation but did not significantly affect that of other proteins in the PI3K/AKT/mTOR signaling pathway (27). Therefore, activation of the PI3K/AKT signaling pathway is considered a compensatory mechanism for acquired sorafenib resistance. In fact, numerous studies have demonstrated that HCC cells with acquired sorafenib resistance exhibit significantly higher levels of phosphorylation AKT than parental cells, although suppression of AKT can reverse acquired sorafenib resistance (27, 28). The activation of AKT pathway has an important impact in sorafenib resistance in HCC.

Epidermal growth factor receptor (EGFR), which belongs to the protein kinase superfamily, can induce receptor dimerization and regulate autophosphorylation of tyrosine thereby causing cell proliferation. This phenomenon has been shown to be a potential indicator of sorafenib resistance in HCC cells. In HCC cells with higher EGFR expression, the efficacy of sorafenib is significantly weakened. A previous study demonstrated that sensitivity of cells to sorafenib could be increased by downregulating EGFR expression or inhibiting its kinase activity (29). In, Moreover, the EGFR pathway is overexpressed in HCC cells with acquired resistance to sorafenib, where it acts as the driving force for maintaining HCC cell proliferation under sorafenib (30).

Epithelial–mesenchymal transformation (EMT) contributes to migration and drug resistance, and is therefore an important cellular program (31). Previous studies have reported that EMT is associated with cancer chemotherapeutic resistance, with its inhibition found to reverse this drug-resistant outcome (32). For example, Fisher et al. established a genetically engineered mouse model and demonstrated the relationship between cancer drug resistance and EMT (33). Moreover, induction of EMT reportedly promotes tumor progression and sorafenib resistance in HCC. Although EMT development is inhibited by sorafenib, it has also been reported to promote chemotherapy resistance to sorafenib in HCC cells (34, 35). Previous studies have demonstrated that cancer stem cells (CSCs) are also involved in development of chemoresistance in HCC. In addition, there is crosstalk between EMT and CSCs, as evidenced by the fact that acquired EMT cells exhibit CSCs-like characteristics, while CSCs show mesenchymal phenotype (36), EMT activation is usually associated with enrichment of CSCs subsets in sorafenib resistance cells (37, 38). Thus CSCs markers have been used as predictors of sorafenib reaction. Notably, upregulation of CSC markers, CD90 and CD133, was shown to be a predictor for sorafenib resistance in HCC cells. Moreover, PTK2 activated CSC characteristics to promote tumor progression by inducing β-catenin nuclear accumulation in HCC cells thereby inducing sorafenib resistance (39). CD44 can be used as a marker for evaluating efficacy of sorafenib in HCC cells, as evidenced by its role in development of drug resistance (40). Other markers, such as CD13, EpCAM, and CD24 are also considered helpful for CSCs enrichment in HCC (41).

Autophagy, a self-degrading system that directs cells to eliminate abnormal proteins and dysfunctional organelles, plays an essential role in maintaining homeostasis in cells under stress, such as nutritional deficiency or hypoxia (42). In fact, autophagy plays a double-edged sword in different cancers by suppressing initiation of tumors but also supporting their progression. This mechanism further plays an important role in drug resistance, enabling tumor cells to maintain cell activity under metabolic and therapeutic stress. In fact, autophagy is often activated in radiotherapy, chemotherapy, and targeted therapy (43). In HCC, elevated autophagy reportedly regulated sorafenib resistance (44). Patients treated with sorafenib were found to overexpress Atg7 and had elevated autophagy activity, indicative of poor prognosis (45). However, another study demonstrated that sorafenib induced autophagy and further enhanced the drug’s effect on HCC, contrary to previous results (46). Furthermore, different HCC cell lines showed varied sensitivities to sorafenib, possibly due autophagy (47). The mechanism of autophagy has not been fully elucidated, and further research in this field is worthy of further study.

Numerous studies have reported that non-coding genes can also play an important role in development of chemotherapy resistance in cancers. For example, some miRNAs associated with sorafenib resistance have been identified, and can be used as biomarkers for predicting sorafenib treatment in HCC (Table 1).


Table 1 | miRNA and sorafenib resistance in HCC cells.



miRNAs play various functions like mediate proliferation, invasion and metastasis, angiogenesis, induction of hypoxia, and et al. For example, low expression of some miRNAs had been found to promote sorafenib-resistance of HCC cells, miRNAs although others may have an opposite effect. A previous study reported that miR-486-3p inhibits cell proliferation and induces apoptosis, however, it was downregulated in sorafenib-resistant HCC cell lines by up-regulating FGFR4 and EGFR activity (67). In contrast, miR-216a/217 cluster was significantly upregulated in HCC compared to normal cells. although this upregulation could activate the TGF-β and PI3K/AKT signaling pathways, thereby contributing to acquired sorafenib resistance in HCC cells (75). miRNAs functional mechanism is complicated and still controversial. Different miRNAs have different effects on HCC, moreover, the same miRNA could have different effects on different cancers. There is still plenty of room for research in this field. Apart from miRNAs, many lncRNAs have also been implicated in sorafenib resistance (Table 2).


Table 2 | lncRNA and sorafenib resistance in HCC cells.





Hypoxic And Sorafenib-Resistance In Hcc

Hypoxia, which often occurs in many solid tumors, including HCC, is caused by faulty vascularization and vigorous metabolic activity, and has been associated with chemoresistance, increased invasiveness, and poor prognosis (100). Thus, suppressing hypoxia is considered a feasible approach for overcoming drug resistance. HIFs are transcription factors related to regulating angiogenesis, proliferation, glucose metabolism, tumor invasion and metastasis (100). Particularly, HIF-1α, -2α, -3α and -β are key factors that play a role in regulating a range of genes to control the hypoxia-induced signaling pathway. Since expression of the α-subunit is sensitive to oxygen, while the β-subunit is constitutively expressed, this review focuses on the α-subunit of HIFs (101). Among known α-subunits, HIF-1α and HIF-2α have been shown to regulate occurrence of hepatocellular carcinoma, while HIF-3α has generally been associated with inhibition of HIF-1α and HIF-2α activities (102, 103). Previous studies have shown that multiple factors are involved in hypoxia signal conversion from HIF-1α to HIF-2α (104). Moreover, adaptability of tumor cells to hypoxia changes with regulation of HIF-1α and HIF-2α. For example, hypoxia upregulates HIF-1α expression, and can cause it to bind to the hypoxia response element (HRE) of the target gene promoter, leading to transcription of related genes involved in hypoxia effects (105). HIF-1α is usually up-regulated in patients with liver cancer, with its overexpression associated with poor prognosis (106). Zhao et al. demonstrated that continuous sorafenib treatment could induce hypoxia and protect HCC cells to against the resulting apoptosis in HCC patients. During this process, HIF-1α was upregulated in untreated patients. Furthermore, HCC samples resistant to sorafenib exhibited HIF-1α levels above the sensitive groups (107).

Hypoxia not only activates HIF-1α in HCC, but also promotes production of VEGF and angiogenesis through HIF-1α activation (15). However, sorafenib reportedly suppresses HIF-1α synthesis, thereby causing a reduction in VEGF and tumor angiogenesis in HCC (108). Apart from that, suppression of sorafenib causes hypoxic response to be converted from HIF-1α to HIF-2α-dependent pathways, thereby promoting sorafenib resistance in hypoxic HCC cells. HIF-2α is also upregulated through a compensation mechanism, resulting in corresponding overexpression of VEGF and cyclin D1 (109).

The PI3K/AKT signaling pathway has also been widely associated with hypoxia-induced sorafenib resistance in HCC. Notably, several proteins have been shown to affect this pathway by reversing sorafenib induced hypoxia. Bort et al. reported downregulation of the AMPK/phosphorylated AMPK signaling pathway in sorafenib-resistant cells, with inhibition of this pathway via AMPK activation shown to affect sensitivities of HCC cells to sorafenib (110). Interestingly, down-regulation of AMPK also upregulates HIF-1α, and cooperates with c-myc to increase tumorigenesis, inducing and enhancing the CSCs of HCC cells, while its upregulation AMPK restores the sensitivity of HCC cells to sorafenib (111, 112). In addition, Yeh et al. showed that galectin-1 is elevated in sorafenib-resistant HCC cells, both in vitro and in vivo, promoting tumor metastasis and increasing tumor invasion, suggesting that galectin-1 plays a role in downstream regulation of the AKT/mTOR/HIF-1 signaling pathway (113). Hypoxia induces overexpression of AQP3 in hypoxic HCC cells, thereby altering sensitivity of these cells to sorafenib by activating the PI3K/Akt signaling pathway (114).

Other proteins have also been reported to alter resistance of HCC cells to sorafenib by acting on HIFs. For example, sorafenib was found to inhibit TIP30, thereby promoting EMT, which caused resistance to the drug (115, 116). Overexpression of HIF-2α was shown to downregulate TIP30 and promote EMT, although its down-regulation could reverse these effects (117). BNIP3 is also a hypoxic-regulated protein. Blanco et al. showed that HIFs stability and overexpression not only silenced the BNIP3 promoter, but also inhibited sorafenib-mediated apoptosis, thereby contributing to acquired drug resistance in HCC cells (118). On the other hand, RIT1, which belongs to the Ras superfamily, was shown to induce overexpression of RIT1 in HCC cells under HIF-1α-mediated hypoxia. Notably, sorafenib treatment could upregulate RIT1, while downregulating RIT1 in HCC cells could restore sensitivity of the cells to sorafenib (119). In addition, Long et al. found that PFKFB3 was upregulated in sorafenib-treated HCC cells. Notably, overexpressing PFKFB3 significantly enhanced sorafenib resistance in these cells by downregulating expression of apoptosis-related molecules, while blocking HIF-1α inhibited the enhancement of PFKFB3 (120). Apart from proteins, miRNAs have also been shown to play an important role in hypoxia. For example, 14-3-3η could stabilize HIF-1α and maintain resistance to sorafenib in HCC by inhibiting degradation of ubiquitin-proteasome-dependent protein, thereby maintaining CSCs. In addition, miR-16 was shown to reverse sorafenib resistance by inhibiting the 14-3-3η/HIF-1α/CSCs axis (49).

Taken together, the findings of these studies affirm the relationship between HIF expression disorder and sorafenib resistance, suggesting that hypoxia may significantly affect the therapeutic effect of sorafenib. Therefore, targeting these factors holds promise to future development of effective therapies to overcome drug resistance (Table 3).


Table 3 | Hypoxia and sorafenib resistance in HCC cells.





Strategies To Overcome Sorafenib Resistance In Hcc By Target Hifs

Considering that HIFs participate in a variety of cancer-promoting pathways and regulate the biological behavior of HCC cells, targeting HIFs may be an effective treatment strategy. For example, since HIFs play a key role in development of HCC resistance to chemotherapy drugs, inhibiting them could be a feasible strategy to manage drug resistance in HCC cells. Sustained sorafenib treatment leads to increased hypoxia in the tumor, thus targeting HIFs can enhance efficacy of sorafenib. Previous studies have shown that several drugs can reverse sorafenib-resistance in HCC by targeting HIF (Figure 2).




Figure 2 | The mechanism of anti-HIFs overcoming sorafenib resistance in hepatocellular carcinoma. Continuous sorafenib treatment induce the dysregulation of HIF-1α and HIF-2α expression in hepatocellular carcinoma, promoting the transcription of multiple genes involved in proliferation, CSCs, metastasis, glycolysis, mitophagy, and angiogenesis. Causes hepatocellular carcinoma to develop resistance to sorafenib. Anti-HIFs could overcome this drug resistance. BNIP3, adenovirus E1B 19kDa-interacting protein 3; NIX, BNIP3-like protein X; MDR, multidrug resistance protein; AMPK, AMP-activated protein kinase; GULT-1, glucose transporter 1; HK2, hexokinase 2; LDHA, lactate dehydrogenase A; PDK1, pyruvate dehydrogenase kinase isoform 1; c-Myc, Myc proto-oncogene protein; TGF-α, transforming growth factor α; RIT1, Ras like without CAAX 1.



For example, sodium orthovanadate is a phosphate analogue that inhibits the cell cycle of sorafenib-resistant HCC cells by regulating cyclin B1 and CDK1 (arrest is in the G2/M phase). It also mediates a reduction in the mitochondrial membrane potential to induce apoptosis. A previous study demonstrated that sodium orthovanadate could down-regulate HIF-1α and HIF-2α, thereby causing a corresponding down-regulation of downstream molecules, such as VEGF, lactate dehydrogenase A and glucose transporter 1 (127). Similarly, melatonin was found to down-regulate HIF-1α protein synthesis by inhibiting the pathway of rapamycin complex-1/ribosomal protein S6 kinase β-1/ribosomal protein S6. In addition, co-administration of sorafenib and melatonin downregulated HIF-1α mitotic targets, NIX and BNIP3, thereby enhancing sensitivity of HCC cells to sorafenib (123). Notably, a combination of melatonin and sorafenib was shown to regulate the JNK/c-Jun signaling pathway, to synergistically suppress proliferation of HCC cells and induce apoptosis (130). Moreover, You et al. reported that a combination of metformin and sorafenib could synergistically inhibit HIF-2α expression, thereby increasing sensitivity of hypoxic HCC cells to sorafenib, and hindering EMT. This combination was also associated with inhibition of the growth of recurrent tumors and could significantly reduce the number of metastases in vivo (117). Feng et al. demonstrated that Simvastatin could suppress the HIF-1α/PPAR-γ/PKM2 signaling pathway by inhibiting PKM2-mediated glycolysis, thereby promoting and lowering apoptosis and proliferation of HCC cells, respectively. In addition, the drug also enhanced the effect of sorafenib in HCC cells (124). Another drug, 2-Methoxyestradiol, was shown to significantly downregulate HIF-1α and HIF-2α expression as well as that of downstream molecules such as VEGF, cyclin D1, and LDHA. Notably, its synergistic interaction with sorafenib reportedly inhibited proliferation of HCC cells and induced apoptosis both in vivo and in vitro, thereby inhibiting tumor angiogenesis (109).

Certain natural compounds have also shown efficacy in improving sorafenib-mediated treatment in drug-resistant liver cancer cells. For example, flavonoid procyanidin B2 was shown to downregulate PKM2 expression, thereby affecting the PKM2/HSP90/HIF-1α axis, inhibiting aerobic glycolysis, as well as proliferation and induction of apoptosis in HCC cells. Notably, co-treatment of procyanidin B2 and sorafenib could effectively improve the latter’s sensitivity in HCC cells (126). Genistein, a natural isoflavone that inhibits glycolysis, was shown to induce apoptosis and down-regulate GLUT-1 and HK2 by suppressing HIF-1α, thereby enhancing the effect of sorafenib on drug-resistant HCC cells both in vitro and in vivo (125). In addition, saponins derived from Rhizoma Paridis significantly downregulated mRNA expression and protein levels of HIF-1α, and further exhibited their anti-tumor activity by regulating glycolysis and lipid metabolism. Notably, a combination of these saponins with sorafenib could improve the anti-tumor effect in vivo. Previous studies have further shown that g sorafenib resistance in liver cancer cells can be overcome by preventing mitochondrial damage, inhibiting anaerobic glycolysis and suppressing lipid synthesis by targeting the PI3K/Akt/mTOR signaling pathway (121). For example, EF24 effectively reversed sorafenib resistance by degrading HIF-1α and inactivating NF-κB via a VHL tumor suppressor. A combination of EF24 with sorafenib was also found to generate a synergistic effect that enhanced the associated anti-tumor effect (129).

Previous studies have also reported that application of PT-2385 could specifically inhibit HIF-2α, to increase androgen receptors, suppress downstream factors such as STAT3, and activate the Akt and ERK signaling pathways, thereby improve sorafenib efficacy in HCC cells both in vivo and in vitro (128). In summary, inhibiting HIFs can effectively enhance the sensitivity of HCC cells to sorafenib and improve drug resistance.



Conclusion And Discussion

Although sorafenib is a safe and effective therapy for treating advanced HCC, development of drug resistance has been shown to reduce its benefits. The underlying mechanism of this resistance is complex and currently remains unclear. Primary drug resistance can be explained by the genetic heterogeneity of HCC. Elucidating the underlying mechanism of acquired drug resistance is important in guiding development of approaches to overcome or delay its development. Previous studies have demonstrated that sorafenib-acquired resistance involves multiple mechanisms, including crosstalk in the PI3K/Akt, MAPK, JAK-STAT, ERK and HIF signaling pathways, abnormal expression of proteins, such as PDGFR-β, c-KIT, FLT-3, VEGFR, EGFR, as well as EMT, cancer stem cells, and autophagy, among others. Abnormal regulation of miRNAs and lncRNAs, as well as development of hypoxia in HCC also play an important role in inducing acquired resistance to sorafenib.

For patients with advanced liver cancer, who have been exposed to sorafenib for a long time, the drug’s anti-angiogenic effect is expected to cause a decrease in microvessel density and enhance tumor hypoxia. Consequently, this induces the HIF-mediated cell adaptation mechanism to the hypoxic microenvironment. In other tumors, extensive researches have been done using gene therapy to target HIFs or adding HIFs inhibitors to current therapies, with a view to improve its effectiveness. Particularly, overexpression of HIFs in liver cancer has been reported, with sorafenib found to promote HIF activity. Notably, a combination of sorafenib with other drugs, to lower the level of or directly target HIFs, has been proven to improve efficacy of sorafenib, suppress the proliferation and promote apoptosis of HCC cells, as well as reduce the number of metastases and tumor volume both in vitro and in vivo. For patients with advanced HCC, who have failed sorafenib treatment, several drugs, such as lenvatinib, regorafenib, cabozantinib, and ramucirumab, have been approved for second-line treatment. However, sorafenib remains the mainstay for treating advanced HCC (131). The importance of overcoming sorafenib resistance in HCC cells cannot be overemphasized. For this, targeting HIFs and improving the tumor hypoxic microenvironment hold promise for future development of therapies to manage sorafenib resistance and improve prognosis of patients with advanced HCC.
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Background

Sorafenib is the first molecular-targeted drug for the treatment of advanced hepatocellular carcinoma (HCC). However, its treatment efficiency decreases after a short period of time because of the development of drug resistance. This study investigates the role of key genes in regulating sorafenib-resistance and elucidates the mechanism of drug resistance in hepatocellular carcinoma.



