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Cancer is a significant global socioeconomic burden, as millions of new cases and deaths occur annually. In 2020, almost 10 million cancer deaths were recorded worldwide. Advancements in cancer gene therapy have revolutionized the landscape of cancer treatment. An approach with promising potential for cancer gene therapy is introducing genes to cancer cells that encode for chemotherapy prodrug metabolizing enzymes, such as Cytochrome P450 (CYP) enzymes, which can contribute to the effective elimination of cancer cells. This can be achieved through gene-directed enzyme prodrug therapy (GDEPT). CYP enzymes can be genetically engineered to improve anticancer prodrug conversion to its active metabolites and to minimize chemotherapy side effects by reducing the prodrug dosage. Rational design, directed evolution, and phylogenetic methods are some approaches to developing tailored CYP enzymes for cancer therapy. Here, we provide a compilation of genetic modifications performed on CYP enzymes aiming to build highly efficient therapeutic genes capable of bio-activating different chemotherapeutic prodrugs. Additionally, this review summarizes promising preclinical and clinical trials highlighting engineered CYP enzymes’ potential in GDEPT. Finally, the challenges, limitations, and future directions of using CYP enzymes for GDEPT in cancer gene therapy are discussed.
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1 INTRODUCTION
Gene therapy is a promising approach to correct gene mutations that cause genetic diseases, where the mutated gene is substituted with its normal version, usually through gene delivery to the affected cells via a viral vector (Zhao et al., 2022). The FDA recently approved several gene therapies that are successfully used to treat genetic diseases, including vision loss linked to congenital retinal dystrophy (Luxturna), hemophilia B (Hemgenix), beta-thalassemia (Zynteglo), and spinal muscular atrophy (Zolgensma) (Approved Cellular and Gene Therapy Products, 2023, https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-gene-therapy-products).
Cancer is a substantial global socioeconomic burden, with millions of new cases and deaths occurring each year. In 2020, an estimated 19.3 million new cancer cases and almost 10 million cancer deaths occurred worldwide, making it the second most common cause of death (after heart disease), causing one in five deaths (Sung et al., 2021). The overall cost associated with cancer is a significant concern, with estimates projecting that the economic cost of cancers from 2020 to 2050 will exceed $25.2 trillion dollars globally (Chen et al., 2023). Therefore, strategic investments in cancer prevention and control measures, such as screening technologies and improved treatment options, are needed and could yield substantial health and economic benefits.
Unfortunately, the above-described approach for gene therapy is not as straightforward for cancer gene therapy since the high number and variations of genetic mutations in cancer cells, sometimes even within one type of cancer and within one patient, do not allow for such a “simple” gene therapy where only one gene needs to be replaced to cure the disease. Instead, multiple genetic targets need to be considered, e.g., oncogenes, tumor suppressor genes, suicide genes, immunomodulation approaches, expression of molecules affecting angiogenesis, tumor invasion, and metastasis (Seth, 2005).
Advancements in cancer gene therapy have revolutionized the cancer treatment landscape (Libutti, 2019; Cesur-Ergün and Demir-Dora, 2023). Understanding cancer as a disease mediated by somatic aberrations in the host genome has been a pivotal advancement in human genomics (Amer, 2014). This understanding has paved the way for developing gene therapy as a potential first-line treatment for neoplastic diseases (Das et al., 2015). The use of oncolytic viruses and bacteria, as well as the advances in genetic modification of cancer and immune cells, has led to numerous clinical trials for cancer therapy, with several progressing to late-stage product development (Husain et al., 2015; Cesur-Ergün and Demir-Dora, 2023). Furthermore, the emergence of precision medicine and the utilization of siRNA technology as a therapeutic modality for specific cancers, such as pancreatic cancer, showcase the diverse and targeted approaches explored in cancer gene therapy (Zorde Khvalevsky et al., 2013). However, it is important to note that these sophisticated cancer therapeutics may pose a high financial burden for patients, highlighting the societal challenge associated with addressing cancer (Advancing Cancer Therapy, 2021).
One promising approach to cancer gene therapy is to introduce genes that encode anticancer prodrug metabolizing enzymes like Cytochrome P450 (CYP) enzymes, which aid in the successful elimination of cancer cells (Waxman et al., 1999; Mishra et al., 2018). This approach is called gene-directed enzyme prodrug therapy (GDEPT) (Chen and Waxman, 2002). The introduced CYP enzymes can be genetically engineered to improve prodrug conversion to its active metabolites at pharmacologically relevant drug levels or to minimize chemotherapy side effects by improving the metabolism of toxic by-products of chemotherapy (Zanger and Schwab, 2013; Zhang et al., 2015). Additionally, the vehicles of the gene therapy (e.g., viral vectors) can be designed to target specific tissues, directing the CYP enzyme expression directly to the tumor cells where prodrug metabolism will be most effective and, at the same time, reducing toxic effects of chemotherapeutic drugs on healthy tissue (Wang and Yuan, 2006; Capasso et al., 2013; Sun et al., 2020).
This review highlights the importance of CYP enzymes in developing cancer gene therapies. It also summarizes the last advances and challenges in the genetic engineering of CYP enzymes with improved metabolic profiles of anti-cancer drugs for GDEPT.
2 CYTOCHROME P450 ENZYMES AND CANCER
2.1 Role of cytochrome P450 enzymes in drug metabolism
The substrate promiscuity these CYP enzymes exhibit makes them a key factor for studying drug interactions. These proteins are equipped with a prosthetic group composed of iron protoporphyrin IX, bound by a cysteine thiolate ligand at their active site (in most proteins). This active site is anchored in the molecule’s center, posing a challenge for immediate interaction with target ligands (Schenkman and Jansson, 2006; Urban et al., 2018). Furthermore, the catalytic cycle of CYP enzymes requires a multicomponent system for the transfer of a pair of electrons, facilitated by redox partners such as NADPH-cytochrome P450 oxidoreductase (CPR) and, less commonly, cytochrome b5 (Waskell and Kim, 2015; Jeffreys et al., 2018). Although the structure is highly similar across all families, ligand access channels can influence the enzyme’s selectivity for the substrate (Urban et al., 2018). Residues within these channels confer affinity to certain types of molecules, prioritizing them for the catalysis of reactions such as hydroxylation, epoxidation, deamination, and monooxygenation, among others (Zhao et al., 2021). An example of this is the N-hydroxylation generated in dapsone, an anti-leprosy medication, catalyzed by CYP enzymes 2B6, 2D6, 3A4, 2C8, 2C19, 2E1, 2C18, 2C9, or the oxygenation generated by 3A4 in desogestrel, which is a contraceptive medication (Rendic and Guengerich, 2021).
In metabolism, drugs typically undergo three main phases. The first phase aims to increase the molecule’s polarity through reactions such as oxidation, reduction, or hydrolysis (Conan et al., 2021). In these processes, CYP enzymes participate in 96% of the reactions, while the remaining percentage is distributed among enzymes such as aldo-keto reductase, microsomal flavin monooxygenase, and monoamine oxidase (Rendic and Guengerich, 2015). The second phase involves further increasing the polarity of molecules through conjugation reactions mediated by transferase enzymes such as N-acetyltransferases (NAT) and sulfotransferases (SULT), among others (Conan et al., 2021). Finally, the last phase consists of the excretion and elimination of metabolized compounds through transporters like P-glycoprotein (Xu et al., 2005). It is important to note that, in the first phase, CYP enzymes also play a role in the bioactivation of prodrugs. These compounds exhibit a therapeutically inactive conformation and require transformation to generate the desired effect (Rendic and Guengerich, 2021).
