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Cancer continues to present a substantial global health challenge, with its incidence and mortality rates persistently reflecting its significant impact. The emergence of precision oncology has provided a breakthrough in targeting oncogenic drivers previously deemed “undruggable” by conventional therapeutics and by limiting off-target cytotoxicity. Two groundbreaking technologies that have revolutionized the field of precision oncology are primarily CRISPR-Cas9 gene editing and more recently PROTAC (PROteolysis TArgeting Chimeras) targeted protein degradation technology. CRISPR-Cas9, in particular, has gained widespread recognition and acclaim due to its remarkable ability to modify DNA sequences precisely. Rather than editing the genetic code, PROTACs harness the ubiquitin proteasome degradation machinery to degrade proteins of interest selectively. Even though CRISPR-Cas9 and PROTAC technologies operate on different principles, they share a common goal of advancing precision oncology whereby both approaches have demonstrated remarkable potential in preclinical and promising data in clinical trials. CRISPR-Cas9 has demonstrated its clinical potential in this field due to its ability to modify genes directly and indirectly in a precise, efficient, reversible, adaptable, and tissue-specific manner, and its potential as a diagnostic tool. On the other hand, the ability to administer in low doses orally, broad targeting, tissue specificity, and controllability have reinforced the clinical potential of PROTAC. Thus, in the field of precision oncology, gene editing using CRISPR technology has revolutionized targeted interventions, while the emergence of PROTACs has further expanded the therapeutic landscape by enabling selective protein degradation. Rather than viewing them as mutually exclusive or competing methods in the field of precision oncology, their use is context-dependent (i.e., based on the molecular mechanisms of the disease) and they potentially could be used synergistically complementing the strengths of CRISPR and vice versa. Herein, we review the current status of CRISPR and PROTAC designs and their implications in the field of precision oncology in terms of clinical potential, clinical trial data, limitations, and compare their implications in precision clinical oncology.
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INTRODUCTION
With a projected 2,001,140 new cancer cases and 611,720 cancer deaths in the U.S. (Siegel et al., 2024), cancer treatment and in particular precision oncology is crucial for improving treatment outcomes and reducing mortality rates. Treatment resistant cancers, specifically multidrug resistant cancers, are a significant concern contributing to 90% of mortality in cancer patients (Bukowski et al., 2020). Another concern is that nearly 85% of the human proteome remains undruggable to conventional therapy particularly the RAS family among others (Pathmanathan et al., 2022). This reemphasizes the role of precision oncology. The emergence of precision oncology has thus a potential in providing a breakthrough in targeting oncogenic drivers and their mutations previously deemed “undruggable” by conventional therapeutics, by limiting off-target cytotoxicity, and by overcoming resistance to conventional therapy (Schwartzberg et al., 2017; Rulten et al., 2023).
In this review, we discuss the current state of CRISPR and PROTAC designs, focusing on their clinical potential, data from clinical trials, limitations, and their implications in the field of precision oncology. This review will first cover the mechanisms of action of CRISPR and PROTAC, what characteristics of each make them advantageous in the field of precision oncology, their current ongoing clinical trials, their limitations, how does each compare side by side or rather how both can be implemented in a complementary sense, and lastly the future of both technologies and constraints facing them will be discussed.
CRISPR MECHANISM AND FUNDAMENTAL ELEMENTS
CRISPR/Cas 9 discovery history
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated (Cas) proteins is an elaborate system that was first discovered to be involved in providing prokaryotes with immunity against various invading nucleic acid components that usually originate from viruses (Barrangou et al., 2007). These CRISPR sequences can contain integrated viral-derived genomic elements which are transcribed into mRNA and cleaved by a complex of Cas proteins to generate CRISPR RNA (crRNA) (Brouns et al., 2008; Jinek et al., 2012; Nishimasu et al., 2014).
In the context of bacteria antiviral defense, this system enables the Cas protein complex to target viral DNA and prevent the proliferation through using crRNA as a guide (Brouns et al., 2008; Jore et al., 2012). This has insofar been discussed in a non-human context; the major breakthrough regarding CRISPR/Cas systems came when this type of system was modified to specifically and accurately target genes within cells (Jinek et al., 2012). This held implications that have proved to be important in the clinical field as will be discussed later in this review, after going over the mechanism of such a system beforehand.