Methods

The HCC HepG2 cells were used to generate a sorafenib-resistant cell model by culturing the cells in gradually increasing concentration of sorafenib. RNA microarray was applied to profile gene expression and screen key genes associated with sorafenib resistance. Specific targets were knockdown in sorafenib-resistant HepG2 cells for functional studies. The HCC model was established in ACI rats using Morris hepatoma3924A cells to validate selected genes associated with sorafenib resistance in vivo.



Results

The HepG2 sorafenib-resistant cell model was successfully established. The IC50 of sorafenib was 9.988μM in HepG2 sorafenib-resistant cells. A total of 35 up-regulated genes were detected by expression profile chip. High-content screening technology was used and a potential drug-resistance related gene RPL28 was filtered out. After knocking down RPL28 in HepG2 sorafenib-resistant cells, the results of cell proliferation and apoptosis illustrated that RPL28 is the key gene involving in drug resistance. Furthermore, it was found that both RNA and protein expression of RPL28 increased in HepG2 sorafenib-resistant specimens of Morris Hepatoma rats. In addition, the expression of proliferative protein Ki-67 increased in sorafenib-resistant cells.



Conclusion

Our study suggested that RPL28 is a key gene inducing sorafenib resistance in HCC and could be a potential target for the treatment of drug-resistant HCC.
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Background

In recent years, a number of tyrosine kinase inhibitor drugs, such as sorafenib, regorafenib, and lenvatinib have been approved in China and have become the main treatment options for patients with advanced liver cancer. Sorafenib is the first molecular-targeted drug approved to treat advanced hepatocellular carcinoma (HCC). Sorafenib, named as Dodgemet in the market, targets RAF kinase, VEGFR1-3 and PDGF receptors. Shingina et al. and Kudo et al. reported that the median survival time, disease control rate, median imaging progression time and overall survival time are better in patients treated with sorafenib than those treated with placebo (1). Chung et al. reported that HCC patients treated with sorafenib combined with TACE achieved similar results in the Chinese subgroup (2). Regorafenib is another molecular-targeted tyrosine kinase inhibitor. LeBerre et al. confirmed that regorafenib could extend the median overall survival time by 2.8 months and the disease control rate reaching 65% in HCC patients treated with sorafenib (3). Currently, several cancer treatment guidelines have been updated: regorafenib could be used to treat advanced liver cancer after sorafenib treatment. Lenvatinib is the latest oral tyrosine poly-kinase inhibitor. Kudo et al. compared the therapeutic effect of lenfatinib and sorafenib as the first-line treatment regimen for inoperable liver cancer patients. They found that the median overall survival time and objective response rate of lenfatinib is significantly better than that of sorafenib (4), suggesting that lenfatinib might be a new first-line treatment option for patients with advanced HCC.

Although these kinases inhibitor drugs bring hopes for liver cancer patients, there are also problems in clinical application. In HCC patients who have severe chronic liver disease, the impact of survival benefits has not been confirmed due to drug-induced liver toxicity (5, 6). Furthermore, there are other challenges such as lack of effective biomarkers to predict drug efficacy, low objective drug response rate, non-significant tumor burden reduction and poor quality of life of patients (7). In addition, most patients develop drug resistance during the treatment process. Although sorafenib was proved to be a well-established molecular targeted drug for HCC therapy, the cancer inhibition efficiency decreases in most patients after an average of 17.6 weeks and the mechanism of drug resistance is not clear. Because sorafenib, regarafenib and lenvatinib are multiple-target drugs, their mechanism of action involves multiple signaling pathways and involves both tumor cells and tumor microenvironment, therefore, their drug resistance mechanisms are complex (8). Due to the high heterogenicity of HCC, the same tumor tissue might have different HCC cell subsets. Different sorafenib resistance mechanisms might occur in the same patient during treatment process and effective molecular biomarkers are needed in clinical application.

Ribosomal protein L28 (RPL28) gene is located on human chromosome 19q13.42 and encode the 60S large subunit components of ribosomal protein L28E family (9). Ribosome is the place for protein synthesis, involving the basic functions of protein synthesis (10). Fan et al. reported that silencing ribosomal protein L28 could inhibit the proliferation and invasion of esophageal cancer cells (11, 12). Li et al. reported that the growth of human pancreatic cancer cells could be inhibited by RNA interference down-regulated ribosomal protein L39 (13). Hide et al, observed the difference in the expression of RPL28 in colorectal cancer and adjacent tissues, but no relevance was found between the expression of L28 and development of colorectal cancer (14, 15).

This study aims to investigate the cause of sorafenib resistance. We found that RPL28 is a key gene in regulating sorafenib resistance in HCC.



Materials and Methods


Establishing the Sorafenib Resistant Cell Model of Hepatocellular Carcinoma

We established the sorafenib (Selleck) drug resistant HepG2 cell model by culturing HepG2 cells with gradually increasing concentrations of sorafenib. Before the experiment, cell viability assay was conducted by Cell Titer-Glo Luminescent (Promega) and IC50 of sorafenib in HepG2 cells was selected as the starting drug concentration. Then, cells were maintained for one week until they grew steadily. After that, increased concentration of sorafenib (0.25 mol/L each time) was added to the culture medium. The induction process lasted until the cells could grow steadily at the maximum tolerable concentration of sorafenib, which took almost a year. Finally, the sorafenib resistant cell model of HepG2 was successfully constructed. The IC50 of HepG2 cells and sorafenib resistant cells were calculated by Graph pad Prism, and the resistance index (RI) = IC50 of sorafenib resistant cells/IC50 of HepG2 cells, was calculated (16, 17).



Screening Drug Resistance Genes

Gene chip Primeview human (Affymetrix) for expression spectrum profiling was applied to select the drug resistance-related genes. Screening criteria were fold change (FC) >2 and P-value <0.05 (18, 19). Stratagene Mx3000P real-time PCR (Agilent) was used to detect the endogenous expression of drug resistance-related genes in these cells (20). The gene RPL28 was screened out by High Celigo Select (HCS) technique to be the key gene of drug resistance (21–23).

The characteristic of drug-resistant cells is the loss of response to drug. Therefore, we observed the effect of silencing target gene on cell proliferation by down regulating the expression of target gene in lentivirus infected cells. The green fluorescent protein GFP was expressed by infected cells and counted automatically. In order to ensure the gene interference efficiency, we designed three RNA interference targets for each gene, and the three plasmids were mixed as equal proportion and then packaged with lentivirus. Cells were photographed and automatically counted by the Celigo fluorescence microscope (Olympus). The influence of the cell proliferation for each gene was detected by the high throughput model. Data were expressed as mean ± standard deviation (SD) and Graph pad Prism software was applied to perform statistical analysis. Different expression of gene between HepG2 cells and sorafenib resistant cells were evaluated using a paired t test. The p value less than 0.05 was considered to be of statistical significance.

By the same method, we screen out the target with the most significant inhibition of cell proliferation and the highest knockout efficiency of key resistance gene. After determining the proliferation-related positive target genes, lentivirus packaging and HCS cell proliferation detection were performed on the plasmids of the three RPL28 RNA interference targets, to further confirm the specific targets of the gene affecting cell proliferation.

Using RPL28-1 target as a template (Table 1), we prepared RNA interference lentivirus vectors and infected HepG2 sorafenib resistant cells. The reduced protein expression of RPL28 gene was detected by Western blot (24). The effect of RPL28 gene on the proliferation, apoptosis and cell cycle of HepG2 sorafenib resistant cells were detected by Celigo (Nexcelom) (25), Caspase-Glo® 3/7 Assay (Promega), Apoptosis kit (BD) and PI (Sigma) (26). GAPDH was used as reference gene to standardize the expression of each target. Using relative quantitative analysis (F= 2- ΔΔCT), the relative expression level of RPL28 were calculated. Difference of proliferation, apoptosis and cell cycle between HepG2 cells and sorafenib resistant cells were evaluated using a paired t test. The P value less than 0.05 was considered of statistical significance.


Table 1 | RNAi target sequence.





Rat Model for Sorafenib Resistance

SPF rats were used to establish Morris hepatoma liver cancer model. Morris hepatoma 3924A (MH3924A) cells were subcutaneously injected and about 1×1×1cm3 tumor could be touchable in the subcutaneous in about 2 weeks. Under aseptic conditions, the tumor bulk was inoculated to the left lobe of the liver of ACI rats to create liver carcinoma model in situ (27, 28). After treatment with sorafenib, dynamic change of rat tumor in sensitive period and resistance period of sorafenib were detected by PET-CT. The expression of RPL28 gene in sorafenib-resistant HCC was tested by Real time qPCR. IHC was used to detect the expression of KI-67 in samples in both sorafenib sensitive and resistance stage. The intensity and the proportion of stained cells were integrated, and the result was determined by semi-quantitative integral method using the following scoring criteria: staining intensity score, 0=no staining, 1= weak staining, 2 = moderate staining, 3= strong staining; staining percentage score, 0= positive percentage<10%, 1 = 10-25%, 2 = 26-50%, 3 = 51-75%, 4> 75%. The staining score = intensity score x percentage. The score of 0-3 indicates low expression, while 4-7 indicates high expression.



Statistical Analysis

Data were presented as mean ± SD. Graph pad Prism software was applied to perform statistical analysis. Difference between groups was evaluated using a paired t test. The p value less than 0.05 was considered to be of statistical significance.




Results


Testing the Sorafenib Resistant Cell Line

The cell proliferation in response to increasing concentrations of sorafenib was examined in both HepG2 control and HepG2 drug resistant cells. It was found that the inhibitory rate of HepG2 cells increased significantly with the increasing drug concentrations, with the IC50 of sorafenib being 1.62μM in control cells, while no significant change on inhibitory rate in HepG2 drug-resistant cells, and the IC50 was 9.988μM. The drug resistance fold was 5.97 (RI=IC50 = 9.988/1.672 = 5.97). This result indicated the successful establishment of sorafenib resistant cell model (Figure 1).




Figure 1 | Inhibition curves of sorafenib on HepG2 and HepG2 drug-resistant cells. The inhibitory rate of HepG2 cells increased with the increasing drug concentrations, while no significant change on inhibitory rate of HepG2 drug-resistant cells.





Detecting Drug Resistant Genes

Gene expression profile chip was used to screen genes related to drug resistance. 295 up-regulated genes and 211 down-regulated genes were found in HepG2 sorafenib resistant cells compared with HepG2 control cells (Figure 2). Through the bioinformatics analysis, 35 up-regulated genes were selected for further study based on their highly expressed profiles in drug-resistant cells.




Figure 2 | (A) Drug-resistant related genes detected by microarray. (B) important genes related to drug-resistance.



Among the 35 drug-resistant related genes, two genes were not detected by qPCR due to difficulty in primer design, and one gene had low expression. The remaining 32 drug-resistant related genes had high abundance of expression. Twenty genes were randomly selected based on the screening condition with proliferation change ≥2.0, and the difference significance analysis T-test value <0.05. The key drug-resistant gene RPL28 was selected by comparing the effects of gene knockdown on cell proliferation using HCS technology. RPL28-1 was finally selected as the key drug-resistant gene. After knocking-down of RPL28-1, the proliferation inhibition of HepG2 drug-resistant cells reached 2.76 times compared with the control cells, and the knockdown efficiency reached 86.1% compared with the control cells (Figure 3A), and the difference was statistically significant (P <0.05), indicating that RPL28-1 was indeed an effective target.




Figure 3 | (A) Expression of RPL28 gene after it was knocked down. The expression of RPL28 genes in HepG2 drug-resistant cells was 0.139,0.389 and 0.272, compared with control group, after RPL28-1, RPL28-2 and RPL28-3 target was knocked down, respectively. The differences were statistically significant (P < 0.05). (B) Western blot on protein expression after shRNA knockdown of RPL28.





Preparing RNAi Lentiviral Vector of RPL28 Gene and RPL28 Knockdown Affected Protein Expression

Using RPL28 gene as a template, RNA interference target sequence was designed, and RNA interfering lentivirus vector was constructed. The sequence of RPL28 gene interference target in the vector starts from the C of 383bp and ends at A of 403bp. HepG2 drug-resistant cells were infected by lentiviruses with infection efficiency of above 80%, indicating that the RPL28 knockdown sorafenib resistant HepG2 cell line was successfully established. Western Blot was applied to detect the expression of exogenous protein of RPL28 gene and we found that knockdown the RPL28-1 target downregulated the exogenous expression of RPL28 gene (Figure 3B), which further proved that RPL28-1 was an effective interference target.



Biological Function Study of HepG2 Sorafenib Resistant Cells Infected by shRNA Lentivirus

After knocking- down of RPL28 gene, the proliferation of sorafenib resistant HepG2 cells was significantly inhibited as tested by Celigo. Cell counting result showed that the proliferation of shRPL28 cells was significantly inhibited compared with the shCtrl cells (Figure 4A). Caspase-Glo® 3/7 Assay and flow cytometric analysis showed that the apoptosis rate of sorafenib resistant HepG2 cells increased when RPL28 gene was knockdown (Figures 4B, C). The results of cell cycle analysis illustrated that the cells in S phase increased after knocking-down RPL28 in HepG2 sorafenib resistant cells and decrease the cell number in G1 phase. Our results showed the strong association between the function of RPL28 and cell cycle change in HepG2 sorafenib resistant cells (Figures 4D, E).




Figure 4 | Cell counting, apoptosis and cell cycle analysis on shRNA lentivirus infected HepG2 sorafenib resistant cells. (A) Cell counting result showed the proliferation of shRPL28 and shCtrl cells. (B, C) Peak diagram and histogram of cell apoptosis (X ± S): The apoptotic rate of shRPL28 cells was higher than that of shCtrl cells. (D, E) Cell cycle analysis result of G1, S and G2/M phase.





In Vivo Evaluation for Sorafenib Resistance

Dynamic changes of tumor in rat with sorafenib treatment were evaluated by PET-CT. The tumor was controlled in the sorafenib sensitive stage (Figure 5A), however, during sorafenib resistant stage, the tumor can be seen extensively metastasis to abdominal cavity (Figure 5B).




Figure 5 | PET-CT of rats. (A) Sorafenib sensitive stage: tumor growth was restricted. (B) Sorafenib resistant stage: the tumor was widely metastasized to the abdominal cavity.



The expression of sorafenib-resistant associated gene RPL28 in Morris Hepatoma was determined by real time qPCR. The expression of RPL28 increased in the sorafenib-resistant specimens compared with that in sensitive phase with statistically significant (P<0.05), indicating that RPL28 gene was associated with sorafenib resistance. The expression of Ki-67 in HCC tissues of rats with sorafenib sensitive stage was lower than that of rats with drug resistance stage, indicating that sorafenib inhibited the proliferation of HCC cells (Figures 6A, B).




Figure 6 | Expression of Ki67 in tumor specimens of sorafenib sensitive and resistant stage by immunohistochemistry (DAB developing, 400X). (A) Sorafenib sensitive period, Ki-67 protein (Localization in nucleus) with low expression. (B) Sorafenib resistance period, Ki-67 protein with high expression.






Discussion

At present, there are two main ways to establish drug-resistant tumor cells in vitro: drug induction and drug resistant gene transfection. The drug-resistant cell lines established by drug induction method is similar to the development of drug resistance in clinical patients, which is more suitable for the experimental model of drug resistance research of tumor cells. Drug induction methods include high dose intermittent impact method, concentration gradient increasing method, and a combination of the two methods. Among them, the first two methods are often used to establish the drug resistance model of clinical tumor cells and each has its own advantages and disadvantages. The high dose intermittent impact method is suitable for the establishment of drug resistance cell model of chemotherapy drugs, which is close to the principle of chemotherapy in the clinical high dose and short course of chemotherapy. But the disadvantage is that the drug concentration of high dose intermittent impact method is very high, and the cells may be difficult to tolerate due to the sudden changes of external environment. The advantage of the concentration gradient method is that the drug dose of induced cells is gradually changed, the external environment of cell culture is gradually changed, and the cells are easy to accept and in better condition. Sorafenib is a small molecule targeted drug that requires long-term oral administration to maintain the concentration of blood drug, so it is more suitable to establish drug-resistant cell models by this method.

In this study, a total of 35 up-regulated drug-resistance related genes were screened by Affymetrix expression profile chip for subsequent studies. Using Real Time qPCR technology, we verified that 32 genes were highly expressed in HepG2 sorafenib resistant cells. Among the 32 genes with high expression, 20 genes were randomly selected to detect their effect on cell proliferation, so as to screen out the key genes related to sorafenib resistance. RPL28, a key gene related to sorafenib resistance, was screened out from the above 20 genes. We performed single target lentivirus amplification and proliferation detection of RPL28 to further confirm the specific target of the gene affecting the proliferation function.

The RPL28 gene is the typical gene which encodes ribosomal protein with many pseudo-genes scattered throughout the genome and different splicing transcription forms. In this study, the expression of RPL28 gene was found to be significantly increased in sorafenib resistant HepG2 cells compared with parental HepG2 cells. Ribosomes act as a processing factory of protein polypeptide chains and the expression of RP itself reflects the state of cell growth. Ribosome proliferation also indicates proliferative activity of both normal and tumor tissues. Growing cells have more efficient ability for translating RP mRNA than stationary cells. Thus, cells with proliferating activity usually have high RP levels. Therefore, when HepG2 cells developed resistance to sorafenib, the cell proliferation inhibited due to drug action became active again, and the expression of ribosomal protein increased accordingly, which could explain our experimental results.

In order to verify the experimental results, we constructed a RPL28 RNA interference lentiviral vector, and the HepG2 sorafenib resistant cells were infected with the lentivirus to down-regulate the RPL28 gene expression. It was found that knocked out of RPL28 gene significantly inhibited the proliferation of HepG2 sorafenib resistant cells and increased apoptotic cells. Our results suggested that interfering RPL28 gene could inhibit the proliferation of HepG2 sorafenib resistant cells, reversing sorafenib resistance. Therefore, up-regulation of RPL28 gene might be one of the causes of sorafenib resistance, and its mechanism is associated with the effect of RP in tumors. Changes in RP expression may affect the protein translation process. Both the assembly and function of ribosomes depend on the balance of the quantity of RP. The increased ribosomes may accelerate the translation of ribosomes and affect the synthesis of proteins that affect the metabolism and biological functions of cells. We speculated that the increased RPL28 gene expression would accelerate mRNA translation and protein synthesis, promote HepG2 cell proliferation, and lead to sorafenib resistance.