The CYP enzymes are responsible for metabolizing ∼75% of marketed drugs (Guengerich, 2010). Families 1 to 3 of these enzymes account for over 80% of the involvement in drug-associated metabolic reactions (Zhao et al., 2021). Additionally, the isoforms 3A4, 2C9, 2C19, 2D6, and 1A2 are responsible for ∼95% of drug oxidations (Guengerich, 2010).
An example of metabolic activation is acetaminophen, a commonly used analgesic and antipyretic, which is metabolized by the P450 isoforms 3A4, 2E1, 2D6, 1A2, and 2A6 (Rendic and Guengerich, 2021). However, these CYP enzymes are also involved in the bioactivation of various chemotherapeutic prodrugs used in cancer therapy.
2.2 Importance of CYP enzymes in cancer
Cytochrome P450 enzymes are closely linked to cancer, playing various roles, from the chemical transformation of antineoplastic drugs to acting as metabolizers of carcinogens (Elfaki et al., 2018; Zhao et al., 2021). Although it has been observed that isoforms 1A1, 1A2, 1B1, 2A6, 2A13, 2E1, and 3A4 are significantly involved in the metabolism of various carcinogens, there is no information on the percentage of involvement of these CYP isoforms in the biotransformation of carcinogens (Guengerich, 2010).
Most anticancer drugs undergo metabolism through various CYP enzymes isoforms. For example, tamoxifen, an estrogen receptor modulator with anticancer properties, is metabolized through different isoforms, mainly 2D6 and 3A5 (Goetz et al., 2005; Serrano et al., 2011). Another case is ellipticine, an antineoplastic agent and topoisomerase II inhibitor, metabolized through various isoforms such as 1A2, 1A1, 2C19, 2E1, 2D6, 2C9, 3A4, 2B6, and 1B1. In addition to its anticancer function, raloxifene prevents osteoporosis and is metabolized by CYP3A4 and CYP2D6 (Rendic and Guengerich, 2021). Similarly, oxazaphosphorines like cyclophosphamide (CPA) and ifosfamide (IFA) are activated by CYP enzymes. CYP2B6 is primarily responsible for CPA metabolism, while CYP3A4 is responsible for IFA metabolism. However, other isoforms, such as 2A6, 3A5, 2C9, 2C18, and 2C19, are also involved in the bioactivation of these drugs. CPA and IFA are used as chemotherapeutic agents in various cancer types, including breast, prostate, some lymphomas, and leukemia (Roy et al., 1999; Jounaidi and Waxman, 2004).
Nevertheless, enzyme-mediated bioactivation can lead to various possibilities. One possibility is that the prodrug may transform into its active form without changing, producing the desired effect. Another one is that the enzymes can cause an increase or loss of activity and even lead to toxicity for the individual (Guengerich, 2021). This last outcome is attributed to genetic polymorphisms (Gaedigk et al., 2018). In this context, individuals can exhibit different phenotypes based on the enzyme alleles they possess, and this allelic frequency varies among populations. Allelic variants of the enzyme have different affinities for the same substrate (Figure 1). The website Pharmacogene Variation Consortium (https://www.pharmvar.org/genes) gathers valuable information on the pharmacological interaction of various CYP polymorphisms.
[image: Figure 1]FIGURE 1 | Enzyme-mediated bioactivation of prodrugs. (A) Enzyme-mediated bioactivation process. (B) Activation scores related to the effects that mutations in CYP2D6 can have. (C) Phenotype possibilities depending on the allele pair an individual possesses. The Clinical Pharmacogenetics Implementation Consortium (CPIC) method is used to classify phenotypes. (D) An example of numerical scores for the CYP2D6*2/10 polymorphisms are presented. It is important to highlight that cytochrome P450 enzymes exhibit variability in their substrates, so scores may differ depending on the drug. Additionally, other organizations such as the Dutch Pharmacogenetics Working Group (DPWG) may provide alternative phenotype classifications. The activation values were obtained from the study by (Gaedigk et al., 2008). The Figure was created using Biorender.com.
Based on these polymorphisms, individuals have been classified as ultra-rapid metabolizer (UM), extensive metabolizer (EM), intermediate metabolizer (IM), and poor metabolizer (PM) (Mirabbasi et al., 2017; Caudle et al., 2020). This genetic diversity has a direct impact on how the body reacts to different medications, posing a challenge to healthcare as it can result in the lack of efficacy of treatments or the manifestation of adverse drug responses (Bosch et al., 2006). Due to the significant involvement of CYP enzymes in drug metabolism, it is crucial to identify their genetic peculiarities in an individual or population to optimize the efficacy and safety of pharmacological treatments (Goh et al., 2017). These CYP enzymes’ polymorphisms have been suggested to modulate the cancer risk of patients and contribute to individual susceptibility, particularly in the metabolism of tobacco-related compounds (Hernando-Rodriguez et al., 2012).
Among the CYP enzymes, 2D6, 2A6, and 2B6 show more polymorphisms in the Caucasian population and are closely related to drug metabolism (Preissner et al., 2013). For instance, the CYP2B6*6 allele, resulting from missense mutations (K262R, Q172H), leads to a decrease in its function due to its reduced expression in the liver (Ariyoshi et al., 2011; Preissner et al., 2013). However, the protein of the CYP2B6*6 allele shows a higher affinity for CPA, with a Km of 1.62 mM, compared to the normal allele, which has a Km of 2.68–4.03 mM (Ariyoshi et al., 2011; Lautier et al., 2016). In this case, the function depends more on the expression of the enzyme than on the affinity of a substrate. Conversely, the CYP1A2*1F allele with importance in processing antineoplastic drugs experiences an increase in its function; hence, individuals with the homozygous genotype (1*F/1*F) are classified as rapid metabolizers. Notably, the prevalence of this allele in European and American populations surpasses 60% (Neyshaburinezhad et al., 2021). An example where the activity is unaffected is the CYP2D6*2 allele, resulting from missense mutations (R296C, S486T), with more than a 30% allelic frequency in both the European and American populations (Neyshaburinezhad et al., 2021).
In vivo analysis of allelic variants provides relevant information for enzymatic engineering. Obtaining enzymes with improved characteristics opens the possibility of their use in gene therapy against cancer (i.e., GEDPT). This type of therapy offers particular benefits to individuals resistant to conventional cancer treatments, such as those with breast cancer carrying the CYP2C9*2 allele (R144C). This allele is associated with resistance to neoadjuvant chemotherapy, which is the initial step in treatment aimed primarily at halting tumor growth and reducing its size to facilitate surgical removal or improve the outcomes of radiotherapy in the future. The neoadjuvant chemotherapies utilize combinations of various drugs. For example, CMF includes CPA, methotrexate, and fluorouracil, while FAC comprises fluorouracil, doxorubicin, and CPA. The allelic frequency of CYP2C9*2 ranges between 6% and 13% in Europeans and Americans (Seredina et al., 2012; Neyshaburinezhad et al., 2021).