CRISPR/Cas systems come in three major types (I-III) where Type I and III are similar and function as following: pre-crRNAs are processed by specialized Cas complexes to become mature crRNAs which assemble with a large complex of Cas proteins and gives the Cas multiprotein complex the capability of recognizing and cleaving DNA sequences complementary to the crRNA (Jinek et al., 2012).
In Type II CRISPR/Cas systems, however, trans-activating crRNA (tracrRNA) complementary to the repeat sequences of pre-crRNA activates the cleavage of pre-crRNA into mature crRNA through the use of the double-stranded RNA-specific ribonuclease RNase III (Deltcheva et al., 2011; Jinek et al., 2012). This happens in the presence of Cas proteins as well, specifically Cas9 protein, that then forms a complex and allows the silencing of foreign DNA, also complementary to the crRNA as in Type I and Type III systems (Jinek et al., 2012). This review will particularly address the use of Type II CRISPR/Cas9 systems in genome editing starting with the precise details behind its functioning.
Components of CRISPR/Cas systems
The major components of Type II systems are the Cas9 protein family, the crRNA, tracrRNA, the crRNA complementary region of DNA, the target photospacer DNA, and the photospacer adjacent motif (PAM) (Chylinski et al., 2014). Each of the following and their role will be discussed. Cas9 proteins were shown to play a role in cleaving pre-crRNA and causing its maturation into crRNA but the presence of only Cas9 and crRNA was not enough to cause DNA double stranded breaks. These occurred after the addition of tracrRNA that could bind to the repeat sequences in crRNA, given that magnesium was present and that the crRNA had a related DNA binding complementary sequence (Jinek et al., 2012). Moreover, tracrRNA, as mentioned before, was also shown to play a role in the maturation of crRNA by RNase III, adding to its role in crRNA-guided DNA cleavage by Cas9 (Deltcheva et al., 2011). The DNA strand in plasmids is cleaved 3 base pairs upstream of the PAM sequence which is similar to cleavage in dsDNA where the strand complementary to the crRNA was cleaved 3 base pairs upstream of the PAM and the non-complementary strand cleaved 3–8 base pairs upstream of the PAM. After experimentation, it was detected that Cas9 contained 2 separate domains homologous to both HNH and RuvC endonucleases, where the RuvC-like domain cleaved the non-complementary strand and the HNH-like domain cleaved the complementary strand (Jinek et al., 2014). This mechanism is further simplified in Figure 1.
[image: Figure 1]FIGURE 1 | Mechanisms of CRISPR/Cas 9 systems in bacterial defense and its adaptation to be used for human genetic engineering. In bacteria, the combination of CRISPR RNA (crRNA), trans-activating CRISPR RNA (tracrRNA), and the Cas9 protein, along with the target viral RNA produces double-stranded breaks in the viral DNA aiding in bacterial defense. In genetic engineering, the combination of a chimeric single guide RNA and the Cas9 protein, along with the target genomic DNA produces double-strand breaks in the DNA which can be manipulated to either produce genetic knockouts or knock-ins.
As mentioned earlier, DNA cleavage is accomplished only after a Cas9-tracrRNA:crRNA complex form is formed. Additionally, certain base pairs in both the tracrRNA and crRNA were identified to be important in this process. Firstly, a sequence near the 5′ end of the mature tracrRNA base pairs with the 3′-terminal 22-nucleotides of the crRNA. Thus, the 20 nucleotides on the 5′ end of the crRNA are needed for DNA binding and cleavage is disrupted when only 10 such 5′ nucleotides were missing (Jinek et al., 2012). On the other hand, cleavage was present when 10 of 3′ nucleotides were missing from the crRNA as well as when the 23–48 nucleotides were absent from the tracrRNA indicating that they do not play as much of a vital role as the aforementioned sequences. Furthermore, mutating nucleotides near the PAM region resulted in a greatly decreased cleaving efficiency. In bacterial Type II systems, the PAM consisted of an NGG consensus sequence, with 2 G:C base pairs that occur within the target DNA downstream of the crRNA binding sequence. Mutations in the non-complementary DNA strand in the PAM sequence resulted in the greatest decrease in efficiency of cleavage of dsDNA, seemingly not having the same effect for ssDNA, as well as decreased affinity of the Cas9-tracrRNA:crRNA complex to the target DNA. Thus, PAM may be responsible for allowing license duplex unwinding, strand invasion, and the formation of an R-loop structure during this process (Deltcheva et al., 2011; Jinek et al., 2012).