Ribosomal proteins can regulate cell apoptosis. Zhang et al. reported that RP S15A was highly expressed in glioma compared with normal tissues. Down-regulation of RPS15A could induce apoptosis of glioma cells (29). Our results indicated that the increased expression of RPL28 gene might down-regulate certain apoptotic proteins, inhibit the programmed cell death of HepG2 cells, and result in sorafenib resistance. The most reported function of ribosomal protein is related to tumor suppressor gene P53. Peng et al. reported that ribosomal protein L23 inhibit P53 ubiquitination by negatively regulating murine double minute 2 (MDM2), thereby activating P53 to inhibit tumor growth (30, 31). It might be possible that the increased expression of RPL28 gene also regulate the P53 gene, and lead to sorafenib resistance.

Morris hepatoma3924A is a highly metastatic cell strain of rat liver cancer. Due to its high tumor formation rate in vivo, it has been widely used to establish various animal models. Jun et al. applied Morris hepatoma3924A in ACI rat to explore nanoscale integrin combined with arterial chemoembolization for the treatment of liver carcinoma (32). In this study, Morris hepatoma3924A in ACI rat model was used to study sorafenib resistance in vivo. It was found that the tumor growth was effectively controlled in the sorafenib sensitive stage. The tumor had extensive metastasis in the abdominal cavity in the sorafenib resistant stage.

Real time qPCR and IHC results showed that the protein expression of RPL28 gene increased in the resistant phase compared with the sensitive phase, which is in consistent with the results in vitro, and indicating that RPL28 gene might be the sorafenib-resistant gene in vivo. In addition, immunohistochemical staining results showed that Ki-67 protein expression increased in the drug-resistant stage compared to the sensitive stage. Ki-67 is used to judge cell proliferative activity. It is expressed in all cell cycles (G1, S, G2 and M stages), but not expressed in G0 stage. Previous studies indicated that the KI-67 expression is closely associated with cell proliferation, differentiation, invasion and metastasis, and prognosis of various tumors. In this study, ki-67 protein expression increased in sorafenib resistance rats, suggesting that sorafenib resistance is related to cell proliferation. The cell cycle regulatory core molecule is CDK, which is dependent on the expression of Cyclin. CDK4 is one of the CDK series of protein kinases. CDK4 kinase activity is activated when CDK4 binds to periodic protein D1 (cyclin D1) to form the CDK4/cyclin D1 complex, which phosphorylates Retinoblastoma protein (Rb). Rb protein releases a transcription factor E2F, results in the expression of S phase related proteins induced by E2F. It promotes cells to complete DNA replication, quickly across the G1 to S phase limit point, stimulate cell growth and division (33). Over-expression of CDK4 caused HepG2 cells growth out of control, promoted cell proliferation and abnormal differentiation leading to sorafenib resistance. Bcl-2 (B-cell lymphoma 2 gene) is an oncogene. Its family of proteins play an important role in mitochondrial apoptosis. The Bcl-2 protein family has high homology and contains BH (1-4) conserved domains. The function of Bcl-2 protein family can be divided into two categories, one is anti-apoptotic: including Bcl-2, Bcl-XL and McL-1, that are located in the mitochondrial outer membrane, endoplasmic reticulum and nuclear membrane. The other is pro-apoptotic, including Bax, Bak and Bid. They are mostly located in the cytoplasm (34).