3 CANCER GENE THERAPY
3.1 Principles of cancer gene therapy
Cancer gene therapy is a promising approach for treating cancer by introducing genetic material into cancer cells to fight the disease (Cross and Burmester, 2006). The key principle of cancer gene therapy involves delivering therapeutic genes into cancer cells or healthy tissue (e.g., immune cells) (Cesur-Ergün and Demir-Dora, 2023). Viral and non-viral vectors (e.g., liposomes and polymers) can carry the therapeutic genes and insert them into target cell DNA (Hwang et al., 2001; Sung and Kim, 2019; Manisha. B.; Shinde et al., 2020). Several approaches exist to achieve anti-cancer effects:
a. Gene therapy can replace mutated genes that cause or drive cancer growth and progression with normal functioning genes (gene correction, e.g., BRCA1 in breast cancer) (Obermiller et al., 2000).
b. Certain genes, like metastasis suppressor genes and tumor suppressor genes (e.g., BRMS1 and REIC/Dkk-3), can inhibit tumor growth and metastasis. Gene therapy can activate or overexpress these genes in cancer cells to suppress tumors (Campbell et al., 2000; Zhang et al., 2006; Smith et al., 2009; Su et al., 2015; Kalinichenko et al., 2017).
c. Oncogenes are genes that promote uncontrolled cell division (Yan et al., 2011). Gene therapy techniques can silence or inactivate oncogenes in cancer cells (Wendel et al., 2006; Poltronieri et al., 2013; Tatiparti et al., 2017).
d. Therapeutic genes and viral vectors can stimulate the body’s immune system to attack and eliminate cancer cells more effectively (Chiu et al., 2009; Shaw and Suzuki, 2019).
e. Gene therapy can modify cancer cells to reduce drug resistance, make them more sensitive to chemotherapy drugs, or increase enzymatic prodrug conversion, improving treatment outcomes (Chen and Waxman, 2002; Cammareri et al., 2010; Li et al., 2021). The goal of gene-directed enzyme prodrug therapy (GDEPT) with the design of CYP enzymes for cancer gene therapy is to leverage this principle, achieving more targeted and effective chemotherapy treatment while also aiming at reducing side effects from undesired toxic metabolites (Waxman et al., 1999; Zanger and Schwab, 2013; Zhang et al., 2015; Mishra et al., 2018).
This review further focuses on GDEPT, specifically the utilization of CYP enzymes therein, as a clever approach for cancer gene therapy. It introduces a group of well-studied enzymes and allows the use of already clinically approved drugs, aiming to improve their efficacy and specificity and reduce their side effects.
3.2 The role of CYP enzymes in gene-directed enzyme prodrug therapy (GDEPT)
Gene-directed enzyme prodrug therapy (GDEPT) is a promising approach in cancer treatment, involving the delivery of a therapeutic gene encoding a foreign enzyme to tumor cells, where a systemically administered nontoxic chemotherapy prodrug can be converted into its active, cytotoxic metabolite upon expression of the enzyme, leading to cancer cell death (Figure 2) (Günther et al., 2006; Grohmann et al., 2009). Due to the selective genetic modification of tumor cells, this technique has shown potential to improve antitumor activity and selectivity for cancer cells of chemotherapy treatments (Mishra et al., 2018). GDEPT has been evaluated in various clinical trials using different enzyme/prodrug combinations, demonstrating its versatility and potential for clinical application (Wang et al., 2004; Hedley et al., 2007; Grohmann et al., 2009; Alekseenko et al., 2015). However, in terms of using GDEPT specifically for cancer treatment, sufficiently successful human clinical trials with the desired significant improvements are still lacking, despite promising results from preclinical studies as well as moderately successful early-stage clinical trials (Phases I and I/II, see Section 4.6) (Salmons et al., 2003; Braybrooke et al., 2005; Karjoo et al., 2016). Moreover, some studies have focused on optimizing GDEPT by incorporating novel enzymes and prodrugs, as well as improving the expression levels of prodrug-activating genes to enhance therapeutic efficacy (Chen and Waxman, 2002; Kratz et al., 2008; Gerth et al., 2019). Overall, GDEPT holds promise as a targeted and effective approach for cancer therapy, with ongoing research aiming to refine further and expand its applications.
[image: Figure 2]FIGURE 2 | GDEPT in cancer therapy. GDEPT in cancer therapy is achieved by delivering enzymes (e.g., CYP) ideally directly to targeted tumor cells where non-toxic chemotherapy prodrugs are transformed by the introduced enzymes into their cytotoxic form to cause cancer cells death. 1) Receptor recognition results in viral entry into the targeted cancer cell, where the engineered CYP enzyme DNA is released. 2) The engineered DNA is inserted into the cancer cell nucleus and integrated into the host genome. 3) Transcription of the CYP DNA into mRNA. 4) CYP mRNA is translated into functional CYP enzymes. 5) Non-toxic chemotherapy prodrug enters the cancer cell. 6) The prodrug is metabolized by the engineered CYP enzymes into its active, cytotoxic form. 7) The cytotoxic drug metabolite causes damage to the cell (e.g., DNA damage), resulting in cancer cell death. 8) Upon cell death toxic drug metabolite is released and can affect nearby cancer cells, causing bystander cell cytotoxicity. The Figure was created using Biorender.com.
The role of CYP enzymes in GDEPT is crucial for developing targeted cancer treatments. CYP enzymes, especially the CYP1, CYP2, and CYP3 families, metabolize endogenous and exogenous substances in the human body (Zanger and Schwab, 2013; Luo et al., 2021). They play a significant role in activating anticancer prodrugs within cancer cells, thereby converting non-cytotoxic prodrugs into cytotoxic drugs, which selectively target and kill cancer cells (Kumar, 2010). A wide range of clinically established anticancer drugs need these CYP enzymes to become activated to their cytotoxic form, with CYTOXAN (cyclophosphamide) and IFEX (ifosfamide) being thoroughly studied examples for use in GDEPT (Le Blanc and Waxman, 1989; Kivistö et al., 1995). Chen and Waxman (2002), Quiñones et al. (2008), provide a list of anti-cancer P450 prodrugs of interest for use in GDEPT. Furthermore, some commonly used chemotherapy drugs do not necessarily need the CYP enzymes to become active but still benefit from CYP metabolism by conversion into a more active metabolite. For example, CYP2B enzymes aid in the release of the cytotoxic aziridine moiety from Tepadina (Thiotepa), while CYP2D6 transforms the anti-estrogen breast cancer drug tamoxifen to the 100-fold more potent derivative 4-hydroxy-tamoxifen (Borgna and Rochefort, 1981; Waxman, 1993; Dehal and Kupfer, 1997).
However, for successful GDEPT in cancer patients, careful considerations must be considered. As mentioned before, multiallelic genetic polymorphisms in CYP enzymes influence the activity and function of these enzymes, leading to distinct pharmacogenetic phenotypes and, therefore, variations in the therapy responses of patients (Zhou et al., 2009; Zanger and Schwab, 2013). Furthermore, the modulation of CYP enzyme activity, e.g., by other drugs or dietary polyphenols, affects the pharmacokinetics and bioavailability of drugs, influencing the efficacy of chemotherapy, especially when combined with GDEPT (Korobkova, 2015).
GDEPT can be utilized to introduce desired CYP enzymes to achieve cell-specific gene delivery and expression, controlled conversion of prodrugs to drugs in target cells, and expanded toxicity to the target cells’ neighbors through bystander effects (Zhang et al., 2015). The bystander effect is crucial for GDEPT success because it removes the need to transduce all target tumor cells with the therapeutic gene, which is currently unattainable with existing gene delivery methods. The introduced CYP enzymes activate bioreductive cytotoxins, thereby increasing the efficacy of targeted therapy for drug-resistant hypoxic tumors (Pidkovka et al., 2021). Moreover, genetic engineering allows to develop and engineer optimized CYP enzymes with desired metabolic function and drug selectivity for use in GDEPT (Li et al., 2020). Importantly, the tumor cell-specific activation of selective CYP enzyme function through GDEPT allows for the use of lower doses of already approved chemotherapy prodrugs due to the increased sensitivity of the modified cells, potentially reducing toxicity on healthy tissue while maintaining therapeutic efficacy, highlighting the importance of this approach in cancer therapy (Miura et al., 2015; Mishra et al., 2018).
Moreover, the overexpression of certain CYPs, such as CYP1B1, in some cancer cells has led to the development of CYP inhibitors for chemoprevention as well as chemotherapy prodrugs designed to be activated by CYPs specifically expressed in cancer cells for cell-specific cytotoxic effects, further demonstrating the potential for targeted cancer treatments utilizing CYP enzymes (Bruno and Njar, 2007).