CRISPR/Cas systems in human genome editing
Lastly, the major discovery which won the Nobel prize is the implication of the Type II system in genome editing. This has been done through programming Cas9 to target specific DNA sequences through the use of chimeric RNA. This chimeric RNA consists of a DNA recognition sequence at the 5′ end, similar to the DNA binding domain of crRNA, and is followed by a hairpin structure that is similar to the base pairing region between the tracrRNA and the crRNA. This approach imitates the dual-RNA structure required to guide site-specific DNA cleavage by Cas9 and is more efficient with longer chimeric RNA. As such, by designing this chimeric RNA, it is possible to specifically target and cleave certain sequences of DNA (Jinek et al., 2013; Jinek et al., 2014). This mechanism is more simply outlined in Figure 1. Thereby, through this modality, accurate, targeted, and permanent genome editing became a possibility and the implications have been immense, and the timeline of CRISPR technology evolution, including the hallmarks of CRISPR discovery, until where it is today are depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Timeline of CRISPR development. Adopted from Rasul et al., 2022.
CRISPR CLINICAL POTENTIAL
Several studies have explored the use of CRISPR/Cas9 to target driver mutations in various cancers, including KRAS in lung cancer and TP53 in breast cancer. These studies have shown promising results in reducing tumor growth and improving survival in animal models. CRISPR is also capable of targeting oncogenes and tumor suppressor genes and has been used to do so in pre-clinical studies.Examples include targeting MYC in lymphoma and BRCA1 in ovarian cancer. These studies have shown the potential for CRISPR/Cas9 to modulate gene expression and alter the cancer cell phenotype. This modality has also been used to develop novel cancer therapies as researchers are exploring the use of CRISPR/Cas9 to develop chimeric antigen receptor T cells and oncolytic viruses. These therapies are designed to target and destroy cancer cells with high specificity and efficacy (Zhan et al., 2019). The flexibility of this modality is also of clinical advantage allowing for the use of myriads of CRISPR/Cas systems as well as various delivery methods to enhance target specificity. Lastly, CRISPR can also be used as a diagnostic tool and for the development of research models and more. The clinical advantages and potential of CRSIPR are clearly highlighted and simplified in Figure 3, and will be delved into individually in the following sections.
[image: Figure 3]FIGURE 3 | The clinical advantages of CRISPR come from its direct gene editing capabilities, allowing it to produce knockouts and knock-ins of desired genes, and its indirect gene editing capabilities, allowing it to target cancer-causing viral genes and more importantly permitting the production of CAR T cells. Also, CRISPR’s clinical potential stems from its accuracy, efficiency, and flexibility as well as the possibility of using CRISPR as a diagnostic tool and in research, and finally, the various delivery methods available to enhance target specificity.