Conclusion

In conclusion, this study established a sorafenib resistant hepatocellular carcinoma cell model. The drug resistant gene was screened by expression profile chip technology and confirmed by experiments both in vitro and in vivo. We identified that RPL28 gene is involved in sorafenib resistance in hepatocellular carcinoma. Our study provides a new approach to overcome sorafenib resistance in the treatment of hepatocellular carcinoma.
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Vemurafenib, a BRAF V600E inhibitor, provides therapeutic benefits for patients with melanoma, but the frequent emergence of drug resistance remains a challenge. An understanding of the mechanisms underlying vemurafenib resistance may generate novel therapeutic strategies for patients with melanoma. Here, we showed that eIF3a, a translational regulatory protein, was an important mediator involved in vemurafenib resistance. eIF3a was expressed at significantly lower levels in vemurafenib-resistant A375 melanoma cells (A375R) than in parental A375 cells. Overexpression of eIF3a enhanced the sensitivity to BRAF inhibitors by reducing p-ERK levels. Furthermore, eIF3a controlled ERK activity by regulating the expression of the phosphatase PPP2R1B via a translation mechanism, thus determining the sensitivity of melanoma cells to vemurafenib. In addition, a positive correlation between eIF3a and PPP2R1B expression was also observed in tumor samples from the Human Protein Atlas and TCGA databases. In conclusion, our studies reveal a previously unknown molecular mechanism of BRAF inhibitor resistance, which may provide a new strategy for predicting vemurafenib responses in clinical treatment.
Keywords: melanoma, vemurafenib resistance, eIF3a, ERK, PPP2R1B
INTRODUCTION
Melanoma is an aggressive cancer with a rapidly increasing incidence (Bellmann et al., 2020). Approximately 60% of melanoma patients harbored BRAF kinase mutation (BRAFV600E), which activates the MAPK pathway and contributes to the immortalization of cancer (Betancourt et al., 2019). Selective BRAF inhibitors (BRAFis), such as vemurafenib, have been approved for clinical use and significantly improved the progression-free survival (PFS) and overall survival (OS) of patients with melanoma carrying BRAF mutations compared with the traditional chemotherapy dacarbazine (Chapman et al., 2011; Kim and Cohen, 2016; Chapman et al., 2017). However, the universal emergence of resistance after vemurafenib treatment limits its application in the clinic (Sosman et al., 2012; Sullivan and Flaherty, 2013; Samatar and Poulikakos, 2014; Garbe and Eigentler, 2018). Multiple mechanisms involved in vemurafenib resistance have been identified (Sullivan and Flaherty, 2013); however, these mechanisms do not fully characterize the causes of vemurafenib resistance, and effective targets and strategies for overcoming clinical vemurafenib resistance are lacking, encouraging further research (Rizos et al., 2014).
Eukaryotic translation initiation factor 3a (eIF3a), the largest subunit of the eIF3 complex, plays an important role in interacting with and recruiting mRNA to the ribosome (Zhang et al., 2007; Saletta et al., 2010; Wang et al., 2016). eIF3a expression is associated with physiological and pathological processes by regulating the cell cycle, apoptosis, differentiation and fibrosis (Dong et al., 2009; Zhang Y. F. et al., 2015; Wang et al., 2016; Yin et al., 2018). Many researchers have reported an important role for eIF3a in the occurrence and development of tumors, and elevated eIF3a expression favors the maintenance of the tumor malignant phenotype (Yin et al., 2011a; Jiang et al., 2020). Recent reports suggested that eIF3a could mediate glycolytic metabolism, and the level of anti-eIF3A autoantibody in serum may represent a potential diagnostic marker for hepatocellular carcinoma (Heo et al., 2019; Miao et al., 2019). Moreover, many studies have suggested that eIF3a affects patient prognosis and treatment responses; for example, patients with cancer presenting high eIF3a levels experience better relapse-free and overall survival than those with low eIF3a expression (Dellas et al., 1998; Chen and Burger, 1999). Previous studies, including our own study, supported the hypothesis that eIF3a knockdown reduces the cellular response to cisplatin by regulating the expression of DNA repair proteins in lung cancer (Yin et al., 2011a), nasopharyngeal carcinoma (Liu et al., 2011), and ovarian cancer (Zhang Y. et al., 2015). Tumia R et al. also reported that high eIF3a expression increases radiotherapy and chemotherapy responses in patients with breast, gastric, lung, and ovarian cancer (Tumia et al., 2020), further suggesting that eIF3a may affect patient responses to treatments.
Here, this study reported for the first time that eIF3a expression is positively correlated with vemurafenib sensitivity in melanoma cells, and this effect of eIF3a is mediated by regulating the translation of the protein phosphatase PPP2R1B, which inhibits ERK phosphorylation. Furthermore, the relationship between eIF3a and PPP2R1B expression was detected in samples from patients with cancer. These findings not only reveal a novel role for eIF3a in vemurafenib resistance and present eIF3a/PPP2R1B/ERK as a new regulatory pathway in cancer but also may provide a novel biomarker for predicting the vemurafenib response.
MATERIALS AND METHODS
Cell Lines and Culture
The human malignant melanoma cell lines A375 and SK-28 were purchased from ATCC (Manassas, VA, United States). Vemurafenib-resistant A375 cells (A375R) were established in our lab. HEK293T cells were maintained in our lab. A375, SK-28, and HEK293T cells were cultured in high-glucose DMEM. A375R cells were cultured in DMEM supplemented with 2 μM vemurafenib. All cell culture media were supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin. All cell lines were maintained at 37°C in a humidified atmosphere containing 5% CO2/95% air. All cells were confirmed negative for mycoplasma using a mycoplasma detection kit.
Reagents and Antibodies
Vemurafenib, dabrafenib and L-mimosine were purchased from Selleck (Shanghai, China). The ERK inhibitor SCH772984 was purchased from TOPSCIENCE (Shanghai, China). The anti-eIF3a antibody (cat. no. ab128996, 1:1,000) and anti-PPP2R1B antibody (cat. no. ab154815, 1:1,000) were purchased from Abcam. The anti-ERK antibody (cat. no. 4695, 1:1,000) and anti-p-ERK antibody (Thr202/Tyr204) (cat. no. 4370, 1:1,000) were purchased from Cell Signaling Technologies. The anti-puromycin antibody (cat. no. EQ0001, 1:1,000) was purchased from Kerafast. The anti-Flag antibody (cat. no. M185, 1:1,000) and anti-HA antibody (cat. no. M180, 1:1,000) were purchased from MBL. β-action (1:10,000) and β-Tubulin (1:10,000) antibodies were purchased from Proteintech. An enhanced chemiluminescence (ECL) kit was purchased from Cytiva. CCK8 was purchased from Bimake (Shanghai, China).
siRNA and Plasmid Transfection
The siRNAs targeting eIF3a and PPP2R1B were purchased from RiboBio (Guangzhou, China). The PPP2R1B plasmid was purchased from Gene (Shanghai, China). Transfection of siRNAs was performed according to the manufacturer’s protocol. Briefly, cells in the exponential phase of growth were plated in six-well tissue culture plates and then transfected with siRNAs using Lipofectamine RNAimax (Invitrogen) reagent and OPTI-MEM medium. The plasmid was transfected using the Lipofectamine 2000 (Invitrogen) reagent according to the manufacturer’s protocol.
Western Blotting Analysis
After treatment, the cells were lysed on ice for 30 min in RIPA buffer supplemented with protease inhibitor and phosphatase inhibitor cocktails A and B (Biotool), followed by centrifugation at 12,000 × g for 15 min at 4°C. The protein concentration of the supernatant was determined using a BCA assay (Beyotime Biotechnology, Shanghai, China). Proteins were resolved on SDS-PAGE gels and then transferred to PVDF membranes (0.22 µm, Merck Millipore). After blocking with skim milk, the PVDF membranes were incubated with the respective antibodies in 5% BSA at 4°C overnight, followed by an incubation with a secondary antibody at room temperature for 1 h. The protein signals were detected using an enhanced chemiluminescence kit.
Clonogenic Assay
Cells were plated in 6-well tissue culture plates (1,000 cells per well) and exposed to the indicated treatment at 37°C in a humidified atmosphere containing 5% CO2/95% air. At the end of the incubation, cells were fixed with 4% paraformaldehyde, stained with crystal violet for 30 min, and washed with PBS, and then the colonies were photographed and counted.
Acquisition and Analysis of GEO Data
Gene expression data from GSE118239 were extracted from the NCBI Gene Expression Omnibus (GEO) database. The Gene Set Enrichment Analysis (GSEA) was completed using the R package, “clusterProfiler”.
Cell Viability Assay
Cell viability was measured using CCK8 (Bimake, Shanghai, China) reagent. Briefly, 2 × 103 cells/well were plated in each well of 96-well plates and treated with various drug concentrations for the indicated durations. After treatment, 10 μl of CCK8 reagent were added to each well and incubated for 1 h. The absorbance was read at a 450 nm wavelength.
Quantitative Real-Time PCR
Total RNA was isolated from cells using TRIzol reagent (Takara), and 1 μg of total RNAs was reverse transcribed using the PrimeScript RT Reagent Kit (Perfect real time) (Takara). Real-time PCR was performed using SYBR Premix Ex Tap (Takara) and run on an LC480 instrument. For the quantification of gene expression, the 2−ΔΔCt method was used. The actin expression level was used for normalization.
Immunofluorescence Staining
Cells were transfected with the eIF3a siRNA or a control siRNA. After transfection, the cells were washed twice with ice-cold PBS, fixed with 4% paraformaldehyde for 30 min and treated with 0.5% Triton-100X for 10 min. The cells were blocked at room temperature for 60 min and incubated with a p-ERK antibody overnight at 4°C. Cells were then incubated with a secondary antibody at room temperature for 1 h. The cell nuclei were stained with DAPI for 2 min. Finally, p-ERK levels were observed with a fluorescence microscope.
Luciferase Reporter Assay
To analyze PPP2R1B translation activity, eIF3a-silenced 293T cells were cotransfected with the PPP2R1B-containing luciferase reporter plasmid. Cells were harvested, and the luciferase activities were measured using the Promega Luciferase Assay System (Promega, Madison, Wisconsin).
RNA Immunoprecipitation
The RIP assay was performed according to the manufacturer’s instructions using an EZMagna RIP Kit (Millipore, Billerica, MA). Briefly, 293T cells lysates were incubated with anti-eIF3a antibodies or anti-IgG at 4°C overnight. Next, the expression of the PPP2R1B mRNA was determined using qRT-PCR.
Metabolic Labeling With Puromycin
Protein synthesis activity was assessed using puromycin labeling. Briefly, cells were transfected with the eIF3a siRNA or non-targeting RNA. After transfection, the cells were incubated with puromycin (10 mg/ml) for 30 min. Cells were lysed at 4°C, and the protein concentration was determined using a BCA assay. Equal amounts of protein were resolved on SDS-PAGE gels and then transferred to PVDF membranes. Signals were detected with an anti-puromycin antibody.
Statistical Analysis
All experiments were performed at least three times. For measurements of CCK8 assays, statistical analyses were performed using Student’s t-test with GraphPad Prism software. p values <0.05 were considered statistically significant.
RESULTS
eIF3a is Associated With Vemurafenib Sensitivity
To explore the potential function of eIF3a in cancer therapy, gene set enrichment analysis (GSEA) was used for pathway enrichment analysis. The KEGG analysis showed that the KRAS signaling pathway was significantly enriched after knockdown of eIF3a (GSE118239) (Figure 1A). Reactivation of RAS is associated with vemurafenib resistance (Boussemart et al., 2014), therefore, we hypothesize that eIF3a may be involved in vemurafenib resistance. To test this hypothesis, we first compared the levels of eIF3a in A375 and A375R cells, which is less responsive to vemurafenib than A375 cells (Figure 1B) and observed a significant downregulation of eIF3a in A375R cells (Figure 1C). Furthermore, siRNA-mediated knockdown of eIF3a decreased the responses of human melanoma cells to vemurafenib, as evidenced by the results of the CCK8 assay and colony formation assay (Figures 1D,E). Furthermore, overexpression of eIF3a rendered A375R cells more sensitive to vemurafenib (Figure 1F). To further support the idea that eIF3a is associated with vemurafenib sensitivity, A375 and SK-28 cells were transfected with different amounts of siRNA, followed by vemurafenib treatment. Figures 1G,H showed that the level of eIF3a was positively correlated with vemurafenib sensitivity. These data suggest that the reduced expression of eIF3a in melanoma may result in vemurafenib resistance.
[image: Figure 1]FIGURE 1 | eIF3a is associated with vemurafenib sensitivity. (A) Enrichment plots from the gene set enrichment analysis (GSEA) of eIF3a in the KRAS signaling pathway. (B) A375 and A375R cells were treated with a series of vemurafenib concentrations for 72 h, cell survival was measured using the CCK8 assay. (C) The expression of eIF3a in A375 and A375R cells was measured using western blotting. (D) A375 and SK-28 cells were transfected with the non-targeting RNA or eIF3a siRNA and then treated with vemurafenib for 72 h, cell viability was measured by the CCK8 assay. **p < 0.01, t-test. (E) A375 cells were transfected with eIF3a siRNA and treated with vemurafenib, cell proliferation was measured by the colony formation assay. */#p < 0.05, **/##p < 0.01, t-test. (F) A375R cells transfected with the empty vector or Flag-eIF3a plasmid and then treated with vemurafenib for 72 h, cell viability was measured by the CCK8 assay. **p < 0.01, t-test. (G,H) A375 and SK-28 cells were transfected with a non-targeting siRNA or an eIF3a siRNA with the indicated concentrations, then treated with vemurafenib for 72 h, cell viability was measured by the CCK8 assay. **/##p < 0.01, t-test.
In addition, we also evaluated the effect of eIF3a on the antitumor activity of dabrafenib, another BRAF inhibitor approved by the FDA to treat melanoma (Puszkiel et al., 2019). Consistent with the results obtained with vemurafenib, eIF3a silencing also reduced the cytotoxicity of dabrafenib (Figures 2A,B), and eIF3a expression was positively correlated with the toxicity of dabrafenib (Figures 2C,D). These experiments confirmed the involvement of eIF3a in regulating the sensitivity of human melanoma cells to dabrafenib.
[image: Figure 2]FIGURE 2 | eIF3a was also associated with dabrafenib sensitivity. (A,B) A375 and SK-28 cells were transfected with the non-targeting RNA or eIF3a siRNA and then treated with dabrafenib for 72 h, cell viability was measured by the CCK8 assay. **p < 0.01, t-test. (C) SK-28 cells were transfected with a non-targeting siRNA or an eIF3a siRNA with the indicated concentrations, the expression of eIF3a was measured by western blotting. (D) SK-28 cells were transfected with the indicated concentrations of a non-targeting siRNA or an eIF3a siRNA, and then treated with dabrafenib for 72 h, cell viability was measured using the CCK8 assay. */#/$p < 0.05, **/##/$$p < 0.01, t-test.
eIF3a Alters the Sensitivity of Melanoma Cells to Vemurafenib by Controlling ERK Signaling
Next, we investigated the molecular mechanism by which eIF3a regulates sensitivity to vemurafenib. Figure 1A shows that inhibiting eIF3a activated the RAS signaling pathway. It’s well known that ERK is the classical downstream target of the RAS signaling pathway, and the aberrant activation of ERK plays a central role in vemurafenib resistance (Davies et al., 2002). Consistent with this finding, we also verified that the A375R cells harbored higher p-ERK and lower eIF3a levels than the A375 cells (Figure 3A). Therefore, we next determined whether eIF3a regulates the sensitivity of melanoma cells to vemurafenib by modulating ERK activity. As expected, inhibiting eIF3a with either siRNA or L-mimosine, a small-molecule inhibitor of eIF3a, significantly increased ERK phosphorylation in melanoma cells (Figures 3B,C). Figures 3D,E further shows the negative correlation between the expression of eIF3a and p-ERK. Immunofluorescence staining was also used to detect p-ERK levels after silencing eIF3a (Supplementary Figures S1A,B). Moreover, the regulation of p-ERK by eIF3a was also observed in non-small cell lung cancer and breast cancer cell lines (Supplementary Figures S1C,D). Ectopic expression of eIF3a resulted in a reduction in ERK phosphorylation (Figure 3F). We reintroduced eIF3a into eIF3a knockdown cells by transfecting an eIF3a overexpression plasmid and then measured p-ERK levels to further validate the effect of eIF3a on ERK activation. As shown in Figure 3G, p-ERK levels were increased in the cells with eIF3a knockdown, and eIF3a overexpression blocked the silencing expression. Furthermore, knockdown of eIF3a in A375 cells mitigated the suppressive effects of vemurafenib on p-ERK levels, revealing that the vemurafenib-induced MAP kinase signaling blockade was attenuated by silencing eIF3a (Figure 3H). And by combination with an ERK inhibitor, the insensitivity to vemurafenib after knockdown of eIF3a was overcome (Figure 3I). Based on these results, the loss of eIF3a contributed to ERK activation, in turn conferring BRAF inhibitor resistance.
[image: Figure 3]FIGURE 3 | eIF3a alters the sensitivity of melanoma cells to vemurafenib by controlling ERK signaling. (A) The levels of eIF3a, p-ERK and ERK in A375 and A375R cells were measured using western blotting. (B) A375 and SK-28 cells were transfected with a non-targeting siRNA or an eIF3a siRNA, the levels of eIF3a, p-ERK and ERK were measured using western blotting. (C) A375 or SK-28 cells were treated with the indicated concentrations of the eIF3a inhibitor L-mimosine, and the levels of eIF3a, p-ERK and ERK were measured using western blotting. (D) A375 and SK-28 cells were transfected with the indicated concentrations of a non-targeting siRNA or an eIF3a siRNA, and the levels of eIF3a, p-ERK and ERK were measured using western blotting. (E) HEK293T cells were transfected with a non-targeting siRNA or an eIF3a siRNA, and the levels of eIF3a, p-ERK and ERK were measured using western blotting. (F) HEK293T cells were transfected with a control plasmid or a Flag-eIF3a plasmid, and the levels of eIF3a, p-ERK and ERK were measured using western blotting. (G) HEK293T cells were transfected with a non-targeting siRNA or an eIF3a siRNA, followed by transfection with the Flag-eIF3a plasmid. The levels of Flag, eIF3a, p-ERK and ERK were measured using western blotting. (H) A375 cells were transfected with the non-targeting RNA or eIF3a siRNA and then treated with vemurafenib. The levels of eIF3a, p-ERK and ERK were measured using western blotting. (I) SK-28 cells were transfected with a non-targeting siRNA or an eIF3a siRNA, and then treated with vemurafenib alone or in combination with an ERK inhibitor. Cell viability was measured using the CCK8 assay. *p < 0.05, ##p < 0.01, t-test.
eIF3a Suppresses ERK Activity by Upregulating the Expression of PPP2R1B
We next sought to investigate the molecular mechanism underlying eIF3a knockdown-mediated ERK activation. The MAPK pathway is dephosphorylated by numerous protein phosphatases, for example, reductions in the levels of dual specificity phosphatase 4 (DUSP4) and dual specificity phosphatase 6 (DUSP6) result in activation of the MAP kinase pathway (Kondoh and Nishida, 2007; Kidger and Keyse, 2016; Gupta et al., 2019). Therefore, we wondered whether a phosphatase was involved in regulating eIF3a knockdown-mediated ERK activation. We first measured the expressions of protein phosphatases after silencing eIF3a using mass spectrometry to assess this hypothesis. Among the phosphatases examined, the expression of PPP2R1B, a regulatory subunit of the PP2A complex (Hamano et al., 2011), was decreased in eIF3a-knockdowned cells compared with that in control cells (Figure 4A).
[image: Figure 4]FIGURE 4 | eIF3a suppresses ERK activity by upregulating the expression of PPP2R1B. (A) Differential expression of three protein phosphatases was observed after silencing eIF3a using mass spectrometry. (B) A375 and SK-28 cells were transfected with a non-targeting siRNA or an eIF3a siRNA, and the levels of eIF3a, PPP2R1B, p-ERK and ERK were measured using western blotting. (C) A375 and SK-28 cells were treated with the indicated concentrations of the eIF3a inhibitor L-mimosine, and the levels of eIF3a, PPP2R1B, p-ERK and ERK were measured using western blotting. (D) HEK293T cells were transfected with a control plasmid or a Flag-eIF3a plasmid, and the levels of Flag, eIF3a, PPP2R1B, p-ERK and ERK were measured using western blotting. (E) A375 cells were transfected with the indicated concentrations of a non-targeting siRNA or an eIF3a siRNA, and the levels of eIF3a, PPP2R1B and p-ERK were measured using western blotting. (F) A375 and SK-28 cells were transfected with a non-targeting siRNA or PPP2R1B siRNA, and the levels of eIF3a, PPP2R1B, p-ERK and ERK were measured using western blotting. (G) A375 and A375R cells were transfected with a control plasmid or a HA-PPP2R1B plasmid, and the levels of PPP2R1B, p-ERK and ERK were measured using western blotting. (H) SK-28 or HEK293T cells were transfected with a non-targeting siRNA or an eIF3a siRNA, followed by transfection with a HA-PPP2R1B plasmid. The levels of eIF3a, HA, PPP2R1B, p-ERK and ERK were measured using western blotting.
Consistent with the proteomics results, knockdown or inhibition of eIF3a with an siRNA or small-molecule inhibitor decreased PPP2R1B expression and increased p-ERK levels (Figures 4B,C), and overexpression of eIF3a resulted in PPP2R1B elevation (Figure 4D). Figure 4E further demonstrated that eIF3a could regulate PPP2R1B expression. In addition, the regulatory effect of eIF3a on PPP2R1B protein levels was also determined in non-small cell lung cancer cells and breast cancer cells (Supplementary Figure S2). Next, we examined whether a regulatory effect existed between PPP2R1B and ERK. As shown in Figure 4F, PPP2R1B silencing caused a significant increase in p-ERK levels, and overexpression of PPP2R1B induced a remarkable reduction in p-ERK levels (Figure 4G). We overexpressed PPP2R1B after silencing eIF3a to further determine whether PPP2R1B mediates the regulatory effect of eIF3a on ERK activity. Figure 4H shows that reintroduction of PPP2R1B reversed the upregulation of p-ERK induced by eIF3a deficiency.
We further investigated the functional role of PPP2R1B in vemurafenib resistance, and found that PPP2R1B knockdown reduced the sensitivity of A375 cells to vemurafenib, whereas overexpression of PPP2R1B significantly enhanced the antitumor effect of vemurafenib (Supplementary Figures S3A,B). Furthermore, ectopic expression of PPP2R1B in eIF3a-silenced cells partially restored the sensitivity to vemurafenib (Supplementary Figure S3C). These findings support the hypothesis that eIF3a controls the action of ERK by regulating PPP2R1B expression, thus determining the sensitivity of melanoma cells to vemurafenib.
eIF3a Upregulates the Expression of PPP2R1B by Promoting its Translation
Next, we wanted to explore how eIF3a affects PPP2R1B expression. We examined the PPP2R1B mRNA level after knockdown or overexpression of eIF3a. Silencing or overexpression of eIF3a did not change the PPP2R1B mRNA level (Figures 5A,B), indicating that eIF3a regulated PPP2R1B at the posttranscriptional level. Because eIF3a is a translation regulator, we monitored the role of eIF3a in ongoing translational regulation by measuring protein synthesis using puromycin labeling. Figure 5C showed that the translational activity was reduced after eIF3a knockdown, indicating that eIF3a is indeed involved in protein synthesis in cells. In addition, the PPP2R1B mRNA could bind to the eIF3a protein (Figure 5D), and the reporter gene with PPP2R1B showed significant lower activities in the eIF3a knockdown cells compared with control cells (Figure 5E). Furthermore, HCQ, an autophagy inhibitor, or MG132, a proteasome inhibitor, had no effect on the downregulation of PPP2R1B in the cells with eIF3a knockdown (Figures 5F,G). Based on these results, we deduced that eIF3a regulated the translation of PPP2R1B.