In summary, the role of CYP enzymes in GDEPT is pivotal for developing targeted and selective cancer therapies. The ability of CYP enzymes to activate prodrugs within cancer cells, the impact of genetic polymorphisms on CYP enzyme activity, and the potential to reduce toxicity while maintaining therapeutic efficacy highlight the significance of CYP enzymes in GDEPT. Developing engineered CYP enzymes for use in GDEPT represents a promising approach to cancer gene therapy.
4 GENETIC ENGINEERING OF CYTOCHROME P450 ENZYMES
Genetic engineering of cytochrome P450 enzymes has emerged as a powerful tool in various fields, including organic synthesis, pharmaceutical development, and biotechnology. The primary reasons to engineer P450 enzymes include: i) enabling successful heterologous expression, ensuring high production yields, and enough enzyme quantities for further studies (Andersen and Møller, 2002; Jiang et al., 2021); ii) enhancing the solubility of the proteins, a necessary requirement for their crystallization and subsequent structure determination; iii) enhancing catalytic activity to improve the enzyme’s metabolic efficiency towards specific substrates or xenobiotics (Behera et al., 2010; Behrendorff et al., 2015); iv) optimizing the interactions between the CYP enzymes, their electron donors, and co-factors to favor activity and efficiency (Basudhar et al., 2015; Li et al., 2020; Zhang and Wang, 2022); v) improving robustness including stability, thermostability, and solvent tolerance for better performance under industrial conditions (Reinen et al., 2015; Gumulya et al., 2018; Harris et al., 2018); vi) enabling control over regioselectivity, stereoselectivity of their reactions for the synthesis of complex molecules (Zhang et al., 2011); and vii) expanding substrate recognition range (Butler et al., 2013; Li et al., 2020).
4.1 Design and optimization of CYP enzymes for cancer therapy
The design and optimization of CYP enzymes for cancer therapy requires a multidisciplinary approach, combining molecular biology, protein engineering, and pharmacology. As mentioned in Section 3, the genetic engineering of CYP enzymes has been explored for cancer therapy using the concept of GDEPT. In GDEPT, CYP enzymes activate prodrugs selectively within tumor cells, leading to localized cytotoxic effects. The ultimate goal is to develop CYP enzymes with improved expression, stability, catalytic activity, regioselectivity, and tumor-specific delivery to enhance the effectiveness of cancer treatment while minimizing side effects.
CYP enzymes can have multiple potential sites of metabolism on a given substrate molecule. One strategy is optimizing their regioselectivity to selectively target specific regions of a prodrug or anticancer agent to improve the efficacy and selectivity of cancer therapy (Sun et al., 2007). Importantly, the recognition of substrates, their access to the active site, and the binding of redox partners are not solely influenced by the residues within the active site but also by residues outside of it (Kumar et al., 2005; Sun et al., 2007), and should be considered during the engineering of these enzymes. Additionally, optimizing the catalytic activity and modifying the structure of prodrugs or anticancer agents could enhance substrate binding and catalysis and their specificity towards CYP enzymes (Chen et al., 2004; Jounaidi et al., 2006; Chen et al., 2007; Sun et al., 2007). A way to improve its catalytic activity is the co-expression of CYP reductases to allow proper electron transfer (Lengler et al., 2006; Touati et al., 2014; Sellner et al., 2021). Fusion of CYP enzymes with other proteins, such as reductases or targeting peptides, can enhance their stability, solubility, and specific delivery to tumor cells, improving the therapeutic potential for cancer therapy (Steffens et al., 2000; Kan et al., 2001; Jounaidi and Waxman, 2004; Tychopoulos et al., 2005; Jounaidi et al., 2006). Other recently explored alternatives are the addition of a detachable linker, which breaks down within the tumor microenvironment, and the addition of a functional carrier to the original anticancer drug that could help the release of a molecule that has enhanced pharmacokinetic and pharmacological properties at the tumor site, transforming traditional antineoplastic agents into prodrugs (Najjar and Karaman, 2019). Figure 3, summarizes some of the strategies employed and the expected outcomes.
[image: Figure 3]FIGURE 3 | Summary of the strategies employed for designing CYP enzymes for cancer gene therapy and the expected outcomes. The Figure was created using Biorender.com.
4.2 Approaches for genetic modification of CYP enzymes for cancer therapy
Several methods and techniques for engineering CYP enzymes have been employed together or separately over the past decades, yielding enzymes with improved metabolic efficiency toward specific anticancer drugs (Table 1, Supplementary Table S1). Nevertheless, other approaches are becoming new alternatives to produce robust, more stable, and novel substrate affinity CYP enzymes. The next paragraphs describe these alternatives:
TABLE 1 | Summary of the most relevant mutations or changes produced in different CYP enzymes’ studies for use in cancer gene therapy.
[image: Table 1]4.2.1 Rational and bioinformatics approach
Rational design involves the use of site-directed or random mutagenesis. It aims to improve the protein’s features by enhancing hydrophobic core packing, establishing salt bridges, incorporating disulfide bonds, substituting glycine, introducing proline residues, and shortening protein loops (Thomson et al., 2022). However, this approach relies on a detailed understanding of the protein structure, good-quality datasets, and bioinformatics tools to predict the effects of specific amino acid substitutions or modifications in the CYP enzyme. Tools such as molecular cloning, molecular docking, and molecular dynamics are frequently used with other strategies to engineer P450 enzymes. Artificial intelligence methods are anticipated to significantly transform our prediction and comprehension of protein structure and stability.
Most genetic engineering efforts to design CYP enzymes for cancer therapy have focused on using site-directed mutagenesis in combination with molecular modeling (Table 1, Supplementary Table S1). For instance, an N-terminal modified version of the enzyme CYP2B11 (2B11dH) replaced F202L, I209A, and V183L residues, increasing the metabolism of the anti-cancer prodrugs CPA and IFA in the V183L mutant (Sun et al., 2007). The mutant showed a 2.7-fold reduction in Km for CPA and IFA 4-hydroxylation compared to the wild type. Nguyen et al. (2008), produced five mutants of CYP2B6, which displayed a catalytic efficiency that was 2–3 times higher, and by combining the two most successful mutations, a double mutant achieved a 4-fold enhancement in Km/Vmax. Another study reported two CYP BM3 mutants carrying 11 and 12 substitutions, showing the fastest reported CPA and IFA 4-hydroxylation rates (∼10,315 and ∼1306 mol/min/mol P450/mM, respectively) to date (Vredenburg et al., 2015).
In another strategy, Lautier et al. (2016), used sequence element swaps to build chimeras between the CYP2B11 enzyme in dogs and the CYP2B6 enzyme in humans. Given the better affinity of the canine enzyme for CPA, with a Km of 0.08 mM, analogous segments of each enzyme were exchanged progressively in the experiment. As a result, the chimera 2BchO (ChimO) was obtained, demonstrating the best affinity for CPA, with a 4-fold enhancement in Km (Lautier et al., 2016) (Table 1, Supplementary Table S1). Additionally, using homology models, CYP1A1 and CYP4B1 mutants attained catalytically enhanced dacarbazine (DTIC) and 4-ipomeanol (4-IPO) activation, respectively (Table 1, Supplementary Table S1) (Lewis et al., 2011; Wiek et al., 2015).