Direct gene editing capabilities: oncogene knockouts, tumor suppressor gene knockins, and more
The gene editing capabilities that CRISPR systems possess have equipped it with a promising therapeutic potential that has been explored throughout the years since its introduction. This includes direct editing of cancer cells, or indirect editing which will be discussed in the next section. Direct gene editing ranges from gene therapy and editing of cancer cells through various methods, dual targeting of many genes, and targeting cancer stem cells. The most prominent potential therapy is that involving directly editing genes in cancer cells. Results in many studies show that gene editing through knockout (KO) of over activated genes or epigenetically related genes using CRISPR technology reduces cancer cell proliferation. For instance, findings by Feng et al. (2016). demonstrate that specific knockout of SHCBP protein expression through CRISPR resulted in decreased cell proliferation of breast cancer cells in MDA-MB-231 and MCF-7 cancer cell lines in vivo . Moreover, these cells were found to have higher levels of apoptosis. Other studies showed that, through eliminating MCL-1, an anti-apoptosis protein, from Burkitt lymphoma cell lines, there was a notable decrease in cell proliferation and tumor growth was halted (Kelly et al., 2014; Aubrey et al., 2015). Additionally, using CRISPR to target HER2 genes in breast cancer cells with overexpression of this oncogene has proven to be a successful method to impede their growth, and this effect seemed to be mediated through a dominant negative mutation (Wang and Sun, 2017). Further examples of such successful experiments include the CRISPR mediated silencing of CDK1 gene in osteosarcomas which was associated with decreased tumor growth and reduced metastatic potential (Feng et al., 2015). The same was also seen when KLHDC4 was the target of CRISPR in nasopharyngeal carcinoma cells both in vitro and in vivo (Lian et al., 2016). These results show the significance that CRISPR can play in cancer therapy to knockout proteins and lead to the inhibition of tumor growth and metastasis.
Another prominent therapeutic potential is using CRISPR to reactivate tumor suppressor genes (TSGs) or epigenetic related genes in cancer cells to halt tumor progression, and this was demonstrated in many studies. In a study on bladder urothelial carcinoma cells, TSGs such as p21, E-cadherin, and hBax were activated using CRISPR-Cas9 editing methods and this facilitated the inhibition of bladder cancer cell proliferation and migration (Liu et al., 2014). Furthermore, in vivo and in vitro studies showed reduced chronic myeloid leukemia progression upon the use of CRISPR to restore the function of tumor suppressor ASXL1 (Valletta et al., 2015). Another study showed that PTEN expression, which is lost in many cancers, can be restored through the activity of a CRISPR system in melanoma and breast cancer cell lines, and hence help reduce migration and colony forming abilities in vitro, implying that the use of CRISPR may be beneficial to help battle against highly aggressive cancers (Moses et al., 2019).
Next, CRISPR systems can be used as a method of dual and multiplex targeting of several genes, and this is seen where it was shown that a single CRSIPR array was used to silence a pair of genes, EMX1-and PVALB, which could prove to be beneficial if multiple genes were overexpressed in a certain type of cancer (Cong et al., 2013). This was also shown to be possible when mice carrying multiple mutated genes were generated using CRISPR technology (Wang et al., 2013). This could prove to be beneficial in generating universal CAR T cells to be used in immunotherapy against several types of cancers (Ren et al., 2017).
Finally, other than genes, some RNA products, such as miRNA, can be targeted using CRISPR allowing for decreased tumorogenesis and invasiveness. Cas9 nickase was used with specific MIR146B gene guide RNAs in order to decrease miR-146b-5p production, which resulted in decreased cell viability, migration, and tumor development in an aggressive anaplastic thyroid cancer (ATC) cell line (Santa-Inez et al., 2021).
Indirect gene editing capabilities: virus oncogene modification and immunotherapy potential
CRISPR can be used in to improve the therapeutic potential in an indirect method by either allowing for the presence of a defense mechanism against virus induced cancers or by improving other kinds of therapy, such as immunotherapy, and paving the path for combination therapy to succeed. CRISPR systems were shown to be effective in defense against cancer causing infections or viruses in various studies that show the potential of such therapies. CRISPR systems were used to silence human papilloma viral oncogenes E6 and E7 in in vitro and in vivo experiments, and an upregulation of p53 and p21 tumor suppressor proteins was detected as a result of this, causing diminished growth of various HPV-related tumors such as cervical carcinoma tumors and anal cancer (Kennedy et al., 2014; Zhen et al., 2014; Hsu et al., 2018). Similar studies were conducted that showed the ability of CRISPR systems to decrease the viral load in latent infections or others such as with Epstein-Barr virus (Wang and Quake, 2014; Yuen et al., 2015; Huo and Hu, 2019), Hepatitis B virus (Dong et al., 2015), and other Herpes viruses as well (Liang et al., 2020). This could thus play a future role in helping fight against cancers caused by these viral infections such as Burkitt’s lymphoma, hepatocellular carcinoma, and Kaposi’s sarcoma, respectively.