[image: Figure 5]FIGURE 5 | eIF3a upregulates the expression of PPP2R1B by promoting its translation. (A) A375 cells were transfected with a non-targeting siRNA or an eIF3a siRNA, and levels of the eIF3a and PPP2R1B mRNAs were measured using qRT-PCR. (B) HEK293T cells were transfected with a control plasmid or a Flag-eIF3a plasmid, and the expression of the eIF3a and PPP2R1B mRNAs was measured using qRT-PCR. (C) A375 or SK-28 cells were transfected with a non-targeting siRNA or an eIF3a siRNA, followed by treatment with puromycin for 30 min. Puromycin incorporation was measured using western blotting. (D) RIP assay indicating that the PPP2R1B mRNA bound to the eIF3a protein. (E) Luciferase assay showing significantly lower activity of the PPP2R1B reporter construct after eIF3a knockdown in HEK293T cells. (F) A375 cells were transfected with a non-targeting siRNA or an eIF3a siRNA, followed by treatment with 20 μM HCQ for 24 h. The levels of eIF3a, PPP2R1B and LC3 were measured using western blotting. (G) A375 cells were transfected with a nontargeting siRNA or an eIF3a siRNA, followed by treatment with 20 μM MG132 for 4 h. The levels of eIF3a and PPP2R1B were measured using western blotting.
The Association of eIF3a and PPP2R1B is Validated in Samples From Patients With Melanoma
To further validate the association between eIF3a and PPP2R1B in human melanoma patient samples, we first assessed protein expression levels of eIF3a and PPP2R1B by the Human Protein Atlas (https://www.proteinatlas.org/). The results showed that the expression of eIF3a was positively correlated with PPP2R1B expression in patients with melanoma (Figure 6A and Supplementary Figure S4). We further analyzed the correlation between eIF3a and PPP2R1B expression in TCGA database. Consistently, the strong positive correlation between eIF3a and PPP2R1B expression was observed in melanoma, lung cancer and breast cancer (Figures 6B–D). In addition, we also analyzed the relationship between eIF3a and PPP2R1B expression in primary, metastatic and uveal melanoma using the TIMER web server (https://cistrome.shinyapps.io/timer/), and found that eIF3a expression was positively correlated with PPP2R1B expression (Figure 6E).
[image: Figure 6]FIGURE 6 | The association of eIF3a and PPP2R1B is validated in samples from patients with melanoma. (A) IHC analyses of eIF3a and PPP2R1B levels in melanoma tissues from the HPA database. (B) Pearson’s correlation analyses of eIF3a and PPP2R1B mRNA levels in melanoma (data from TCGA). (C) Pearson’s correlation analyses of eIF3a and PPP2R1B mRNA levels in lung cancer. (D) Pearson’s correlation analyses of eIF3a and PPP2R1B mRNA levels in breast cancer. (E) Pearson’s correlation analyses of the eIF3a and PPP2R1B mRNA levels in primary, metastatic, and uveal melanoma. TPM represents transcripts per million.
DISCUSSION
Acquired resistance to vemurafenib is a major hurdle in the management of melanoma; therefore, studies exploring the mechanism underlying vemurafenib resistance and developing more effective therapeutic strategies for patients with melanoma carrying the BRAFV600E are imperative. In this study, we revealed for the first time the potentially important role of eIF3a in targeted therapy. We found that eIF3a was downregulated in vemurafenib-resistant A375 cells, and its depletion significantly decreased the response of melanoma cells to BRAF inhibitors. Furthermore, eIF3a modulated the sensitivity of melanoma cells to vemurafenib by promoting the translation of PPP2R1B, and PPP2R1B further resulted in decreased ERK activity by dephosphorylating this kinase, indicating that the eIF3a/PPP2R1B/ERK axis was a key mediator of melanoma resistance to vemurafenib (Figure 7). The positive relationship between eIF3a and PPP2R1B expression was also observed in melanoma tissues. These results suggested that eIF3a may be a predictor to evaluate the efficacy of BRAF inhibitors.
[image: Figure 7]FIGURE 7 | Model showing the role of the eIF3a-PPP2R1B-ERK axis in regulating BRAF inhibitor resistance. In normal BRAFV600E mutant cells, the BRAF inhibitor suppresses ERK activity and cell proliferation. When eIF3a is depleted, PPP2R1B translation is inhibited, resulting in the persistence of p-ERK and the subsequent occurrence of drug resistance.
As a key regulator in cancer, eIF3a is expressed at high levels in multiple cancers and is relevant to the sensitivity of DNA damage-induced therapy, such as platinum agents (Zhang Y. et al., 2015) and ionizing radiation (Tumia et al., 2020). As shown in our previous study, eIF3a increases the sensitivity of ovarian cancer and non-small cell lung cancer to platinum-based chemotherapy, and the patients with a high level of eIF3a have a better prognosis (Yin et al., 2011b; Zhang Y. et al., 2015).
ERK activation is critical for cell proliferation and differentiation, and even alters the response of cancer cells to chemotherapies and targeted therapies (Marshall, 1995). In addition, ERK regulates the metabolic processes of cancer cell, such as glucose metabolism and fatty acid metabolism, and promotes cancer cell invasion and migration (Lee et al., 2020). As a critical mechanism significantly affecting cancer pathogenesis, the regulation of ERK has been extensively investigated. Levels of activated ERK are regulated by multiple proteins or miRNAs, including BOP1, VRK3, and miR-30 (Han and Kim, 2020; Wang et al., 2020). Therefore, a better understanding of ERK-mediated drug resistance may be helpful for in-depth studies of the antitumor mechanism. Here, we showed that reduced eIF3a expression caused ERK activation, as evidence by increased ERK phosphorylation, thus leading to vemurafenib resistance, which may provide novel strategy to rescue drug sensitivity for anticancer drug development.
We performed a proteomics analysis using mass spectrometry to identify eIF3a interacting proteins and illustrate the regulatory mechanism of eIF3a in ERK activation. The expression of PPP2R1B, a phosphatase, was decreased in cells subjected to eIF3a knockdown. Notably, eIF3a knockdown or overexpression decreased or increased the expression of the PPP2R1B protein, respectively. In addition, consistent with other phosphatases of ERK, PPP2R1B knockdown in melanoma cell lines led to increased ERK phosphorylation and mediated the negative regulatory effect of eIF3a on vemurafenib sensitivity. As a tumor suppressor, mutations and alterations in PPP2R1B have been found in human cancers, including colon cancer, lung cancer and cervical cancer, and is involved in chemotherapy sensitivity (Wang et al., 1998; Tamaki et al., 2004; Yeh et al., 2007). Previous studies have reported that silencing PPP2R1B enhances 5-FU resistance (Zhang et al., 2015), and PPP2R1B overexpression increases the sensitivity of tongue squamous cell carcinoma and esophageal cancer cells to docetaxel and cisplatin, respectively by acting as an AKT phosphatase (Hamano et al., 2011; Cui et al., 2020). In the present study, PPP2R1B influenced vemurafenib sensitivity by inhibiting ERK phosphorylation, and ectopic expression of PPP2R1B restored cell sensitivity to vemurafenib. Thus, ERK may be a novel protein target of PPP2R1B phosphatase, and PPP2R1B may be a potential target for developing novel strategies against vemurafenib resistance.
Last, we also observed strong correlations between eIF3a and PPP2R1B expression between tumor tissues from HPA and TCGA databases, further supporting our findings in cells. In addition, the correlation between eIF3a and PPP2R1B was also observed in lung cancer and breast cancer tissue, suggesting that the mechanism is universal. Due to the importance of vemurafenib in clinical applications, studies investigating the regulatory axis of eIF3a-PPP2R1B-ERK are crucial and worthwhile. Moreover, our findings highlight eIF3a as a promising biomarker for melanoma or other cancers to predict the therapeutic effect of vemurafenib.
Taken together, our results revealed that the eIF3a-PPP2R1B-ERK axis may contribute to vemurafenib resistance, which provided new insights into not only vemurafenib resistance but also the prediction of the response to vemurafenib treatment.
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Adenylate kinase 2 (AK2) is a wide-spread and highly conserved protein kinase whose main function is to catalyze the exchange of nucleotide phosphate groups. In this study, we showed that AK2 regulated tumor cell metastasis in lung adenocarcinoma. Positive expression of AK2 is related to lung adenocarcinoma progression and poor survival of patients. Knockdown or knockout of AK2 inhibited, while overexpression of AK2 promoted, human lung adenocarcinoma cell migration and invasion ability. Differential proteomics results showed that AK2 might be closely related to epithelial-mesenchymal transition (EMT). Further research indicated that AK2 regulated EMT occurrence through the Smad-dependent classical signaling pathways as measured by western blot and qPCR assays. Additionally, in vivo experiments showed that AK2-knockout in human lung tumor cells reduced their EMT-like features and formed fewer metastatic nodules both in liver and in lung tissues. In conclusion, we uncover a cancer metastasis-promoting role for AK2 and provide a rationale for targeting AK2 as a potential therapeutic approach for lung cancer.
Keywords: AK2, lung adenocarcinoma, EMT, tumor metastasis, TGF-β
INTRODUCTION
Lung cancer is the leading cause of cancer-related mortality worldwide, with a poor 5-year survival rate of 15% (Siegel et al., 2018), among which non-small cell lung carcinoma (NSCLC) accounts for 75–80% of this disease (Meza et al., 2015). For early stage of lung cancer, when the tumor is confined to the lung or when there is slight local lymph node spread, surgery is an effective treatment. Unfortunately, about 70% of patients have locally advanced or extensive metastatic tumors when diagnosed, which is not suitable for surgical resection (Herbst et al., 2018). Although there are multiple treatment options including surgery, chemotherapy, radiation and targeted therapy, the prognosis of patients is still poor due to its high metastasis (Altorki et al., 2019). Therefore, discovering novel and functional targets is crucial.
Tumor metastasis is a complex process involving a series of cell activities, collectively referred to as the invasion-metastasis cascade process (Valastyan and Weinberg, 2011). Many studies have shown that epithelial-mesenchymal transition (EMT) plays an important role in tumor cell infiltration, migration and metastasis. It not only enhances cancer cell invasion and metastasis (Mani et al., 2008; Kalluri and Weinberg, 2009), but also enables them to acquire stem cell characteristics such as self-renewal, and promote cancer stem cell production. TGF-β, which is called transforming growth factor due to its role in cell transformation, not only participates in the EMT process of embryonic development (Mercado-Pimentel and Runyan, 2007), but also regulates tumor EMT process (Derynck and Zhang, 2003; Peinado et al., 2003; Micalizzi et al., 2009). Several evidences argue for the role of SMADs in TGF-β-induced EMT (Deckers et al., 2006; Vincent et al., 2009; Lamouille et al., 2014). After activation of the precursor, TGF-β forms a dimer, binds to its membrane surface receptor 2 (TβRⅡ), and then recruits two TGF-β receptors 1 (TβRⅠ). TβRⅠ is activated by TβRⅡ via phosphorylation and activates downstream signaling molecules Smad2 and Smad3, promoting the formation of a trimeric complex with Smad4. The complex enters the nucleus and interacts with DNA, up-regulating the expression levels of transcription factors Snail/Slug, Twist and ZEB1, down-regulating the expression levels of E-cadherin, thereby regulating EMT at the transcriptional level (Vincent et al., 2009; Lamouille et al., 2014).
Adenylate kinase (AK) is highly conserved across a wide range of organisms. It is a key enzyme for metabolic monitoring of cell adenine nucleotide homeostasis (Klepinin et al., 2020). It also directs AK→AMP→AMPK signal transduction, regulating cell cycle and cell proliferation, and transferring ATP energy from mitochondria to distribute energy among cellular processes. There are nine adenylate kinase isoenzymes (AK1-AK9) in different tissues and organs. Increasing evidences show that AK isoform network regulates various cellular processes, including cell motility and cell differentiation (Panayiotou et al., 2014). Adenylate kinase 2 (AK2), located in the space between membranes and slits, is essential for ATP export and mitochondrial nucleotide exchange (Dzeja and Terzic, 2009). AK2 deficiency can destroy cellular energy, leading to human diseases such as amyotrophic lateral sclerosis, severe combined immunodeficiency, deafness and cancer, and is embryonic lethal in mice (Fukada et al., 2004; Lagresle-Peyrou et al., 2009; Pannicke et al., 2009). Increasing evidences show that AK2 plays a vital role in tumor development. Hansel et al. found that AK2 is up-regulated in metastatic pancreatic endocrine tumors, which may be related to the promotion effect of AK2 on nucleotide signal transduction and metastasis (Hansel et al., 2004). Another study suggests that AK2 deficiency promotes the in vitro proliferation of breast cancer MCF-7 and C33A cells, and induces tumor formation in xenograft trials (Kim et al., 2014). However, although the relationship between AK2 and tumors has long been reported, the role and underlying mechanisms of AK2 in tumors, especially in non-small cell lung cancer, is still unclear.
In this study, we found that AK2 is closely related to the occurrence and development of non-small cell lung cancer, especially lung cancer cell metastasis. Moreover, AK2 induces EMT through the Snail/Smads/TGF-β signaling pathway in lung cancer cells, thereby affecting migration and invasion.
MATERIALS AND METHODS
Plasmids and Reagents
Human AK2 encoding sequence was amplified from cDNA generated from A549 cell-derived mRNA as a template, and subcloned into a pcDNA3.1 vector (Invitrogen, Carlsbad, CA, United States). Cells were transfected with plasmid DNA using PolyJect™ reagent (Signagen, United States) as described previously (Yang et al., 2016), and harvested for the desired experiment until overexpression for 48 h.
Cell Culture
NSCLC cell lines A549 and H1299, and HBE (Human bronchial epithelioid cells) were purchased from American Type Culture Collection (ATCC, Philadelphia, PA, United States). Cells were cultured in Dulbecco’s modified Eagle’s medium or RPMI-1640 (Thermo, United States) supplemented with 10% fetal bovine serum (FBS, Gibco, Australia) and 50 U/mL penicillin/streptomycin (Invitrogen, Carlsbad, CA, United States), in a humidified CO2 (5%) incubator at 37°C.
siRNAs and Transfection
All synthetic siRNAs and negative controls (NCs) were purchased from Shanghai Gene Pharma Co. Ltd. For transfection, cells were transiently transfected with siRNAs or plasmids using lipofectamine 2000 (Invitrogen, United States) according to the manufacturer’s instructions. Immunoblotting analysis was used to further confirm cognate protein expression in all transfectants. The sequences of siRNAs for targets are listed as follows:
 | 
[image: ]Western Blotting Analysis
Whole-cell lysates of A549 and H1299 (approximately 5 × 106 cells) were prepared with RIPA buffer (Santa Cruz Biotechnology) containing PMSF, orthovanadate, and protease inhibitors. Equal amounts of protein (40 µg) were separated by 12% SDS-PAGE gels and transferred onto nitrocellulose membranes blocked with 5% skim milk in TBS containing 0.1% Tween 20, and incubated with primary antibodies: anti-AK2, anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA), anti-pSmad2, anti-Smad2, anti-Smad3, anti-Smad4, anti-Fibronectin, anti-Vimentin, anti-Snail (Cell Signaling Technology, Beverly, MA, United States), anti-Actin (Abgent, San Diego, CA, United States), anti-SMA, anti-E-cadherin, anti-N-cadherin (BD Biosciences, CA, United States). Secondary antibodies were goat anti-rabbit or goat anti-mouse, coupled with horseradish peroxidase. The protein of interest was immunoplexed with the indicated primary antibody and corresponding secondary antibody. Bound antibodies were then visualized with ECL plus western blotting detection reagents (GE Healthcare). Signal intensity was quantified by densitometry using the software Image J (NIH, Bethesda, MD). All experiments were done in triplicate and performed at least three times independently.
Quantitative Real-Time PCR
Total RNA was extracted from A549 and H1299 cells with TRIzol reagent (Invitrogen, United States) according to the manufacturer’s instructions. cDNA for quantitative real-time PCR (qRT-PCR) was generated using a ReverTra Ace® qPCR RT Kit (Toyobo). qRT-PCR was performed using a AceQ® qPCR SYBR® Green Master Mix (Vazyme, China) in a 96-well format following the manufacturer’s instructions. Primers were listed in Supplementary Table S1. Data were analyzed by StepOne 2.1 software (Applied Biosystems, United States) according to the manufacturer’s specifications. β-Actin was used as a control.
LC-MS/MS Analysis and Bioinformatics Analysis
The LC-MS/MS analysis was performed as previously described (Yao et al., 2013). The protein concentration in the supernatant was determined using the bicinchoninic acid (BCA) method. Equal amount of protein (200 μg) was used for iTRAQ labeling according to the manufacturer’s instructions. Raw MS/MS data were analyzed by the Agilent G2721AA Spectrum Mill MS Proteomics Workbench (Rev A.03.03.078) in the UniProtKB/SWISS Prot database for protein identification. The network building tool MetaCoreTM version 5.4 (GeneGo) was used to establish potential signaling network.
Tissue Microarray Analysis
Tissue microarrays (TMAs) of lung adenocarcinoma were purchased from Shanghai Outdo Biotech Co. Ltd. Samples include normal human lung tissue, lung adenocarcinoma paracancerous tissue, lung adenocarcinoma primary tumor, lung adenocarcinoma metastases, lung adenocarcinoma lymph nodes (negative), and lung adenocarcinoma lymph nodes (positive). Immunohistochemistry and H&E staining were used to analyze the diseased tissue microarray of clinical lung adenocarcinoma patients, and detect AK2 expression. The method for immunohistochemistry has been described previously (Jiang et al., 2019). Briefly, TMAs were incubated with an affinity-purified anti-AK2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h. Diaminobenzidine tetrahydrochloride (DAB) was used as substrate, and the bound antibody was detected with polymerized HRP anti-rabbit IgG (Maixin, Fuzhou, China). Quantitative analysis of AK2 staining was applied with Image J software.
Real-Time Cell Analysis of Cell Proliferation and Migration
Briefly, cells were digested and counted with Automated Cell Counter (Invitrogen, United States). 5 × 103 cells of each group were seeded on modified 16-well plates (E-plate, Roche, Germany) and monitored with the xCELLigence RTCA DP instrument (Roche, Germany) for 24–48 h. Data collecting and analysis were in accordance with the manufacturer’s guidelines.
Cell Proliferation Assay
Cell proliferation was measured by CCK8 assay. Cells transfected with Si-NC, Si-AK2, pcDNA3.1 and pcDNA3.1-AK2 were seeded on 96-well culture plates at a density of 2000 cells per well. The cells were incubated for 12, 24, 36 or 48 h, and cell viability was measured by a microplate spectrophotometer (Titertek Mul-tiskan MCC/340) equipped with a 450 nm filter. Each experiment was performed in quadruplicate and repeated at least three times.
Cell Migration Assay
Cell migration assay was performed using transwell inserts (8.0 mm pore size, Millipore, Billerica, MA, United States). The cells were starved for 12 h prior to the experiment, then harvested and resuspended in a cell suspension diluted to 5×105 cells/mL with serum-free DMEM containing 1% BSA. 200 μL of cell suspension was pipetted into the upper chamber, and the lower chamber was filled with 600 μL 10% FBS supplemented medium. After incubation at 37°C for 10 or 16 h, cells on the upper surface of the membrane were removed. The migrant cells attached to the lower surface were fixed in 4% paraformaldehyde at room temperature for 30 min, and stained for 30 min with a solution containing 1% crystal violet and 2% ethanol in 100 mM borate buffer (pH 9.0). The number of cells migrating to the lower surface was photographed in five fields under a microscope with a magnification of ×100. The chamber was then purged with 33% HAC (100 μL). After the crystal violet was completely dissolved and the cells were evenly distributed in the HAC solution, the assay was performed at 570 nm using a microplate reader (TECNA, Switzerland) and quantitative analysis was performed using GraphPad Prism V 8.0 software.
Wound-Healing Assay
Cells were plated in 6-well culture plates to form cell monolayer (near 90% confluence). Wounds were made with a sterile P-200 micropipette to scrape off the cells. The wells were then washed three times with PBS to remove non-adherent cells for 36 h or 48 h. The progress of wound closure was monitored with microphotographs of ×10 magnification taken with light microscope (Carl Zeiss Axioplan 2) at the beginning and the end of the experiments after being washed with PBS.
Immunofluorescence Staining
The immunofluorescence staining was performed as previously indicated (Cai et al., 2020). A549 cells were transfected with Si-NC and Si-AK2 interference fragments respectively. After 48 h, cells were harvested and immunostained with anti-E-cadherin (dilution 1:200) antibody. The cells were then incubated with Alexa Fluor 488-labeled secondary antibody (Thermo Fisher Scientific Inc.) for 1 h at room temperature. Images were acquired using an Olympus laser scanning confocal microscope (Olympus Optical Co., Tokyo, Honshu, Japan) and their optical densities were quantitatively calculated using Image J.
Development of Tail Vein Injection Lung Cancer Model
A549 and A549 AK2-knockout (AK2-KO) cells (2 × 106) suspended in 200 μL of PBS were injected into the tail vein of nude mice. Detailed treatment was described in Figure 5A. 30 days after tumor inoculation, all mice were euthanized to assess the number of spontaneous metastases in the lung and liver. The lungs and livers were harvested, fixed in 4% paraformaldehyde, and embedded in paraffin for pathological examination of H&E and immunofluorescence assay.
H&E Assays
In parallel animal experiments (three groups in total, eight mice in each group), the establishment of tumors and drug treatment were the same as above. On the 30th day, the mice were euthanized. Lungs and livers of metastatic model mice were collected, fixed with 4% paraformaldehyde, and embedded in paraffin. Tissue sections (5 μm in thickness) were prepared according to standard protocols for hematoxylin/eosin (H&E) staining.
Statistical Analysis
Data were presented as means ± SD. Comparisons within groups were done with a t-test with repeated measures; p-values indicated in figures are <0.05 (*), <0.01 (**), <0.005 (***), and <0.001 (****).
RESULTS
AK2 was Up-Regulated in Human Non-Small Cell Lung Carcinoma and Associated With Poor Prognosis
To explore the role of AK2 in NSCLC progression, we first evaluated AK2 expression in pathological tissue microarray from lung adenocarcinoma patients. We found that AK2 was almost undetectable in normal lung tissues, while its expression level in lung cancer tissues gradually increased with the progresses of cancer (Figure 1A). Next, we examined AK2 level in the adjacent non-tumor tissues, primary lesion, and left frontal lobe metastasis from patients with stage IV lung adenocarcinoma by immunohistochemistry analysis. As shown in Figure 1B, the expression level of AK2 in tumor metastases tissues was markedly higher than that in adjacent non-tumor tissues and primary lesions (p < 0.001). To further confirm the expression levels of AK2 in non-small cell lung carcinoma, we downloaded and analyzed existing clinical data from The Cancer Genome Atlas (TCGA) database. Bioinformatic analysis showed that AK2 expression levels significantly increased in lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) than that in normal tissues (Figure 1C), and the p-values were all less than 0.0001. Then we divided the patients into a high AK2 expression group (AK2-high, moderate and strong; n = 108) and a low expression group (AK2-low, negative and weak; n = 108) to analyze the survival rate. Kaplan-Meier survival analysis showed that there was a statistically significant negative correlation between AK2 intensity and recurrence-free survival rate (Figure 1D). The above experimental results strongly indicated that AK2 was significantly up-regulated in human non-small cell lung cancer and closely related to the occurrence and development of tumors.