4.2.2 Directed evolution
This process involves the iterative cycles of random mutagenesis, recombination, and screening, mimicking the principles of natural evolution in a laboratory setting (Arnold, 1996). This iterative process of mutation and selection allows for the evolution of CYP enzymes with improved activity, stability, or other desired traits. This approach could convert the P450 promiscuous generalist enzymes into specialists capable of mediating reactions of interest with exquisite regio- and stereo-selectivity (Behrendorff et al., 2015). One drawback is that great screening efforts are necessary to identify beneficial mutants. Therefore, developing a time-effective, cheap, and efficient high-throughput screening system is imperative to select mutants with desired traits (Kumar, 2010). For instance, Copp et al. (2014), developed a screening platform that enables the directed evolution of any prodrug-activating enzymes utilizing an inducible SOS promoter fused to a modified GFP reporter gene. This allows the assessment of DNA damage levels within intact Escherichia coli through fluorescence-activated cell sorting (FACS). Remarkably, this study achieved a significant 90,000-fold enrichment of a functional prodrug-activating nitroreductase from a background library with no activity (Copp et al., 2014).
In contrast to the rational design, neither protein’s structural information nor computational tools are needed (Encell et al., 1999). However, computational methods (e.g., SCHEMA) have been utilized to enhance the effectiveness of directed evolution methods, similar to rational design (Otey et al., 2004).
Even though directed evolution has shown outstanding results in the protein engineering field, this approach has only been used in P450-based cancer gene therapy by (Kumar et al., 2005). In this study, it was used to create a N-terminal modified 2B1dH double mutant V183L/L209A, which exhibited enhanced catalytic efficiency (kcat/Km) in activating IFA, while L209A/S334P showed improved kcat/Km in activating CPA (Table 1, Supplementary Table S1). These changes equated to 6-fold improvement in the Km value for CPA and IFA 4-hydroxylation compared to wild-type CYP2B1 (Kumar et al., 2005).
4.2.3 Phylogenetic methods
Phylogenetic methods such as the consensus approach and the ancestral sequence reconstruction (ASR) have been used to engineer proteins (Amin et al., 2004; Bershtein et al., 2008; Gumulya et al., 2018; Harris et al., 2022). The consensus approach generates a consensus sequence by aligning and comparing related protein sequences. The consensus sequence represents the shared characteristics of the related proteins and can then be used as a template for designing new proteins with improved properties. On the other hand, ASR is a computational method used to reconstruct the amino acid sequence of an ancient protein, typically by analyzing the sequences of its modern descendants. This reconstructed protein could show beneficial and unique traits useful for diverse applications (Spence et al., 2021).
One common feature of these approaches is using a dataset of protein sequences to generate multiple sequence alignment (MSA) files to identify conserved regions and variable regions. ASR, additionally, will generate a phylogenetic tree that is used to infer the evolutionary history of the protein and estimate the most likely sequence of the ancestral protein at each branch point of the tree (Thomson et al., 2022). Opposite to the previous approaches, both phylogenetic strategies benefit from a reduced mutant screening effort; however, their drawbacks include, among others, the uncertainty in the consensus sequence or the evolutionary history of the protein (Aadland and Kolaczkowski, 2020; Spence et al., 2021; Thomson et al., 2022).
Although these approaches have enabled high production yields, improved stability, novel activity, and substrate specificity for diverse CYP enzymes, to the best of our knowledge, they have not been exploited within the cancer gene therapy field. One strategy could include the resurrection of CYP1 to CYP4 families to obtain novel or similar substrate affinities. For instance, CYP1A1, 2B6, 2B11, 3A4, or 4B1, can be resurrected with improved activity, expression yields, and stability.
Notably, ASR has already been applied to engineer gene therapy viral vectors, which are also critical to developing efficient cancer gene therapy treatments (Zinn et al., 2015; Xiao et al., 2016).
4.3 Challenges in genetic engineering of CYP enzymes for cancer gene therapy
Some challenges of CYP enzyme’s genetic engineering include achieving successful and efficient expression, as these enzymes are often membrane-bound proteins that require specific conditions and co-expression of other proteins, such as redox partners, to be active (Lengler et al., 2006). Efficient electron transfer from redox partners could require the construction of linkers between them to facilitate their interactions (Touati et al., 2014).
An alternative under exploration is introducing non-human redox partners for P450 enzymes in gene therapy. CYP enzymes can be reconstituted with surrogate redox partners, enabling electron transfer during catalysis. For instance, a study by Liu X. et al. (2022) compared three pairs of frequently-used surrogate redox partners: Fdx1499/FdR0978, Adx/AdR, and Pdx/PdR, and found that Fdx1499/FdR0978 showed the most promise in terms of electron transfer properties (Liu X. et al., 2022). Moreover, the biological diversity of P450 redox partner systems is vast, and several new types of P450 redox partner systems have been characterized (Sadeghi and Gilardi, 2013; McLean et al., 2015). This suggests that there is potential for using alternative redox partners to modulate the catalytic activity of P450s, which could be beneficial for gene therapy applications. However, non-human redox partners must be compatible with human cells and not elicit an immune response. Moreover, producing non-human redox partners in human cells can be difficult, and ensuring their stability within the cellular environment adds another layer of complexity. It is important to carefully evaluate the potential benefits of combining cytochrome P450 and redox partner in vivo models that are relevant to the specific tissue being treated, as the effect of redox partner on the activity of CYP enzymes seems to differ depending on the type of cell being used (Lengler et al., 2006). Alternatively, “Molecular Lego” has been used to engineer catalytically self-sufficient CYP enzymes (Dodhia et al., 2006). This modular assembly of different protein domains could create chimeric proteins with desired properties. For instance, the human P450 domain has been fused with a non-human redox partner (Bacillus megaterium reductase-BMR), creating a single polypeptide chain that functions effectively within human cells (Gilardi et al., 2002; Fairhead et al., 2005; Dodhia et al., 2006; Catucci et al., 2022).
Moreover, several studies described the development of fusion proteins that combine CYP enzymes with other enzymes, such as monomeric sarcosine oxidase (CYP152B1-polyG-MSOX fusion protein) (Giuriato et al., 2022) or to promote CYP enzymes’ peroxygenase catalysis (CYP102A1, CYP152B1) (Paul et al., 2014; Shoji et al., 2016; Hardiyanti Oktavia et al., 2023) to enable P450-catalyzed reactions without the need for an external electron donor. These recent developments in P450 fusion proteins represent significant progress toward creating efficient and versatile biocatalysts for various applications, including gene therapy. Nevertheless, it is important to overcome the limitations of using an in situ H2O2 generation approach, such as potential cytotoxicity due to reactive oxygen species, lack of specificity in targeting cancer cells, and challenges in controlling H2O2 levels effectively.
Another challenge is finding appropriate enzyme-specific promoters, which will only drive expression in the target tissue, which is also a limitation in other GDEPTs (Robson and Hirst, 2003). The “Molecular Lego” approach could also aid designing expression vectors that allow for the modular assembly of genetic elements, such as promoters, enhancers, coding sequences for P450 enzymes, and targeting sequences. This modular design could enable the precise control of CYP enzyme expression levels, tissue specificity, and subcellular localization, optimizing therapeutic efficacy and minimizing off-target effects (Dodhia et al., 2006).
CYP enzymes exhibit a wide range of substrate specificities, and this specificity is not only given by the interaction between residues in the catalytic site but also by residues outside it (Kumar et al., 2005). Therefore, it can be challenging to engineer them to accept new substrates or alter their selectivity towards specific compounds. The successful modification will usually require a combination of engineering methods. Additionally, since they are promiscuous enzymes, they could show unwanted interactions with other drugs, affecting the therapy efficacy or creating unpredicted side effects (Ekroos and Sjögren, 2006; Nath et al., 2010).
These challenges (Figure 4) highlight the complexity of engineering CYP enzymes and the need for a multidisciplinary approach combining molecular biology, biochemistry, and computational methods.
[image: Figure 4]FIGURE 4 | Challenges in genetic engineering of CYP enzymes for cancer gene therapy. CYP: cytochrome P450; CPR: cytochrome P450 reductase. The Figure was created using Biorender.com.