Perhaps the most important use of CRISPR so far with regards to cancer clinical potential comes in the form of using this technology to enhance the ability of immune cells to target cancer cells or what is better known as immunotherapy. In fact, disclosed preclinical data show the success of CRISPR in disrupting programmed cell death protein 1 (PD-1) among others, in order to establish PD-1 disrupted cytotoxic T lymphocytes (CTLs) that are more capable of targeting the EBV-LMP2A antigen as well as displaying higher cytotoxicity to the EBV-positive gastric cancer cells, thus paving a path to help impede tumor growth (Su et al., 2016). This therapeutic modality has advanced to clinical trials where phase I has been concluded and will be discussed later (Lu et al., 2020). Moreover, several other checkpoint genes have also become the target of CRISPR in an effort to generate populations of immune cells to target several types of cancer; these include CTLA-4, LAG-3, and TIM-3, and are also currently in the clinical trial phase (Dimitri et al., 2022). Another promising therapeutic method involving CRISPR is that related to its use in generating Chimeric Antigen Receptor (CAR) T cells that are capable of distinguishing between cancer cells and normal cells and targeting the former exclusively, which is not the case in chemotherapy or radiotherapy (Maude et al., 2014; Dimitri et al., 2022). For instance, CRISPR can be used to generate DGK knockout immune cells resulting in increased CD3 signaling which increases the effectiveness of T cells in vitro and in vivo against glioblastoma tumors through increased T-cell receptor signaling (Jung et al., 2018). Another example includes the use of T-cells to exclusively target cancer cells expressing CD45 in hematologic malignancies without targeting their normal counterparts through the use of CRISPR to edit specific epitomes on the normal hematopoietic stem cells, thus allowing them to evade targeting by the CAR T-cells (Wellhausen et al., 2023).
In addition, CAR T cells may be generated through CRISPR knock-ins, where even CAR expression may be generated in immune cells by guiding an anti-CD19 CAR to the T-cell receptor α constant (TRAC) locus, which increases the antitumor efficiency of these cells (Eyquem et al., 2017). Lastly, as discussed earlier, multiplex genome engineering using CRISPR may be used to generate “off-the-shelf” universal CAR T cells for the use of cancer therapy (Liu et al., 2017; Ren et al., 2017). The methods of achieving such edits in cells are various and all have the potential to be successful in the scope of clinical trials, and various trials against different types of cancer using CAR T cells have actually begun and will also be touched upon later.
CRISPR-Cas9 systems also have the potential to be important in the context of combination therapy. This was applied in one of the earlier studies, as PD-1-disrupted CTLs achieved an impressive antitumor effect in a xenograft mouse model of EBV-associated gastric carcinoma when combined with low-dose radiotherapy (Su et al., 2016). Another example includes using CRISPR–Cas9 in combination with anthracycline therapy in order to silence HuR, a protein that plays a role in promoting tumor progression and survival, and thus allow for the efficient targeting of head and neck cancers by anthracycline (Wang et al., 2021). The potential for the use of CRISPR in combination therapies is still in its infancies but will continue to develop and will likely play a critical role in the future.
Accuracy, efficiency, flexibility, and reversibility
The synthesis of CRISPR single guide RNA is relatively easy and can be made such that it targets a very wide and inclusive set of genes and hence proteins, including even proteins that were previously deemed to be “undruggable”. This was the case when KRAS protein of pancreatic cancer was the target of a novel CRISPR-Cas13a system that was successful in mRNA expression knockdown resulting in its potential of being a useful therapeutic tool (Xiao et al., 2018). Moreover, CRISPR has a higher targeting efficiency as compared to other gene editing methods such as ZFNs and TALENs, and can be used to permanently silence genes (Yi and Li, 2016). This can even be done with specificity to cancer cells by having it in control of specific promoters present on these cells as was done in the previously mentioned study targeting bladder cancer cells (Liu et al., 2014).