[image: Figure 1]FIGURE 1 | AK2 is up-regulated in human non-small cell lung carcinoma and is associated with poor prognosis. (A) AK2 expression was measured by H&E staining (100 ×) and immunohistochemical analysis (100 ×) on human tissue microarrays. Representative images were shown: normal lung tissue, lung adenocarcinoma adjacent tissue, lung adenocarcinoma primary tumor, lung adenocarcinoma metastasis, lung adenocarcinoma lymph node (negative), and lung adenocarcinoma lymph node (positive). (B) Further magnified AK2 expression in paracancerous, primary and metastatic carcinoma of the left frontal lobe (from lung adenocarcinoma) in patients with stage IV lung adenocarcinoma (200 ×). (C) Increased AK2 expression in Lung Adenocarcinoma (LUAD, left) and Lung Squamous cell Carcinoma (LUSC, right), analyzed in TCGA database separately. (D) Cancer survival analysis of AK2 expression in LUAD was assessed on Kaplan-Meier plotter. Meta-analysis based on biomarker assessment showed that high AK2 expression has a poor survival in human Lung adenocarcinoma. p-value is calculated using log-rank test.
Knockout of AK2 Significantly Inhibited Lung Cancer Cell Migration and Invasion
The expression levels of AK2 in a series of lung cancer cells (H1299, A549, H446, and 95D cells) and HBE cell line (a normal control group) were analyzed by qPCR assay. The results showed that AK2 mRNA levels were substantially elevated in tumor cells and the contents were much higher in A549 and H1299 cells (Supplementary Figure S1). Therefore, A549 and H1299 cells were selected for further study. To explore the underlying mechanisms of AK2 in NSCLC, we constructed AK2-knockdown HBE cells, AK2-knockdown (AK2-KN) A549 cells and AK2-KO A549 cells (Supplementary Figure S2). The real-time cell analysis system (RTCA) was used to dynamically monitor the migration kinetic curve of A549 and HBE cells in the presence or absence of AK2. As shown in Figures 2A,B, the migration of HBE and A549 cells decreased significantly after AK2 knockdown compared with the control group (p < 0.01). Additionally, overexpression of AK2 induced a significant increase in the migration rate of A549 cells (Figure 2C; Supplementary Figure S2). Moreover, the dynamic proliferation kinetic curve of HBE and A549 cells were also analyzed by the RTCA system. The results showed that AK2 deficiency or knockdown significantly increased the proliferation rate of HBE and A549 cells (p < 0.01), while overexpression of AK2 in A549 cells led to a significant reduction in proliferation within 48 h (Supplementary Figure S3). Additionally, we further performed CCK8 assay to analyze the proliferation rate of AK2-KN or AK2-KO A549 cells. As shown in Supplementary Figure S4, knockdown of AK2 promoted the proliferation rate of A549 cells within 48 h; however, this effect would be reversed after the time point of 48 h. Therefore, we also employed the FACS analysis to detect the apoptosis of A549 and H1299 cells. In Supplementary Figure S5, the results showed that there was no significant difference between the control and AK2-KN A549 cells at the time point of 24 h. However, when it came to the time point of 72 h, knockdown of AK2 significantly promoted the apoptosis of A549 cells. The same phenomenon was also observed in AK2-KN H1299 cells. To sum up, the above results indicated that AK2 might contribute to cell movement and cell migration in lung cancer cells.
[image: Figure 2]FIGURE 2 | Knockout or knockdown of AK2 significantly inhibits lung cancer cell migration and invasion. (A–C) RTCA analysis on migration ability of AK2-knockdown HBE cells (A), AK2-knockdown A549 cells (B) and AK2-overexpression (pRK5-HA-AK2) A549 cells (C), respectively. Each bar is the mean of three independent experiments. Data are represented as mean ± S.D. **p < 0.01. (D–F) Wound healing assay on migration ability of AK2-knockout A549 cells (D), AK2-knockdown (transfected with AK2 siRNA) A549 cells (E), and AK2-overexpression (pRK5-HA-AK2) A549 cells (F), respectively. Photographs were taken at 0, 24 or 36 h post scratch creation. Images shown are representative of three independent experiments. Data are represented as mean ± S.D. *p < 0.05, ***p < 0.005. (G,H) Transwell assay on invasion capability of AK2-knockout A549 cells (G) and AK2-knockdown (transfected with AK2 siRNA) A549 cells (H). After 16 h, cells that migrated to the inferior membrane were stained and counted in five fields at a magnification of ×100. N = 3, bar = 50 μm. The experiments were carried out in triplicate and representative data were shown. Data are represented as mean ± S.D. *p < 0.05, **p < 0.01. (I) Immunofluorescence assay was used to detect the expression of EMT marker protein E-cadherin (200 ×) in AK2-knockout A549 cells.
Next, we performed wound healing and transwell experiments to further analyze the role of AK2 in migration and invasion. According to wound-healing assay, A549 cells displayed low migrated capabilities in the absence of AK2 as indicated by the inability of AK2-KO and AK2-KN A549 cells to completely heal the wound scratch (Figures 2D,E). On the contrast, as shown in Figure 2F, over-expression of AK2 greatly increased the migration ability of A549 cells. Moreover, in vitro invasion assays also revealed similar results that down-regulation or deletion of AK2 markedly reduced the migration ability of A549 cells (Figures 2G,H). To further clarify whether cell migration regulated by AK2 is related to EMT, the protein level of E-cadherin (a typical epithelial cell marker) in AK2-KO A549 cells was analyzed through immunofluorescence staining. In response to the absence of AK2, E-cadherin protein level increased significantly, indicating that AK2 might regulate EMT in lung cancer cells (Figure 2I).
AK2 Regulated Lung Cancer Cell Migration Through EMT Process
High throughput proteomic approach was further performed to analyze the protein expression levels between AK2-deficient and control A549 cell lines. Differential proteomics analysis found that compared with the control A549 cells, there were 453 differentially expressed proteins (changes more than 1.4-fold) in response to AK2-knockout. The MetaCoreTM software was then used to analyze the differential proteomics and the underlying signal pathways. MetaCoreTM process network analysis clustered the differential networks from DEPs results, among which cell adhesion and migration showed a high score (Figure 3A). Next we also clustered the potential pathway maps in response to the absence of AK2 though the MetaCoreTM -Map folders software. As shown in Figure 3B, a series of signal pathways potentially regulated by AK2 was clustered and the lung cancer-related signaling pathways showed a high score, among which we found that AK2 might be involved in the TGF-β signaling pathway in lung cancer (Figure 3C). Transforming growth factor β (TGF-β) is a secreted cytokine that regulates proliferation, migration and differentiation of many cell types. TGF-β functions as a tumor promotor by stimulating tumor cells to undergo EMT process, leading to metastasis and chemotherapy resistance (Hao et al., 2019). Potential regulatory mechanisms of AK2 on stimulation of TGF-β signaling in lung cancer was also clustered by the MetaCoreTM pathway mapping tool, which is shown in Figure 3D. Several proteins involved in this pathway were found to be differentially expressed, such as Smad2, Smad3 and so on. Moreover, we found that the EMT process also participated in the regulation of lung cancer migration in AK2-KO cells (Figure 3D). Considering the important role of EMT in tumor migration and invasion, we speculated that AK2 might affect lung cancer cell migration ability through the TGF-β/EMT process.
[image: Figure 3]FIGURE 3 | AK2 participates in lung cancer cell migration by regulating the EMT process. (A,B) Top ten most significant process (A) and Map Folders (B) predicted by MetacoreTM genego analysis. The results were ordered by -log10 of the p value of the hypergeometric distribution. (C) The top ten most significant pathway maps related to the lung-cancer map folders. (D) Pathway map related to TGF-β/EMT/Smads signaling axis within the top ten most significant pathways. Thermometers with blue or red next to symbols show proteins identified in LC-MS/MS detection: red color represents proteins up-regulated in AK2-knockout A549 cells compared to control group; blue color represents the down-regulated proteins.
AK2 Promoted EMT Process via Snail/Smads/TGF-β Signaling
EMT is regarded as a significant feature of most cancers and plays an important role in cancer migration and invasion (Heerboth et al., 2015; Aiello and Kang, 2019). Based on the role of AK2 in the EMT process and in the progression of NSCLC, we next examined the expression levels of EMT markers in lung cancer cells. Western blotting and qPCR assays were used to detect the protein and mRNA levels of EMT markers regulated by AK2. As shown in Figure 4A; Supplementary Figure S6, the protein and mRNA levels of EMT-typical markers including E-cadherin and Fibronectin were significantly up-regulated, while N-cadherin and Vimentin were down-regulated in AK2-KN A549 cells. Additionally, the expression levels of Smad2/Smad3/Smad4 were significantly decreased in A549 cells in response to AK2 knockdown (Figure 4A; Supplementary Figure S6). Moreover, knockdown of AK2 significantly down-regulated the expression levels of pSmad2 and pSmad3 (Supplementary Figure S7). Furthermore, the regulation of AK2 on the expression levels of Fibronectin, Vimentin and E-cadherin in H1299 cells was similar to that in A549 cells (Figure 4B; Supplementary Figure S8). According to the above differential proteomics analysis, AK2 might be involved in regulating the EMT pathway induced by TGF-β, which is the main inducer of EMT process through the Smad-dependent or Smad-independent pathways (Seoane and Gomis, 2017; Hao et al., 2019). Thus, TGF-β was used to induce EMT process and the effects of AK2 on the EMT process under dynamic conditions were further analyzed. A549 cells were transfected with Si-NC or Si-AK2 interference fragments for 24 h and then treated with TGF-β for 0, 0.5, 1, 2 and 4 h, respectively. Western blotting analysis was used to detect the phosphorylation of Smad2 and the expression levels of other EMT markers. As expected, the result of western blot showed a drastically increased phosphorylation level of Smad2 in A549 cells after treatment with TGF-β in a time-dependent manner (Figure 4C). However, the phosphorylation of Smad2 and the EMT process induced by TGF-β were significantly inhibited when AK2 was suppressed in A549 cells (Figure 4C). Moreover, the similar results were also observed in H1299 cells, in which down-regulation of AK2 markedly decreased the EMT process markers E-cadherin and Vimentin (Supplementary Figure S9). These results suggested that AK2 could promote the lung cancer cell migration through Smad2-mediated TGF-β-induced EMT process.
[image: Figure 4]FIGURE 4 | AK2 induces Snail/Smads/TGF-β signaling to activate EMT process. (A,B) A549 (A) or H1299 cells (B) were transfected with AK2 siRNA/NC for 48 h. The cell lysates were performed by western blotting analysis with indicated antibodies. (C) A549 cells were transfected with AK2 siRNA/NC for 24 h respectively, then stimulated with TGF-β for 0, 0.5, 1, 2, 4 h, respectively. Western blotting analysis was performed to detect the levels of E-cadherin, N-cadherin, p-Smad2, Smad2, Snail and AK2 respectively. β-actin was used as loading control. Band intensity was quantified by densitometry using the software Image J. Data are represented as mean ± S.D. *p < 0.05; **p < 0.01; ***p < 0.005. Each bar is the mean of three independent experiments.
Otherwise, several researches have reported that FADD, the key adaptor protein in the apoptosis signaling pathway, was correlated with both tumor aggressiveness and tumor progression (Cimino et al., 2012; Fan et al., 2013; Pattje et al., 2013). Moreover, AK2 is one of the negative regulators of FADD phosphorylation (Kim et al., 2014). As shown in Supplementary Figure S10, the protein expression level of phosphorylated FADD increased significantly in AK2-knockout A549 cells. Additionally, we have recently provided the evidence that FADD regulated the migration ability of mouse embryonic fibroblasts (MEF) cells by affecting the phosphorylation and stability of PKCα (Cheng et al., 2012). PKCα mediates the down-regulation of its substrate ZEB1 to suppress the mesenchymal phenotype, including inhibition of cell migration and invasiveness (Llorens et al., 2019). Similar to previous research results in MEF cells, we found that the protein expression levels of phosphorylated PKCα were significantly down-regulated in AK2-KO A549 cells. Moreover, we further detected the protein and mRNA expression levels of PKCα in AK2-KN A549 cells. As shown in Supplementary Figure S10B,C, after transfection with AK2 siRNA for 48 h, the protein expression level of phosphorylated PKCα was significantly downregulated. However, there was a slight down-regulation on the total protein expression level of PKCα after AK2 knockdown. Additionally, we found that the mRNA level of PKCα was significantly down-regulated after transfection with AK2 siRNA in A549 cells (Supplementary Figure S10C). Based on the above results, we concluded that AK2-mediated activation of FADD/PKCα pathway may also contribute to the activation of EMT progress.
AK2 Promoted Lung Cancer Cell Invasion In vivo
Given that knockout of AK2 significantly inhibited lung cancer cell migration and invasion, we next investigated the effects of AK2 knockout in vivo using the mice passive lung metastasis model (Figure 5A). A549-NC and A549-AK2 KO cells were injected into nude mice through tail vein, and then the mice were sacrificed 30 days later to obtain lung and liver tissues (Figure 5B). Following orthotropic transplantation of A549-NC and A549-AK2 KO cells into nude mice, all groups successfully formed tumors. Pulmonary metastases occurred in both the A549-NC and A549-AK2 KO groups. In addition, the representative lung and liver metastasis are shown in Figure 5C. H&E staining of lung tissue sections showed that there were obvious tumor metastases in the lungs of mice injected with A549-NC cells, accompanied by a large number and areas of nodules. Interestingly, this phenomenon was significantly improved after AK2 knockout; the number of lung nodules was significantly reduced and almost no significant lung nodules were observed. The tumor metastasis in the liver was also consistent with the results obtained in the lung. AK2 deficiency markedly reduced liver nodules as compared to the control group (Figure 5C). Immunofluorescence assay was further performed, showing that A549-AK2 KO cells exhibited overexpressed epithelial markers, E-cadherin, as compared with the control (Figure 5D). Collectively, our data showed that AK2 is highly expressed in lung cancer and promotes lung cancer cell migration and invasion, which may be caused by the involvement of AK2 in the EMT process regulated by TGF-β/Smad signaling pathway.
[image: Figure 5]FIGURE 5 | AK2 promotes lung cancer cell invasion in vivo. (A) The schematic diagram of establishing a lung cancer metastasis model by tail vein injection. (B) Representative whole organ imaging of liver (left) and lung (right) in nude mice injected with A549-NC or A549-AK2 KO cells. (C) Representative paraffin sections of lung and liver tissues stained with H&E in nude mice injected with A549-NC or A549-AK2 KO cells. Bars indicate 100 μm. (D) Representative immunofluorescence images of labeled epithelial marker (E-cadherin) of lung and liver in nude mice injected with A549-NC or A549-AK2 KO cells. Bars indicate 100 μm n = 6 mice in each group.
DISCUSSION
Tumor cell migration is the main cause of tumor proliferation, recurrence, drug resistance and even death. Inhibiting tumor cell metastasis and proliferation is an important direction to treat and limit tumor development, especially in lung cancer. AK2 senses AMP, activates metabolic signaling processes and maintains energy homeostasis in the cell. Although earlier work has demonstrated the biochemical differences of AK2 in lung cancer cases, the molecular events that regulate tumor growth and metastasis are still unknown.
In this study, we firstly conducted immunohistochemical experiments on lung adenocarcinoma tumor tissues of clinical patients, and found that AK2 intensity in the left frontal lobe metastatic carcinoma (from lung adenocarcinoma) tissue were significantly increased. Furthermore, there was a statistically significant inverse association between AK2 expression levels and recurrence-free survival, and high expression of AK2 significantly promoted the progress of lung cancer. Next in vitro experiments found that knockout or knockdown of AK2 could reduce lung cancer cells migration speed. However, it is rarely reported that AK2 affects tumor cell migration, and the specific mechanism is still unclear. Therefore, we used a high-throughput differential proteomics technology to analysis proteins changed between A549-AK2 KO and A549-NC cells. Eventually, 453 differentially expressed proteins were detected. To characterize the molecular pathways affected by AK2, MetacoreTM pathway mapping tool was used to show that AK2 might regulate the metastasis of tumor cells through EMT process. EMT is a key cellular phenomenon that regulates tumor metastasis. It is characterized by tumor cells losing typical epithelial characteristics, including cell polarity and intercellular adhesion, and gaining mesenchymal properties (Aiello and Kang, 2019). Interestingly, EMT implicates key cancer-related death processes, including cell migration and invasion. Currently, many studies have confirmed that EMT plays a decisive role in tumor development and metastasis (Aiello and Kang, 2019; Cho et al., 2019; He et al., 2019; Tulchinsky et al., 2019).
As the most important marker of EMT phenomenon, E-cadherin is very important for maintaining the stability of cell connection and adhesion (Chao et al., 2010). The results of immunofluorescence experiments showed that after deletion of AK2, E-cadherin level was significantly up-regulated, indicating that AK2 did participate in EMT regulation. E-cadherin up-regulation in response to AK2 deficiency inhibited EMT occurrence. Subsequent western blotting and qPCR experiments on A549 and H1299 cells showed that the mRNA and protein levels of E-cadherin increased significantly, while the expression levels of Vimentin and N-Cadherin decreased when the expression level of AK2 was suppressed. Therefore, we conclude that AK2 could promote EMT occurrence, thereby accelerating cell migration.
Recently, many investigations have revealed that inhibiting EMT induced by TGF-β in A549 cells and HK-2 cells significantly improves tumor migration (Liao et al., 2015; Bai et al., 2019). Proteomics results in our study show that AK2 may be involved in EMT process induced by TGF-β. The signaling pathway where TGF-β regulates EMT occurrence is divided into Smad-dependent classic signaling pathway and non-Smad-dependent signaling pathway (Derynck and Zhang, 2003). Smad3 is a key protein in the former. It can be activated together with Smad2 and combine with Smad4 to form a trimeric complex. The complex undergoes nuclear translocation and interacts with DNA to up-regulate the expression levels of transcription factors Snail/Slug, Twist, and ZEB1, down-regulate the expression levels of E-cadherin, and then regulate EMT at transcriptional level. In our study, we found that Smad3 expression was significantly down-regulated after AK2 silence, which further verified that AK2 regulates EMT occurrence through the Smad-dependent classical signaling pathway. Then we used TGF-β to stimulate cells to induce EMT, and detected changes in the expression levels of EMT-related markers. Compared with control group, Smad2 phosphorylation was inhibited to a certain extent after AK2 was silenced. Smad2 phosphorylation is an important process of the Smad signaling pathway. It might be preliminarily inferred that AK2-knockdown might improve TGF-β-induced EMT process of tumor cells through the Smad signaling pathway. FADD is a key regulator in cell biology process, including apoptosis, autophagy, cell necrosis, cell migration and so on (Mouasni and Tourneur, 2018). It was reported that AK2 activates DUSP26 phosphatase activity to dephosphorylate FADD and regulate the phosphorylation level of FADD (Kim et al., 2014). Moreover, FADD regulates the phosphorylation and stability of PKCα to participate in cell migration ability (Cheng et al., 2012; Llorens et al., 2019). In this study, we found that knockout of AK2 increased the phosphorylation levels of FADD and decreased the phosphorylation levels of PKCα in A549 cells, thereby participating in the EMT process.
AK2 is an isoenzyme of the AK family and may have momentous extra-mitochondrial functions, including cell proliferation and cell apoptosis (Klepinin et al., 2020). Recent studies have shown that AK2 can be transferred to the cytoplasm to participate in the mitochondrial apoptosis pathway (Lee et al., 2007; Maslah et al., 2021). In our study, we found that knockdown of AK2 significantly increased the cancer cell apoptosis and suppressed the proliferation in A549 and H1299 cells. The same phenomenon was also reported by Liu et al. (2019). In their research, they found that knockdown of AK2 could markedly suppress the proliferation and facilitate the apoptosis in lung adenocarcinoma cells (Liu et al., 2019). In addition, the inhibitory effects of AK2 on cell apoptosis have also been reported in hematopoietic stem and progenitor cell (HSPC) (Rissone et al., 2015), T-ALL cells (Maslah et al., 2021) and others. It is worth noting that AK2 might play different roles in apoptotic process in different cell types. For instance, another research group reported that knockdown of AK2 attenuated apoptosis by forming a complex with FADD and caspase 10 in HeLa cells (Lee et al., 2007). Also, in the study by Maslah et al. (2021), the authors found that AK2 depletion significantly promoted T-ALL cells apoptosis rather than BCP-ALL cells. Therefore, the relationship between AK2 and cell apoptosis is still unclear, and needs to be further explored.
In our study, the majority of the results reinforce the notion that AK2 is a positive regulator of NSCLC progression. AK2 promoted human lung cancer cells invasion in vitro and in vivo, and overexpression of AK2 fostered this progression by inducing EMT. To gain insight into the role of EMT played in lung cancer metastasis induced by knocking out of AK2, we evaluated the metastatic potential by lung colony formation efficiency using nude mice model. Consistent with the results obtained from in vitro experiments, knocking out of AK2 significantly inhibited lung metastasis and up-regulated the expression levels of E-cadherin in vivo. Therefore, it can be inferred that the knockout of AK2 in A549 cells significantly inhibits the EMT process, thereby inhibiting the metastatic activity of A549 cells and reducing the tumor areas that gather in the liver and lungs of mice.
In conclusion, we provide insight into the biological function of AK2 in human lung adenocarcinoma and demonstrate that AK2 overexpression activates the TGF-β/Smad3/Smad2/Smad4 signaling pathway, leading to enhanced invasion via EMT (Figure 6). Consequently, targeting AK2 in a subset of lung cancers would be an optimal therapeutic strategy, and AK2 may be a biomarker for predicting responsiveness to lung cancer metastasis treatment.
[image: Figure 6]FIGURE 6 | AK2 promotes the migration and invasion of lung adenocarcinoma by activating TGF-β/Smad pathway.
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"The ICs data (mean + SD) were from three separate experiments of the MTT assay.
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Initial ICs, ~ Final ICsy  Fold change= % fold change
final ICsoinitial