4.4 Strategies to minimize off-target effects
The design and optimization of CYP enzymes for cancer therapy often involve strategies to minimize off-target effects and enhance tumor-specific activation of prodrugs.
GDEPT involves the delivery of CYP enzymes and their redox partners directly to tumor cells using gene therapy approaches. This reduces the side effects usually seen in the systemic delivery of prodrugs, which are activated by the CYP enzymes in the liver. Furthermore, the use of drug-metabolizing enzymes that are intrinsic to the tumor could mediate the local generation of cytotoxins, eliminating the need for complex delivery systems (e.g., CYP4B1 predominantly expressed in lung cells) (Travica et al., 2013). Another strategy is the coexpression of CYP enzymes with their redox partners in tumor cells to enhance tumor-specific activation of prodrugs (Tychopoulos et al., 2005; Mahato et al., 2011). CYP enzymes can be fused to targeting peptides to improve their tumor-specific delivery, as seen in other GDEPTs (Liu X. et al., 2022), and can also benefit from utilizing viral or non-viral vectors to deliver CYP enzymes selectively to tumor cells (Quester et al., 2017; Tapia-Moreno et al., 2017). Additionally, the “Molecular Lego” approach has the potential to enhance the accuracy of controlling the levels of CYP enzyme expression, as well as its specificity to certain tissues and its location within cells. By doing so, it can optimize the effectiveness of therapeutic treatments while reducing any unintended side effects (Dodhia et al., 2006).
4.5 Promising results and case studies
CYP enzymes have gained attention in cancer therapy due to their potential role in targeted drug delivery and treatment. While this field of research is still evolving, there have been some promising results in their use for cancer therapy and their engineering for the same purpose. Table 1; Supplementary Table S1 summarize the genetic engineering efforts for obtaining CYP enzymes with desirable gene therapy features.
4.5.1 CYP2B family and cyclophosphamide (CPA)/ifosfamide (IFA)
Some members of the CYP2B family can activate the prodrugs CPA and IFA used in chemotherapy and therefore have been the target for cancer therapy research. Two metabolic pathways are prevalent for these prodrugs, with the 4-hydroxylation pathway resulting in the DNA-alkylating phosphoramide mustard (active cytotoxic metabolite) and acrolein (Huang et al., 2000b). However, the undesired N-dechloroethylation pathway yields the nephro- and neurotoxic metabolites dechloroethyl-CPA/IFA and chloroacetaldehyde (Huang et al., 2000b). Genetic engineering of CYP enzymes can result in more efficient prodrug metabolism and in enzymes that favor desired metabolic pathways over undesired ones to reduce side effects (Patterson and Murray, 2002; Nguyen et al., 2008; Kumar, 2010).
It was identified that rat CYP2B1 exhibited a significantly higher efficiency in catalyzing CPA 4-hydroxylation compared to rabbit CYP2B4 or 2B5, with a 10 to 35-fold increase. By replacing several residues in CYP2B1, the efficiency of CPA and IFA 4-hydroxylation was significantly improved (Chen et al., 2004). CYP2B1 was used in clinical trials together with IFA (see section 4.6). Furthermore, the canine CYP2B11 demonstrated 7 to 8 times greater activity as a CPA and IFA 4-hydroxylase than CYP2B1 (Chen et al., 2004). Using directed evolution on residues that are far from the active site, the catalytic efficiency of CYP2B1 was improved by 2.8-fold of kcat/Km for CPA and 3.5-fold of kcat/Km for IFA (Kumar et al., 2005). In another study, CYP2B11 was used in mice with gliosarcomas, where CPA was directly injected into the tumor, and its release into the bloodstream was slowed down by utilizing the slow-release polymer poloxamer 407 as a carrier for delivering CPA. This resulted in a total of 3.9-fold increase in intratumoral and in antitumor activity (Chen et al., 2007). Subsequently, CYP2B11 was re-engineered for improved CPA and IFA metabolism by introducing six different mutations at the N-terminal (P450 2B11dH). These changes yielded enhanced catalytic efficiency for both substrates (Sun et al., 2007) (Table 1, Supplementary Table S1). In the past, chimeras of CYP2B5, CYP2B4, and CYP2B11 have been created to investigate the metabolism of different substrates (Kedzie et al., 1993; Szklarz et al., 1996); however, in 2016, Lautier and colleagues used this approach to create fifteen chimeras between CYP2B6 and CYP2B11 with the aim of improving CPA affinity. From these, chimeras K and O showed the lowest Km values, providing insights into the structural elements that control CPA specificity in these enzymes (Lautier et al., 2016).
In another study, some human CYP2B6 residues were replaced by the specific amino acids found in the substrate recognition sequences of CYP2B11. As a result, a double mutant (Table 1; Supplementary Table S1) showed a 4-fold increase in Km/Vmax. It transformed a resistant human head and neck cancer cell line (A-253) into a sensitive cell line towards CPA, unlike the wild-type CYP2B6 (Nguyen et al., 2008).
A fusion protein CYP2B6-NADPH cytochrome P450 reductase (RED) proved to be effective in enhancing the cytotoxicity of CPA in pulmonary tumor cell lines with low levels of endogenous RED, following infection and treatment (Tychopoulos et al., 2005). Another fusion protein consisting of a triple mutant of CYP2B6 (Table 1; Supplementary Table S1) and RED (CYP2B6TM-RED) was introduced in resistant human (A549) and murine (TC1) pulmonary cell lines by a recombinant lentivirus vector and showed successful transformation of these into cell lines susceptible to CPA (Touati et al., 2014).
A study explored using a CYP2B6 gene therapy in combination with neural stem/progenitor cells for treating glioblastoma multiforme (GBM), a highly aggressive brain tumor. The results showed substantial impairment of tumor growth upon CPA administration (Mercapide et al., 2010).
4.5.2 CYPBM3 and CPA/IFA
CYPBM3 (CYP102) mutants obtained by Vredenburg et al. (2015) showed the fastest rate of CPA and IFA 4-hydroxylation reported to date (Table 1; Supplementary Table S1). However, they have not yet been tested in tumor cell lines or animal models. CYPBM3 is catalytically self-sufficient, eliminating the need for a redox partner (Vredenburg et al., 2015). Notably, CYPBM3 is of bacterial origin, and immunogenicity challenges could limit its application in cancer gene therapy. However, functional and structural insights for designing and developing new CYP enzymes can be obtained through these studies.
4.5.3 CYP4B1 and 4-ipomeanol (4-IPO)
CYP4B1 catalyzes the oxidative metabolism of 4-IPO (furan ring epoxidation), leading to the formation of reactive intermediates. These electrophilic species have demonstrated cytotoxic effects, suggesting a potential role in cancer treatment (Parkinson et al., 2012). Re-engineering of the human CYP4B1 enzyme based on the rabbit homolog CYP4B1 yielded an efficient activator of 4-IPO in HepG2 human hepatoma cells (Table 1; Supplementary Table S1), making it a candidate for liver and lung cancer therapy. Importantly, exchange of S427P in the human 4B1 alone is critical for partially restoring catalytic activity against 4-IPO. However, it does not alone control the functional activity of the enzyme; therefore, additional mutations are needed to fine-tune its activity (Zheng et al., 2003).
In a study by Roellecke et al. (2017), human (h-P427) and rabbit (r-P422) CYP4B1 as well as the human mutant (h-P + 12) were compared for their affinity (KD) and conversion against different substrates (Table 1 and Supplementary Table S1). The substrates were structurally related and were tested for cytotoxic activity in human liver-derived cells. Interestingly, h-P + 12 showed very high conversion values for perilla ketone (PK), a strong cytotoxin for HepG2 cells, making this a promising prodrug candidate for suicide gene therapy enzymes (Roellecke et al., 2017). Further studies were performed by Kowalski et al. (2019) to identify new prodrugs for CYP4B1 with improved and desired features for gene therapy. The findings provide insights on how to better design prodrugs highly activated by CYP4B1 (Kowalski et al., 2019).