The flexibility of CRISPR with regards to the myriads of sgRNAs and the presence of multiple different CRISPR-Cas systems available for use also adds to its potential to be of beneficial use in the clinic (Ilahibaks et al., 2023). Interestingly, this has been demonstrated in studies conducted on CRISPR which show the capability of designing reversible CRISPR systems, such as a CRISPR interference system (CRISPRi) that contains a doxycycline-inducible deactivated Cas9 which can be activated for the specific targeting of a single allele in induced pluripotent stem cells (iPSCs) (Mandegar et al., 2016). To add, due to the boom of recent research on CRISPR, even better and more accurate systems are being developed. One example is the development of a CRISPR-Cas system that used the Cas12j-8 as a nuclease and, being highly sensitive and specific, was capable of detecting single nucleotide mismatches in the PAM region, enabling its ability for allele-specific disruption for alleles having only SNPs (Wang et al., 2023a).
CRISPR as a diagnostic tool and in therapeutic applications
CRISPR systems can be used to improve upon therapies provided by either being useful in identifying target genes of cancer drugs or cancer drug resistant genes; the latter could then be targeted by CRISPR to hinder the resistance of these cancers. A study conducted on HeLa cancer cell lines was successful in identifying kinesin-5 as a target of ispinesib, and its mutation could lead to resistant cancer cells (Kasap et al., 2014). Additionally, CRISPR was used to identify that a deficiency in IFNγ signaling was shown to play a prominent role in cancer resistance to CD3-bispecific antibody therapy (Liu et al., 2021a). Another similar study showed, using CRISPR, and confirmed that EGFR confers resistance to BRAF inhibitor PLX-4720 through PI3K-AKT (Konermann et al., 2015). Being able to uncover these cancer drug resistant genes is of great importance to be able then to identify more suitable methods to treat cancers. Then these very genes may be targeted by CRISPR to allow the drugs to play the role they were meant to play, as is the case when CRISPR was used to knockout EGFR in drug resistant lung cancer cells (Tang and Shrager, 2016). This tumor can then be treated with conventional therapy which reiterates an earlier point regarding the use of CRISPR in combination therapy (Tang and Shrager, 2016). This was also proven to be successful when CRISPR was used to silence CD44 in osteosarcoma cells, which not only limited metastasis and invasion activities of the cells, but also resulted in increased sensitivity of the cancer cells to doxorubicin, hence further showing the potential of CRISPR in clinical oncology (Xiao et al., 2018).
Within the context of using CRISPR to detect certain genes, CRISPR can be used as a diagnostic tool for the detection of cancer. CRISPR-mediated, ultrasensitive detection of target DNA (CUT)-PCR is a novel method that was developed by Lee, S.H. et al. for the accurate detection of circulating tumor DNA (ctDNA) which acts as a specific tumor biomarker. This method allows the enrichment of small amounts of ctDNA as well as their proper and sensitive detection while also eliminating wild-type sequences, thus allowing CUT-PCR to become a useful tool for the early detection of cancer (Lee et al., 2017). Various CRISPR systems have been used for the detection of several cancer biomarkers including ctDNA, viral DNA such as HPV, microRNA (miRNA), proteins, and even extracellular vesicles, all of which show the importance of the use of CRISPR as a diagnostic tool in cancer (Gong et al., 2021). CRISPR has also been used to develop models that can be used for future applications such as drug testing and pre-clinical studies. This was demonstrated where CRISPR with homology directed repair was utilized with mice models in order to generate tumors with little inter-tumor variation, thus allowing for increased consistency between tumors, decreasing confounding factors for future research applications (Bu et al., 2023).