1Cs0

TMZ + AC26

™Z 190 102.3 054 46.17
AC26 0.76 0,67 088 11.84
TMZ + AC7

™Z 190 462 024 75.68
ACT 1.05 098 091 85
TMZ + AC2

™Z 190 363 0.19 808

AC2 1.53 1.48 0.96 3.26
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CI (T-98/TMZRES) at ICso (M)

Drugs
AG26 (IC1o) + TMZ (100 M) 0.32:£0.1
AG2 ((C10) +TMZ (100 M) 04032

ACT (IC10) + TMZ (100 M) 0.41+05
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Name of Vero cell U-87/WT T-98/TMZRES
cell Line

lines
Drugs  CCso(uM)  ICsp (M) sl 1Cso (M) sl

™Z 482 2333+£7.57 2066 190016 258
AC26 6608 09+0.1 7342 076+0053 8694
AC2 56.21 1.53 £0.85 36.73 163 £0.26 36.73
ACT 48.47 567+£058 849 105018 4587

#Selectivity Index (S) = CCso of Veero cell line /ICso of Cancer cellline after 72h of TMZ
orAC.

#ICs values are represented in the form of Mean  Standard Deviations for both the
cell lines.
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S. No.

Compound
code

AC26

AC2

ACT

Binding affinity
(keal/mol)

Type of interactions

Pi-Pi Stacking
Pi-Alkyl

Hydrogen bonding
Pi-Pi Stacking
Pi-Alkyl

Pi-Sulfur
Hydrogen bonding
Pi-Pi Stacking
Pi-Alkyl

Pi-Sigma

Interactions at the active pocket

Residue information

TYR A:114; MET A:134
ARG A:128; ARG A:135

ARG A:135

TYRA114

ARG A:128; MET A:134; CYS A:145
CYS A:150

ARG A:135; GLY A:132

TYRA114

ALAA127; ARG A:128

ASN A:157
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Gene targets Sequences

RPL28-1 CTACAGCACTGAGCCCAATAA
RPL28-2 TGGTGGTCATTAAGCGGAGAT
RPL28-3 CCGCAATTCCTTCCGCTACAA
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S.No. Target Compound Binding affinity Interactions at the active pocket

code (keal/mol)
Type of interactions Residue information
1 P-glycoprotein (P-gp) AC26 -102 Hydrogen bonding TYRAB10
Pi-Pi Stacking TRP A:232; PHE A:343
Pi-Alkyl ALAA229
2 AC2 —10.4 Hydrogen bonding GLNAT25
Pi-Pi Stacking TRP A232; PHE A:343; PHE A:083
Pi-Sulfur MET A:986
Pi-Alkyl ALAA:229; ALA A'987
3 ACT -95 Pi-Sigma ILE A:306; PHE A:343
Pi-Pi Stacking TRP A232
Pi-Alkyl ALA A:229; MET A:986
1 Multidrug Resistance AC26 -75 Hydrogen bonding SER A:796; SER A828; SER A:830; TYR A:831
Protein (MRP) Pi-Anion HIS A:872
Pi-Alkyl LEU A:795; ALA AB00
2 AC2 =71 Van Der Waals HIS A:801
Hydrogen bonding SER A830
Pi-Pi Stacking ALAAB0O
Pi-Anion HIS A872
Pi-Sigma ALA A:800
Pi-Alkyl LEU A795
3 AC7 72 Hydrogen bonding SER A:796; ALA A:800; SER A:828; TYR A:831
Pi-Anion HIS A:872

Pi-Alkyl LEU A:795
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Compound name Molecular formula Molecular weight (g/mol) Melting point (°C) Log P pKa

AC-26 Cz2H17N3Os 371.39 246-250 3.17 6.517
AC-2 Czs HizN3O2 367.40 238-242 3.92 8.028
AC-7 C21H14CIN3O2 375.81 129-134 4.54 9.234
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HIFs after sorafenib treat Cell line/animal models Target Reference
in HCC

HIF-1ot HepG2, Huh7/~ AKTT (114)
HIF-10t HepG2, SMMC-7721, BEK-7402, Hep3B, Huh-7/BALB/c nude mice subcutaneous HCC = 80)
model
HIF-20.tHIF-10.) HepG2, Huh7/BALB/c mice subcutaneous HCC model VEGFtcyclinD11LDHA| (109)
HIF-1ot —/Kunming mice subcutaneous HCC model AKTT (121)
HIF-20.tHIF-10.) HepG2, Bel-7402, Huh-7, SMMC-7402/BALB/c mice subcutaneous HCC model PCNA1B-catenint C-Myct (122)
HIF-1ot HepG2, Huh7/Athymic nude-Foxn1 subcutaneous HCC model AMPKJAKT1 (112)
HIF-1ot Huh7/BALB/c mice subcutaneous HCC model and tail vein inoculation model GalectintmTOR?T (113)
HIF-1out Hep3B/- mTOR? (128
HIF-1ot LM3, SMMC-7721, Bel-7402, HepG2/nude mice subcutaneous HCC model PPAR-y1PKM21 (124)
HIF-20ct MHCC97H/BALB/c mice subcutaneous HCC model and orthotopic model TIP3OLEMT?T 117)
HIF-1ot LM3, SMMC-7721, Hep3B, Bel-7402, Huh-7, LO2/BALB/c mice subcutaneous HCC model GULT1tHK21 (125)
HIF-1ot LM3, SMMC-7721, Bel-7402, Huh-7, HepG2, LO2/BALB/c mice subcutaneous HCC model PKM21 (126)
HIF-20.tHIF-10t HepG2/- BNIP3| (118)
HIF-1ot Huh7/BALB/c nude mice subcutaneous HCC model 14-3-3nt (49)
HIF-20.tHIF-1ot HepG2, Hep3B, SK-Hep-1/BALB/c mice subcutaneous HCC model ATPasea31 (127)
HIF-20ct HepG2, SKhep1/BALB/c mice subcutaneous HCC model and tail vein inoculation model androgen receptor) (128)
HIF-1ot HepG2, Hep3B, PLC/5, SK-Hep-1/BALB/c mice subcutaneous HCC model, tail vein VEGFtMDR11P-gpt (129)
inoculation model and orthotopic model GULT11NF-kBt
HIF-20.tHIF-10.) HepG2/BALB/c mice subcutaneous HCC model TGF-atEGFR?T (107)
HIF-1ot Hep3B, HepG2, PLC/PRF/5, HEK 293T/BALB/c mice orthotopic model RIT11 (119)

HIF-10: SK-Hep-1, SMMC-7721, HepG2, Huh7, MHCC-97H, LM3/~ PFKFB3t (120)
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Name Cell line/animal models Target Reference
SNHG11 HepG2, Huh7/BALB/c nude mice subcutaneous HCC model AKT?T (83)
SHNG31 PLC/PRF/5, Hep3B, HepG2, MHCCO7L, Huh7, SMMC-7721, HCCLM3/- EMT? (84)
SHNG161 HepG2, SK-hep1, Huh7, HCCLM3, LO2/nude mice subcutaneous HCC model - (85)
FOXD2-AS1| HepG2, Huh7/- TMEM9) (86)
NEAT11 HepG2, Huh7/~ ATG31 ®7)
DANCR?t HEK-293T, Huh7, Hep3B/BALB/c nude mice subcutaneous HCC model STAT31 (88)
HOTAIRT Huh7, Hep3B, SNU-387, SNU-449/- EMT? (89)
HEIHT Huh7, HCCLM3/~ AKTT (90)
MALAT1 1 HepG2, SMMC-7721/nude mice subcutaneous HCC model and tail veins injection Aurora-At 91)
ROR?t LO2, HepG2, SMMC-7721, Huh7, MHCC97H, Hep3B, HCCLM3/BALB/c nude mice subcutaneous HCC model FOXM11 92)
Thort HCCLM3, SMMC7721/ B-catenint (93)
Ad5-Al HepG2, Huh7/BALB/c nude mice subcutaneous HCC model AKT? (94)
HOXA13t SNU-449, HepG2/- - (95)
TUC338t HepG2, SMMC-7721, bEK-7402, Hep3B, Huh7, LO2/nude mice subcutaneous HCC model RASAL1] (96)
HANR? HepG2, Huh7, 293T/BALB/c nude mice subcutaneous HCC model ATGOAT 97)
H19t Huh7, Hep3B, SNU-449, SNU-387/— EMT? (98)
H19] HepG2, Huh7, Plc/DEN-treat HCC mice model - (99)

Previous studies have reported that FOXD2-AS1 is downregulated in sorafenib-resistant HCC cells. Moreover, targeting FOXD2-AS1 was associated with inhibition of the NRf2 signaling
pathway by regulating expression of TMEMS and reversing resistance to sorafenib in HCC (86). Fan et al. found that MALATT was significantly up-regulated in sorafenib-resistant HCC
cells, suggesting that it regulates Aurora A to promote cell proliferation, migration and EMT formation, thereby promoting the observed resistance (91). The expression levels of IncRNAs
were significantly different in different tissues, and their functions were also different, the mechanisms that mediate the generation of functions are complex and diverse. LncRNA-mediated
cell drug resistance is an emerging field, and in many current studies on IncRNA, their roles are also different.
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Name Cell line/animal models Target Reference
miR-211 HepG2, Huh7/BALB/c nude mice subcutaneous HCC model AKT?T (48)
miR-164 Huh7/BALB/c nude mice subcutaneous HCC model 14-3-3n1,HIF-1at (49)
miR-4941  Huh7, SNU182, HepG2/DEN-treated rats AKT1, mTORt, P27, PUMA| (50)
miR-2211  HepG2, Hep3B, PLC/PRF/5, SNU398, SNU449, SNU182, SNU475, Huh7/DEN-treated rats, NOD/ Caspase-3] (51)
SCID mice hydrodynamic tail vein injection
miR-2221  HepG2, HL-7702/~ AKT? (62)
miR-2231  Huh7, SNU387, SNU449/- FBW7| (53)
miR-622)  PLC, Hep3B, HepG2, Huh7/male mice orthotopic tumor injected with HCC cells KRAST (54)
miR-347b] Hep3B, HepG2, HCCLM3/male SCID mice subcutaneous HCC model PKM21 (55)
miR-181at Hep3B, HepG2/- RASSF1) (56)
miR-122]  Huh7, PLC, T1115/NOD/SCID mice subcutaneous HCC model IGF-1Rt (57)
miR-122]  HepG2, Hep3B, Huh7/DEN-HCC rat SerpinB31 (58)
miR-744)  LO2, HepG2, MMC-7721/~ PAX2t (59)
miR-137)  Huh7/- ANT2t (60)
miR-71 Huh7, Hep3B/mice orthotopic liver cancer model and tail vein injection TYRO31 ©1)
miR-142-  HepG2, SMMC-7721/BALB/c nude mice subcutaneous HCC model PU.1JATG51ATG16L11 (62)
3pl
miR-3163) MHCC97-H, LM-3, HepG2, Hu7, BEL-7402, SMMC-7722, MHCC97-L/nude mice subcutaneous HCC ~ ADAM-171 (63)
model and tail vein injection
miR-140-  MHCC97-H, HepG2/nude mice subcutaneous HCC model and hepatic portal vein injection PXR1 (64)
3pl
miR-30e-  HepG2, Hep3B, Huh7, SNU449, SNU475/DEN-HCC rat MDM2| TP531 (65)
3pl
miR-19a-  PLC/PRF/5, BEL-7402, Hep3B and HepG2/—- PTEN| (66)
3pt
miR-486-  SK-HEP-1, HepG2, Huh7/BALB/C nude mice orthotopic HCC model and Subcutaneous HCC model FGFR41 EGFR1 67)
3pl
miR-5911  HepG2, Hep3B, SK-HEP1, HUH7/BALB/c nude mice subcutaneous HCC model FBP21 AKTT (68)
miR-194]  HUH7, HCCLM3/NOD-SCID mice subcutaneous HCC model RAC1t (69)
miR-613]  Huh7, HCCLM3/NOD-SCID mice subcutaneous HCC model SOX9t (70)
miR-365)  HCCLM3, SMMC7721/- RAC11 (71)
miR-29a)  Huh7, HepG2/NOD-SCID mice subcutaneous HCC model BCL-21 (72)
miR-34a  Huh-7, MHCCO7H/~ BCL-21 (73)
miR-2191  HCCLM3, HepG2/NOD-SCID mice subcutaneous HCC model E-cadherin| (74)
miR-216a/ HepG2, Hep3B, Huh-7, PLC/PRF/5, HCCLM3, Bel-7404, HLE, SK-HEP-1, SNU-449/BALB/c nude PTEN| SMAD7| (75)
2171 mice orthotopic tumor injected with HCC cells
miR-378a- Huh7, HCCLM3, SK-HEP-1/BALB/C nude mice orthotopic HCC model, NOD/SCID mouse IGF-1Rt (76)
3pl subcutaneous HCC model
miR-5221  Huh7, HCCLM3/NOD-SCID mice subcutaneous HCC model PTENL (77)
miR-4941  Huh7, HepG2/- PTENL (78)
miR-3751  Hep3B, HepG2, Huh1, Huh7/BALB/C nude mice subcutaneous HCC model AEG-1|PDGFC| (79)
miR-338-  HepG2, SMMC-7721, BEK-7402, Hep3B, Huh-7/BALB/c nude mice subcutaneous HCC model HIF-10t (80)
3pl
et-71 Huh?, HepG2/~ Bel-xLt ©1)
miR-193bl HepG2 and HepG2.2.15 (derived from HepG2 cells and stably integrated with the entire HBV genome)/  Mcl-11 (HBV infection induce (82)

sorafenib resistance)






OPS/images/fonc.2021.641522/fonc-11-641522-g002.jpg
Sorafenib.

Moo, S, Sov,Prasss,

Metfornin,
2Methoxyestradiol

-— -
[ g

T
Jr— a
ety :
¢ @
i 7 ye—
g @ED I
H
H
=)

-G

SORAFENIB RESISTANCE





OPS/images/fonc.2021.641522/fonc-11-641522-g001.jpg
fj

i I!YEMTH]F s o=
e — S ———

)





OPS/images/fonc.2021.641522/crossmark.jpg
©

2

i

|





OPS/images/fphar-12-669469/fphar-12-669469-t001.jpg
BCR
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ABL1
portion

Fw

Fw

PLEX-FLAG-BCR-ABL1°°%

5'-ACTAGTGCCACCATGGATTACAAGGATGACGACGATAAGATGGTG
GACCCGGTGGGC-3'

5'-CGGCCGCCTCTGAAACACTTCTTCTG-3
5'-GCGCCGCGAAGCCCTTCAGCGGCCAG-3"

5'-ACGCGTCTACCTCTGCACTATGTCACT-3"

PLEX-FLAG-BCR-ABL1*SH

5'-ACTAGTGCCACCATGGATTACAAGGATGACGACGATAAGATGGTG
GACCCGGTGGGC-3'

5'-CGGCCGCCTTCACTGGGTCCAGCGAGAA-3
5'-GCGGCCGCCTGGAGAAACACTCCTGGTAC-3'

5'-ACGCGTCTACCTCTGCACTATGTCACT-3'
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siRNAs

Negative Control-#1
Negative Control-#2
SIAK2-#1
SIAK2-#2
SIAKD-#3

Sequences

5'-UUCUCCGAACGUGUCACGUTT-3'
5'-ACGUGACACGUUCGGAGAATT-3'
5'-GAAGCUUGAUUCUGUGAUUTT-3'
5'-CCAGCCAGUUAGUUAUUCATT-3'
5 -GCACUUGCUUGAUGUAUCUTT-3'
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p-actin Forward Primer
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TGCCGACAGGATGCAGAAG
GCCGATCCACACGGAGTACT
TCCTGCATAAGCACATCCTGA
CCAGGAGTTACTTCTATGCCTGA
TTCATCCAGGGGAGGTACAAC
ATGGCTGCCACTCGATATGAA
TCCTCCATTAGGAACTCTCACAC
TCTTCATTCACACCGAGTAGTGC
TGAGGTTAGAGCCATCTGGAAA
ATGGCTCTGGACGTGAAGTCT
GCGACAATTTGGTTGGTGTTC
ACGCTATGAGACCTCACTGAA
TCCTGGGTCAACCCCTCAAG
CGTCCCTGAGTTCCCAACC
GCGAAGTGTCATACCGAGTCTT
TCAGGCTGCTTGGGATAAAG
AGGCTTCTGGAGGACATTTG
AAGATTGATGGGATCGTTGC
TGTGCTTTGCATTCTTGGAC
ACCGTGCGGTGCTTTAGTT
TGCGTGGCACTATTTTCAAGATA
GAAGAGGCTGGTGGCTATTT
TAAAGGATGACAAGCAGAGAGC
GTACCACCATCCACTACAACTAC
CTTTGAGGTGCGTGTTTIGTG





OPS/images/fonc-11-663360/fonc-11-663360-g007.gif





OPS/images/fonc-11-663360/fonc-11-663360-g006.gif
.
Nawe Ren
e
vy — —— — — —

H
i

e e e nen
e N |
[ e = = = = | o2 [ - ————






OPS/images/fonc-11-663360/fonc-11-663360-g005.gif





OPS/images/fonc-11-663360/fonc-11-663360-g004.gif
h,J_ﬁ,Jl






OPS/images/fonc-11-663360/fonc-11-663360-g003.gif





OPS/images/fonc-11-663360/fonc-11-663360-g002.gif
virees

R4
o






OPS/images/fphar-12-668730/fphar-12-668730-t002.jpg
Cancer type Markers

Gastric cancer ALDH Nishikawa et al. (2013), CD44 Takaishi et al. (2009), CD44v8-10 Lau et al. (2014), CD133 Zhu et al. (2014b),

CD24 Fujkuni et al. (2014), CD54 Chen et al. (2012), CDY0 Xue et l. (2012), CD49f Fukamachi et al. (2013), CD71 Ohkuma
et al. (2012), EDCAM Wendi et al. (2009)
Esophageal cancer ITGA7, CD44, ALDH, CD133, CDI0 Wang et dl. (2017b)
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Drug Disease

SKF-96365 Breast cancer, cervical cancer,
ESCC

2-APB Gastric cancer, colorectal cancer

ML-9 Prostate cancer

RO2959 Inhibition on cytokine production

and T cel prolferation

SB01990, SPB06836, =
KMO06293, RH01882

GSK-5503A, GSK-7975A =

BTP2/YM-58483 Antigen-induced ainway
inflammation

Carboxyamidotriazole Ovarian cancer

CM2489, CM3457, CM4620  plaque psoriasis, acute
pancreatitis, sever COVID-19

pneumonia
Pyr2, 3, 6, and 10 Breast cancer
RP4010 ESCC and pancreatic ductal
adenocarcinoma