4.5.4 CYP1A1 and dacarbazine (DTIC)
CYP1A1 is involved in the metabolic activation of DTIC through N-demethylation, producing the active metabolite 5-aminoimidazole-4-carboxamide (AIC). AIC further undergoes spontaneous degradation to form diazomethane, a reactive intermediate responsible for the alkylating effects on DNA. This DNA alkylation contributes to the cytotoxic properties of DTIC, making it a valuable chemotherapeutic agent in the treatment of certain cancers. Importantly, DTIC is metabolized in the liver by CYP1A1, CYP1A2, and CYP2E1 (Reid et al., 1999). Mutants E161K, V228T and E256K showed a 1.7-fold increase in catalytic efficiency (Vmax/Km) for DTIC N-demethylation (Table 1; Supplementary Table S1).
4.6 Pre- and clinical trials
Preclinical studies have been conducted to evaluate GDEPT, including the involvement of cytochrome P450 enzymes, as demonstrated by a study conducted by McErlane and colleagues in 2005. In this study, the enzyme CYP2B6 was utilized in combination with radiation, along with the prodrugs banoxantrone (AQ4N) and CPA. DNA damage was observed in RIF-1 cells transfected with the enzyme and treated with AQ4N, supporting its ability to metabolize the drug. The antitumor capacity of the treatment was confirmed in a murine RIF-1 tumor model. Additionally, it was highlighted that the same gene can function effectively in oxygen-rich environments and under hypoxic conditions, as CPA requires oxygen for its toxic activity, unlike AQ4N, which can achieve the same goal in hypoxic conditions (McErlane et al., 2005).
Regarding clinical trials, promising results have been observed, as seen in the phase I-II study conducted by Löhr and colleagues in 2003. In this study, 14 patients with inoperable stage III-IV pancreatic adenocarcinoma were treated, and patients who had previously undergone chemotherapy were not accepted. Procedures involved the intra-arterial administration of microencapsulated cells with CYP2B1, followed by the application of ifosfamide. The results showed no toxicity greater than grade II in any 14 patients. Throughout the study, no increase in tumor size was observed in any participants (stable disease), and two exhibited a tumor volume reduction exceeding 50% (partial response). These findings indicate favorable treatment tolerance and suggest a positive impact on reducing tumor burden in certain individuals (Löhr et al., 2003).
Another phase I/II clinical trial employed a retroviral vector MetXia-P450 to induce the expression of CYP2B6. This approach aimed to transfect cancer cells, thereby generating enzyme expression and activating CPA to trigger its toxic effect in the affected cells. The study involved 9 patients with advanced breast cancer skin nodules and 3 patients with melanoma, who received two intratumoral injections of MetXia-P450. In some cases, the results revealed a partial response, with four patients maintaining a stable disease condition while the rest experienced disease progression. Although ten out of twelve participants showed positive transfection control, it is important to note that transduction affected less than 1% of tumor cells in this specific trial (Hunt, 2001; Braybrooke et al., 2005). Due to the very low transduction percentage, progress to other phases of clinical studies has not been made.
As of the writing date of this manuscript, no clinical trials beyond those mentioned in this article have been identified. This absence could be attributed to the focus of applying this therapy primarily to treating the primary tumor, with less attention given to metastasis. However, it is important to note that this therapeutic modality could be integrated with other anticancer treatments, thereby expanding its applicability and effectiveness in the comprehensive approach to cancer therapy.
5 CHALLENGES AND LIMITATIONS
GDEPT is an innovative cancer treatment strategy. Efficiency in the delivery of therapeutic genes and local intratumoral activation of prodrugs present promising treatment methods, minimizing systemic side effects. However, the effectiveness of these approaches faces significant challenges (Figure 5). On the one hand, gene delivery must overcome physical barriers and the immune response to reach and be adequately expressed in a sufficient number of tumor cells, which is crucial for the effective activation of the prodrug (Zhao et al., 2021). For example, the low expression and activity of CYPs may reduce the activation of antitumor agents in tumor cells, whilst the overexpression of CYPs in tumor cells may rapidly devitalize tumor agent substrates, which may be associated with treatment resistance and cause subsequent tumor relapse (Verma et al., 2019).
[image: Figure 5]FIGURE 5 | Challenges of CYP enzymes-GDEPT in cancer treatment. For further details refer to the text. GDEPT: gene-directed enzyme prodrug therapy. The Figure was created using Biorender.com.
On the other hand, direct administration of vectors for expression in the tumor area, although it reduces systemic exposure to chemotherapeutic agents, involves risks such as bleeding and seeding of metastatic cells. Additionally, the administration technique is limited by the distribution of the vector along the needle tracts with incomplete coverage of the entire tumor nodule, reducing the effectiveness of the therapy (Braybrooke et al., 2005). Furthermore, direct administration is limited to accessible tumors, as mentioned by Braybrooke et al. (2005) in their study, CYP2B6 gene was delivered in a total of nine patients with breast cancer and three with melanoma by using human CYP2B6 commercial retroviral vector, MetXia and cyclophosphamide, which showed promising results but limited use for the treatment of systemic metastases (Braybrooke et al., 2005). The deep location of some types of tumors can complicate direct and repeated injections into the tumor area. Endoscopic delivery emerges as an alternative, although limited by pancreatic duct obstruction in most tumors (Löhr et al., 2003). In 2003, a study employed a different and safe delivery method. Angiography was used to position capsules containing genetically modified allogeneic cells directly into an artery that feeds the tumor. These cells were engineered to express the enzyme CYP2B1, which activates IFA. The local activation of IFA at the tumor site allowed for concentrated drug therapy with reduced systemic toxicity, potentially increasing the efficacy of the treatment. The results indicated a higher survival rate for patients treated with this method compared to those receiving conventional treatments (Löhr et al., 2003). Although this study managed to overcome the administration barrier, issues with micrometastasis still remain a challenge for GDEPT therapy. This outlook underscores the need to optimize therapeutic gene delivery and expression strategies while exploring safe and effective delivery methods to maximize therapeutic benefits in cancer treatment.
The reduced efficacy against non-dividing cancer cells is another significant limitation. Many cancer treatments, including enzyme and prodrug systems, are most effective against rapidly dividing cells (Ortiz de Montellano, 2013). However, in every tumor, there is a population of cells that divide slowly or are in a resting state. These cells are less susceptible to being affected by the therapy, which may contribute to treatment resistance and cancer recurrence. Therefore, the development of strategies that can also effectively target these non-active cells is essential to improve therapeutic outcomes in enzyme- and prodrug-based treatments.
Another significant challenge is the specificity of the enzyme-prodrug system. As mentioned in previous sections, the inherent promiscuity of enzymes such as CYPs, which allows them to interact with a wide range of substrates, poses a significant challenge in redesigning them for selective prodrug activation. The enzyme expressed by the therapeutic gene should ideally only activate the prodrug at the tumor site. However, if the enzyme is expressed in non-target tissues or if the activated prodrug can diffuse out of the tumor, this can cause damage to healthy cells and result in various clinical complications, such as systemic toxicity or damage to specific organs (McFadyen et al., 2004). Furthermore, the tumor microenvironment itself can influence the efficacy of GDEPT. Factors like hypoxia, heterogeneous blood supply, and the presence of various cytokines (IL-1, IL-6, TNF-α, and IFN-γ) and enzymes can affect the activity or expression level of the therapeutic enzyme cytochrome P450, the distribution of the prodrug and its metabolites within the tumor (Fradette and Du Souich, 2004; Stipp and Acco, 2021).