Target

TRPC, TRPV4,
Orait-STIM1
Orait, TRPV2,
IP3R1

STIM1 puncta
1P3-dependent
CRAC

Orait

Orait

Orait
CRAC, TRPV4

CRAC

CRAC

Orai1, TRPC3
Orait

Clinical trial

References

Yang et al. (2009), Chen et al

(2011)

Yamashita et al. (2011),
Sakakura et al. (2003)
Kondratskyi et al. (2014)
Chen et al. (2013b)

Sampath and

Sankaranarayanan (2016)
Derler et al. (2013), Jairaman
and Prakriya (2013)

He et al. (2005), Yoshino et al

(2007)
NCT00006486 (Phase 2, completed, metastatic
kidney cancer)
NCT00003249 (Phase 1, completed, advanced
cancers)
NCT00003869 (Phase 3, completed, Stage Il or
IV non-small cell lung cancer)
NCT00019461 (Phase 2, completed, Fallopian
Tube cancer, ovarian cancer, primary peritoneal
cavity cancer)
NCT00019019 (Phase 1, completed, advanced
solid tumors o refractory Lymphomas)
NCTO0005045 (Phase 2, completed, advanced
kidney cancer)
NCTO0004146 (Phase 2, completed, newly
diagnosed supratentorial giioblastoma)

NCT04195347 (Phase1/2, recruiting, Acute Ramos et al. (2
Pancreatitis) etal. (2019)
NCTO03709342 (Phase 2, completed, acute

pancreatits)

NCT04661540 (Phase 2, recruiting, in critical
COVID-19 preumonia)

NCTO4681066 (Phase 2, recruiting, acute
pancreatitis and accompanying SIRS)
NCTO03401190 (Phase 2, completed, acute
pancreatitis and SIRS)

NCTO04345614 (Phase 2, recruiting, severe
COVID-19 preumonia)

Kohn et al. (2001)

012), Waldron

Schieifer et al. (2012)

NCT03119467 (Phase 1, concluded, relapsed or

refractory lymphomas) (2020)

Cui et al. (2018), Khan et al.
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AKT inhibitor Trial identifier Phase Study treatment Study population Study design
(name)
CAPIVASERTIB  NCT03310541% | Capivasertib + Fulvestrant HR + mBC AKT mut after Multi-cohort,
fulvestrant nonrandomized
NCT02338622 | Capivasertio + Olaparib Advanced solid tumors Multi-cohort,
(ComPAKT) nonrandomized
NCT03772561 | Capivasertib + Olaparib + Durvalumab Advanced solid tumors Single arm
(MEDIPAC)
NCT03742102 1] Capivasertib + Pacitaxel + Durvalumab mTNBC Multi-cohort,
(BEGONIAY* randomized
NCT02576444 [ Capivasertib + Olaparib Advanced solid tumors with  Multi-cohort,
(OLAPCOY® PIBK/AKT pathway alterations  nonrandomized
NCT03997123 [ Capivasertib + Pacitaxel vs. Pbo + Paclitaxel 1L mTNBC Randomized,
(CAPItello290) double-blind
NCT04305496 [ Capivasertib + Fulvestrant vs. Pbo + Fulvestrant HR+/HER2- mBC, after an Al Randomized,
(CAPItello-291) double-blind
IPATASERTIB  NCT03959891 (TAKTIC) | Ipatasertib + Al or Ipatasertio + Fuivestrant or Ipatasertio ~ HR+/HER2- mBC, after CDK4/ ~ Multi-cohort,
+ Fulvestrant + Palbociclib 6 nonrandomized
NCT04253561 I Ipatasertib + Trastuzumab + Pertuzumab HER2+ mBC PIBKCA-mut (1L~ Single arm
(PATHER) mantainance)
NCT03800836 o Ipatasertib + Atezolizumab + Paditaxel or Ipatasertib + 1L mTNBC Multi-cohort,
Atezolizumab + Nab-Pacitaxel or Ipatasertib + nonrandomized
Atezolizumab + AC — Paclitaxel
NCT03280563 b/l Ipatasertio + Atezolizumab or Fulvestrant HR+/HER2- mBC, after 1/2L  Multi-cohort,
(MORPHEUS HR + BO)* CDK4/6-i randomized
NCT03424005 I/l Ipatasertib + Atezolizumab or Capecitabine mTNBC Multi-cohort,
(MORPHEUS TNBC)* randomized
NCT03840200 I/l Ipatasertib + Rucapario HER2- mBC, EOC or PC Single arm
NCT03853707 m Ipatasertib + Carboplatin + Pacltaxel or Ipatasertib +  mTNBC Multi-cohort,
Garboplatin or Ipatasertib + Capecitabine + nonrandomized
Atezolizumab,
NCT03673787 (ice- 1] Ipatasertib + Atezolizumab Advanced solid tumors with  Multicoort,
cAP® PIBK/AKT pathway alterations  nonrandomized
NCT04434040 [ Ipatasertib + Atezolizumab 6TNBC with GtDNA after Single arm
surgery
NCT04464174 la Ipatasertib + Capecitabine o Ipatasertio + Erioulin or  mTNBG Multi-cohort,
(PATHFINDER) Ipatasertib + Carboplatin + Gemoitabine nonrandomized
NCT03395899 I Ipatasertib + Atezolizumab or Ipatasertib + HR+/HER2- eBC Multi-cohort,
(ECLIPSE® Bevacizumab + Atezolizumab or Atezolizumab randomized
NCT03337724 [ Ipatasertib + Pacitaxel or Pbo + Pacltaxel mTNBC (cohort A) or HR+/  Randomized,
(IPATunity130) HER2- mBC (cohort B) double-blind
NCT04650581 (FINER) Il Ipatasertib + Fulvestrant or Pbo + Fulvestrant HR+/HER2- mBC after 1L Al + Randomized,
CDK4/6+i double-blind
NCT04060862 [ Ipatasertib + Palbociclib + Fulvestrant or Pbo + HR+/HER2- mBC Randomized,
(IPATunity150) Palbociclib + Fulvestrant double-blind
NCT04177108 [ Ipatasertib + Paclitaxel + Atezolizumab 1L mTNBC Randomized,
(IPATunity170) double-blind

“Trials with multiple experimental arms. The table shows only the experimental arms containing AKT inhibitors and the arm with the active comparator, when applicable.

Legend: 1/2L, first or secondine; AC, doxorubicine and cyclophosphamide; Al, aromatase inhibitor; BC, breast cancer; CDK4/6-i CDK4/6 inhibitor; CtDNA, circulating tumor DNA; CeBC,
early breast cancer; EOC, epithelial ovarian cancer; HR +, hormone receptor positive; mBC, metastatic breast cancer; mut, mutated; Pbo, placebo; PC, prostate cancer; TNBC, triple-
negative breast cancer.
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AKT inhibitor Trial

name

CAPIVASERTIB  STAKT

D3610C00001

D3610C00001

FAKTION

BEECH

PAKT

PATASERTIB  FAIRLANE

Lotus

MK-2206 NA

suzc

NA

NA

NA

NA

NA

NA

1-sPY2

"These trials also enrolled patients with HER2+ advanced gastric cancer. However, only results about BC patients are reported.

Phase

WoO)

b1

b1

Study
treatment

Gapivasertib or
placebo

Capivasertib
monotherapy
Capivasertib +/-
Fulvestrant

Capivasertib or
placebo +
fuvestrant
Capivasertib or
placebo + Pacitaxel

Capivasertib or
placebo + pacitaxel
Ipatasert or
placebo + pacitaxel

Ipataserti or
placebo + pacitaxel

MK-2206
monotherapy

MK-2206 +
pacitaxel
MK-2206 +
anastrozole and/or
fulvestrant
MK-2206 +
trastuzumab
MK-2206 +/-
Lapatinib

MK-2206 +
paciitaxel +
trastuzumab
MK-2206
monotherapy

MK-2206 +
anastrozole
MK-2206 +
standard NAT or
standard NAT

Study population
(. Enrolled)

Early ER + BC
(necadjuvant) (n. 48)

PIK3CA-mut ER + mBC.
(part Cb) (n. 31)
AKTIE'% mut ER +
mBC (part D) (n. 63)

ER + HER2- mBC,
postmenopausal(n. 140)

ER + HER2- mBC
(n. 110)

MTNBC (n. 140)

Early TNBC
(neoadjuvant) (n. 151)

MTNBC (n. 124)

Early BC (neoadjuvant)
(n.12)

mBC (expansion cohort)
(.13)
ER + HER2- mEC (1. 31)

HER2+ mBC® (n. 27)

HER2+ mBG (escalation
+ expansion cohort)
n.8

HER2+ mBC (n. 12)

PIKSCA/AKT mut or
PTEN altered mBC
.27

PIK3CA-mut ER +
HER?- early BC (n. 16)
Early BG (neoadjuvant)
(n. 352

Study
design

Randomized,
double-blind

Mulipart, open
label
Mulipart, open
label

Randomized,
double-blind

Randomized,
double-blind

Randomized,
double-blind
Randomized,
double-blind

Randomized,
double-blind

Open label,
single am

Open label dose
fincing
Open label dose
fincing

Open label dose
finding
Open label dose
finding

Open label dose
finding

Open label
Single arm

Open label
Single am
Open label
randormized
adaptive

Primary
end point

Changes in
AKT pathway
markers
Safety.

Safety

PFS

PFS in ITT and
PIK3CA-
mut pop

PFS
PCR N ITT and

PTEN-low
popul

PFS in T and
PTEN-low
popul

PAKT
reduction in
tumor tissue
MTD

RP2D

MTD/RP2D

MTO/RP2D

RP2D

ORR

PCR

pCR

Efficacy
outcome

NA

Tumor shrinkage: 46%
ORR: 4%

ORR (monotherapy): 20% ORR
(combination prior fulv.): 36%
ORR (combination fulv.

Naive): 20%

MPFS: 103 (caph) vs. 4.8 (pbo)
months

MPFS ITT: 109 (capi) vs. 8.4
(Pbo) months

MPFS PIK3CA-mut: 108 (caph)
vs. 108 (pbo) months

MPFS: 5.9 (capiv) vs. 4.2 (pbo)
months

PCRITT: 17% (ipat) vs. 13% (bo)
POR PTEN-ow: 16% (pat) vs.
13% (pbo)

MPFS ITT: 6.2 (ipat) vs. 4.9 (pbo)
months

MPFSPTEN-ow: 6.2 (pa) vs. 3.7
(Pbo) months

NA

ORR: 23%
CBR: 46%
CBR: 36.7%

ORR: 7.4%
CBR: 22%
ORR: 0%

ORR PIK3CA/AKT mut: 5.6%
ORR PTEN altered: 0%

PCR rate: 0%

POR e-rate overal: 35% (exp) vs,
21% (contr) pCR e-rate (ER+/
HER2-): 17% (exp) vs. 13%
(contr)

POR e-rate (ER-HER2+): 62%
(exp) vs. 35% (contr)

Ref

Robertson et al

(2020)

Banerj et al. (2018)

Smyth et al. (2020)

Jones et al. (2020)

Tumer et al. (2019)

Schmid et al.
(20200)
Olveira et al. (2019)

Kim et al. (2017)

Kalinsky et al. (2018)

Gonzalez-Angulo
etal (2015)
Maetal. 2016)

Hudis et al. (2013)

Wisinski et al. (2016)

Chien et al. (2016)

Xing et al. (2019)

Ma et al. (2017)

Ghien et al. (2020)

Legend: AC, doxorubicin and cyclophosphamide; BC, breast cancer; Capiv, capivasertb; CBR, clinical benefit rate; Contr, control am; ER, estrogen receptor; E-rate, estimatec-rate; Exp,
experimental ar; Ful, fulvestrant; HR, hazard ratio; HT, hormone therapy; Ioat, pataserti; ITT, intention-to-treat; m, metastatic; mPFS, median progression-free survival MTD, maximum
tolerated dose; Mut, mutated; NA, not applicable; NAT, neoadiuvant therapy; ORR, objective response rate; Pbo, placebo; pCR, pathologic complete response, Popul: population; RP2D,
recommendad phase il dose: TNBC. triple-negative breast cancer: WoO, window of aoportunity.
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Allosteric

ATP-competitive

Drug name

Miransertio
NA

NA

NA
Auresertio
Capivasertib
Ipatasertio
Uprosertib
NA

Compound name

ARQ092
BAY1125976
MK-2206
TAS-117
GSK2110183
AZD5363
GDC0068
GSK2141795
GSKB90693

XXX X X X X X X

Inhibited isoforms
2

XX X X X X X X X

<

XX X X X X X

Development phase

Phase |
Phase |
Phase Il
Phase Il
Phase Il
Phase Il
Phase Ill
Phase Il
Phase | —terminated
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Drug

NVP-BGJ398

AZDA547

INJ-42756493
(Erdafitinib)

PRN-1371
ASP5878
BLU-9931
BLU-554
FGF401

H3B-6527

INCB062079

Structural Target(s)
formula

Pan-FGFRs
inhibitor

Pan-FGFRs
inhibitor
Pan-FGFRs
inhibitor

Pan-FGFRs
inhibitor
Pan-FGFRs
inhibitor

FGFR4 (imeversible)
FGFR4

FGFR4 (reversible)
FGFR4

UNKNOW FGFR4 (ireversible)

Clinical trial ID

NCT01975701

NCT03510455
NCT01824901
NCT01791985
NCT02421185
NCT02366597

NCT03238196
NCT04172675
NCT02608125

NCT02038673

NO
NCT02508467

NCT04194801
NCT02326739
NCT03424577
NCT02834780
NCT03144661

Tumor types

Recurrent resectable unresectable
glioblastoma

Oncogenic osteomalacia
Non-small-cell lung cancer
Breast cancer

Carcinoma, hepatocellular
Urothelial cancer

Metastatic breast cancer

Urinary bladder neoplasms.
Solid tumors

Solid tumors

HCC

HCe

Hee

Healthy participants
HCe

HCC
Cholangiocarcinoma
Esophageal cancer
Nasopharyngeal cancer
Ovarian cancer

Soid tumors

Phase

]
0
i
i

]

v
i

Status

Completed

Recruiting
Completed
Completed
Completed
Active, not
recruiting
Recruiting

Not yet recruiting
Active, not
recruiting
Completed

Active, not
recruiting

Not yet recruting
Completed
Completed
Recruiting
Recriting
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Activators

491-5p
MiR-
29¢-3p
IL-1p

Sp1
Sp3
FOXC1

TGF-p1

Category

microRNA
microRNA

Pro-inflammatory
cytokine

Transcription factors
Transcription factors
Transcription factors

Cytokines

Mechanism

Binding to the FGFR4 RNA

Decreased expression of KIAA1199, subsequently suppressed the activation
of the FGFR4/Wnt/g-catenin

Inhibited -Kiotho expression, thus inhibiting FGF19/FGFR4-induced Erk1/2
activation

Binding to promoter location, repress FGFR4 gene activty

Binding to promoter location active FGFR4 gene activity

FOXCH directly binds its target genes ITGA7 and FGFR4 and activates their
expression

Induce FGFR4 expression through the ERK pathway

Functions
Suppressed EMT and tumor metastasis

Harmful to the EMT

Promote cell growth, migration, and invasion
capacity

Repress myogenic differentiation

Promote myogenic differentiation

Promote lymphatic vessel formation, angiogenesis,
and metastasis

Promote EMT and cancer dissemination





OPS/images/fphar-12-633453/fphar-12-633453-g005.gif





OPS/images/fphar-12-633453/fphar-12-633453-g004.gif
TCGAPANCAN FGF19 GISTIC2

T T prere—
S == see ol
iy " e
e
s o gt N Dt
et
— [repe—— N






OPS/images/fphar-12-633453/fphar-12-633453-g003.gif





OPS/images/fphar-12-633453/fphar-12-633453-g002.gif





OPS/images/fphar-12-633453/fphar-12-633453-g001.gif
(TCGA PANCAN FGPRE EXPRESSION

I

R e S ad

oo
fre=p ..

o
ol
brrroe

T PR
P

Cuonidons il Yoo it

fro—. fr deosbnead

St

B T —
ke Casor

ey T —

Rty 1o

Tt

v~






OPS/images/fphar-12-633453/crossmark.jpg
©

2

i

|





OPS/images/fphar-12-648491/fphar-12-648491-t001.jpg
Substrates of USP7

ALKBH3
Becin-1
ccocs
ccocs
ccoce
CHFR
CHK1
CHK1
HOM2
HOM2
HDM2
ANRNPAT
MDC1
NEK2
PHFS
PIM2
PLKT
PTEN
RAD18
B-catenin

Therapies resistance

Alkylating agents
Bortezomib

PARP-inhibitors

PARP-inhibitors

Taxanes

Cytarabine

Chemotherapy and radiotherapy
Bortezomib

Camptothecin

Doxorubicin and etoposide
Paclitaxel and cisplatin

DNA damage agents
Bortezomib

Chemotherapy and radiotherapy
PIM kinase inhibitors.

Pactaxel

HER inhibitor (irastuzumab)
Chemotherapedttic agents

Wt inhibitors,

Bortezomib

Doxorubicin

Doxorubicin

Tumors

Multiple myeloma
Lung neuroendocrine cancer

Hormone-sensitive and castration-resistant prostate cancer

Non-small cell lung cancer
Acute myeloid leukemia

Breast cancer

Multiple myeloma

Colon carcinoma

Neuroblastoma

Gastric cancer

Cervical cancer

Multiple myeloma

Breast cancer

Lung cancer

HER2-positive breast carcinomas
Chronic lymphocytic leukemia
Colorectal cancer

Multiple myeloma

Hepatocellular carcinoma
Pancreatic cancer

References

Zhao et al. (2015)

Xia et al. (2020)
Malapell et al. (2017)
Morra et al. (2017)
Morra et al. (2015)
Giovinazzi et al. (2013)
Cartel et al. (2021)
Zhang et al. (2014)
Chauhan et dl. (2012)
Becker et . (2008)
Fan etal. (2013)
Zhang et al. (2020a)
Suetal. (2018)
Franqui-Machin et al. (2018)
Wang et al, (2016)
Kategaya et al. (2017)
Shin et al. (2020)
Gallardo et al. (2012)
Agathanggelou et al. (2017)
An etal. (2017)

Yao et al. (2018)
Zhang et al. (2020b)
Chen et al. (2020)
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Feature label
67
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