Additionally, the development of resistance to therapy is a concern. Tumors can evolve mechanisms to inactivate the therapeutic enzyme or efflux the activated drug, diminishing the effectiveness of the treatment (McFadyen et al., 2004). Finally, the potential immunogenicity of the vector or the therapeutic enzyme represents a challenge, as it could lead to an immune response that reduces the therapy’s effectiveness and causes harm to the patient (Stipp and Acco, 2021). These challenges necessitate ongoing research and development to refine GDEPT strategies, enhance their specificity and efficacy, and ensure their safety in clinical applications.
Finally, genetic engineering is raising ethical concerns in human patients, as the long-term effects remain unknown, off-target mutations and other edits can be made to the genome, and any changes can be heritable. Regulatory bodies require extensive preclinical and clinical data to show that the therapies are safe and effective, which is time-consuming and expensive.
6 FUTURE DIRECTIONS
Emerging trends in the genetic engineering of CYP enzymes for cancer gene therapy focus on developing targeted and efficient treatments. Key advancements are summarized in Figure 6 and include: i) enzyme-prodrug systems utilizing engineered cytochrome P450 enzymes to activate non-toxic prodrugs within the tumor environment, minimizing systemic toxicity and enhancing treatment specificity (Malekshah et al., 2016). These systems utilize genetically engineered enzymes, such as modified versions of cytochrome P450, to activate non-toxic prodrugs specifically within the tumor environment (Ono et al., 2021). This approach minimizes systemic toxicity and enhances the therapeutic index of cancer treatments (Karjoo et al., 2016); ii) advanced delivery vectors to improve the delivery of therapeutic genes to tumor cells using optimized viral and non-viral vectors enhancing the efficiency and specificity of gene therapy (Naso et al., 2017; Wang et al., 2019). The exploration of non-viral methods such as lipid nanoparticles, has expanded the toolkit for delivering gene therapies. This progress is crucial for the effective application of cytochrome P450-based therapies, ensuring that the therapeutic genes reach their target cells with precision (Ediriweera et al., 2021); iii) the use of synthetic biology to create synthetic CYP enzymes with enhanced functionalities tailored for the tumor microenvironment, the ability to design enzymes that can work under the unique conditions present in tumor tissues, such as hypoxia or acidic pH, opens up possibilities for treating a broader range of cancers more effectively (McIntosh et al., 2014; Ja et al., 2016); and iv) a combination of therapies, integrating cytochrome P450-based therapies with other cancer treatments like immunotherapy or chemotherapy, could improve the overall treatment efficacy and patient outcomes (Huang et al., 2000a; Günzburg and Salmons, 2005; Jounaidi et al., 2006; Gomez et al., 2010).
[image: Figure 6]FIGURE 6 | Emerging trends in genetic engineering of CYP enzymes. For further details refer to the text. CYP: cytochrome P450; AI: Artificial intelligence; ML: Machine learning; GDEPT: gene-directed enzyme prodrug therapy. The Figure was created using Biorender.com.
The forefront of these trends is marked by a concerted effort to develop targeted therapies that precisely attack cancer cells while sparing healthy tissues, a paradigm shift from traditional, less discriminative treatments (Zhang et al., 2012). A major innovation combines insights from various scientific disciplines - such as bioinformatics, synthetic biology, and pharmacogenomics - to create more effective cytochrome P450-based therapies (Ozdemir et al., 2006). This holistic approach leverages the strengths of each field, leading to more robust and innovative treatment strategies.
The role of artificial intelligence (AI) and machine learning (ML) in the design of cytochrome P450 enzymes for cancer therapy is becoming increasingly pivotal, heralding a new era of precision medicine (Wang et al., 2022; Guengerich, 2023). Their ability to analyze vast datasets, predict outcomes, and design personalized treatments is transforming cancer therapy into a more effective and patient-centric approach. For example, AI and ML algorithms are adept at predicting how modifications in enzyme structures could affect their function (Li et al., 2023). This predictive capability is crucial for designing enzymes that are more efficient and specific in targeting cancer cells; AI can also help to accelerate enzyme modification by rapidly prototyping various enzyme configurations, thereby speeding up the discovery and development of effective cancer therapies (Hasegawa et al., 2010; Goldwaser et al., 2022). Finally, AI algorithms can integrate genetic, clinical, and pharmacological data to design personalized enzyme therapies. Tailoring treatments to individual patient profiles can achieve higher efficacy and lower toxicity (Squassina et al., 2015; van der Lee et al., 2020; Rao, 2023).
7 CONCLUSION
In the realm of cancer gene therapy, various strategies have been explored, including the transfer of tumor suppressor genes, suicide genes, enzyme/pro-drug approach (like GDEPT), inhibition of dominant oncogenes, immunomodulation approaches, and expression of molecules affecting angiogenesis, tumor invasion, and metastasis (Seth, 2005). The use of recombinant adeno-associated viruses (rAAV2) for intraperitoneal gene delivery to cancer cells, besides bacteria-mediated cancer gene therapy and the development of new vector systems, exemplifies the continuous progress and advanced strategies being employed in this field (Cao et al., 2010; Malecki et al., 2010; Zu and Gao, 2021; Bulcha et al., 2021; Thoidingjam et al., 2023). Of utmost importance remains bridging the gap between research and clinical application for successful clinical translation of recent advances.
The progress in cancer gene therapy has not been without challenges. Regulatory considerations for approval, viral shedding after gene therapy, and tissue-specific expression of suicide genes are among the critical aspects that necessitate thorough evaluation and understanding (Liu et al., 2006; Kawahira et al., 2010; Husain et al., 2015). Furthermore, the attitude of oncology physicians and nurses toward the acceptance of new drugs for gene therapy and the need for clinical trial optimization and pharmacogenomics underscore the importance of addressing not only the scientific and technical aspects but also the social and ethical dimensions of cancer gene therapy (Curiel et al., 2000; Liu et al., 2011; Baianu, 2012; Ginn et al., 2018; Kassi and Stoner, 2019).
CYP enzymes are the main enzymes responsible for drug metabolism. Therefore, a thorough understanding of each isoform’s interaction with different substrates and their accessibility to the catalytic center is important for their pharmacological application. Genetic engineering of CYP enzymes has employed a multidisciplinary strategy, combining molecular biology, protein engineering, and pharmacology, to address challenges in optimizing CYP enzymes for cancer therapy, specifically GDEPT. Key strategies involve enhancing enzyme expression, stability, catalytic activity, regioselectivity, and tumor-specific delivery. Techniques such as rational design, directed evolution, and phylogenetic methods contribute to developing tailored CYP enzymes that selectively activate prodrugs within tumor cells. Promising preclinical and clinical trials highlight the potential of engineered CYP enzymes in targeted cancer treatment despite ongoing challenges related to gene delivery, efficient expression, and minimizing off-target effects. However, it remains essential to refine GDEPT’s application further and ensure its safety and efficacy in clinical use.
In conclusion, the future of cancer gene therapy via cytochrome P450 enzyme engineering is marked by innovative approaches to enhance treatment specificity and efficiency. Advancements such as enzyme-prodrug systems, improved delivery vectors, the application of synthetic biology, and the integration with other therapies are steering the field towards more targeted and less toxic cancer treatments. The evolution of these technologies, coupled with the synergistic use of artificial intelligence and machine learning, is not only improving the design and delivery of these therapies but also paving the way for precision medicine in oncology. By leveraging these cutting-edge techniques, researchers are moving closer to developing therapies that can effectively target cancer cells while minimizing harm to healthy tissues, ultimately aiming to transform cancer treatment into a more effective, patient-centric approach.
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