Delivery methods and target specificity
Another reason that underscores the clinical potential of CRISPR is the variety of delivery methods available to allow it to reach its destined target, as well as the target specificity capabilities. Non-invasive methods of delivery have been developed to deliver CRISPR across even the most difficult barriers, such as using magnetically guided CRISPR-Cas9/gRNA to deliver across the blood brain barrier and eliminate a latent HIV infection (Kaushik et al., 2019). To add, Liposome-Templated Hydrogel Nanoparticles (LHNPs) provide also a novel technique to enhance the delivery of CRISPR/Cas systems to the target tumors. It involves delivering the Cas protein with a modified form of the sgRNA, in the form of minicircular RNA, with high efficiency to tumors, where the study focused on their ability to inhibit the growth of brain tumors (Chen et al., 2017). Other approaches include the delivery of plasmids encoding Cas/sgRNA DNA using polyethylene glycol phospholipid-modified cationic lipid nanoparticles (PLNPs) for the efficient and safe targeting of tumors in vitro and in vivo. Lastly, naturally formed exosomes could be used as a delivery method for CRISPR/Cas9 systems, as Kim et al., 2017 showed that such methods were able to induce apoptosis in ovarian cancer cells through the suppressed expression of poly (ADP-ribose) polymerase-1 (PARP-1). Notably, this method paved the way for the use of combination therapy as the CRISPR/Cas9 mediated suppression of PARP-1 increased the sensitivity of these cells to the drug cisplatin. These studies show the versatility of the delivery methods of CRISPR and the possibility to design a wide variety of delivery cassettes depending on the type of cancer and the overall context.
CRISPR CLINICAL DATA AND DISCLOSED CLINICAL TRIALS
As of June 2024, a plethora of clinical trials are either taking place or have been completed regarding the use of CRISPR to treat solid and hematological malignancies and their results are being subsequently shared and disclosed at ClinicalTrials.gov- CRISPR/Cas9 cancer clinical trials web portal. Several phase I/II clinical trials are ongoing to evaluate the safety and efficacy of CRISPR/Cas9-based therapies in various cancers. 21 clinical trials are either taking place or have been completed with results regarding the use of CRISPR to treat solid and hematological malignancies. These trials can be seen in Table 1, which includes the current clinical trials being conducted, and the malignancies they are targeting can be seen in Figure 4. Among these trials, the most prominent trials will be discussed in this section.
TABLE 1 | Ongoing CRISPR clinical trials for the treatments of various cancers; R/R: relapsed or refractory.
[image: Table 1][image: Figure 4]FIGURE 4 | Location of the malignancies targeted by CRISPR in ongoing clinical trials.
PD-1 knockout engineered T Cells for metastatic non-small cell lung cancer
This trial is known for being the first clinical trial to take place on human cancer patients while using CRISPR, hence the first time CRISPR was used in clinical oncology. The clinical trial was first launched in 2016, after successful preclinical trials had been reported (Su et al., 2016), and was completed in 2020 (Lu et al., 2020). As previously mentioned, CRISPR was shown to be able to silence the programmed cell death-1 gene in T-cells, thus generating CTL that are more capable of proliferating and targeting antigens present on cancer cells (Su et al., 2016). Therefore, Lu et al., 2020 conducted clinical trials to try and obtain similar results in human patients, where phase I (NCT02793856) of this trial, which was the first-in-human trial, consisted of the re-infusion of CRISPR–Cas9 PD-1-edited T cells in patients with advanced non-small-cell lung cancer, and then obtaining the results. The primary endpoints and reasons of performing these trials was to test the safety and feasibility of using CRISPR edited T-cells to target non-small-cell lung cancer.
The principal investigators enrolled patients with NSCLC who had failed several kinds of therapy in order to perform a dose-escalating phase I clinical trial. By the conclusion of the study, 12 patients had had their T-cells expanded and gene-edited ex-vivo through the co-transfection of CRISPR-Cas9 cassettes using electroporation into the patient derived T-cells along with the sgRNAs that targeted the second exon of the PD-1 gene. These T-cells were then re-infused into patients with a median number of 1.33 × 109 cells per patient (Lu et al., 2020).
Through flow cytometry assays, the PD-1 gene was shown to have a decreased expression in these cells. Moreover, using next-generation sequencing (NGS) with circulating single-molecule amplification and resequencing technology (cSMART), the off-target sites of the CRISPR-Cas9 system were analyzed and it was shown that the median mutation frequency of all off-target sites was 0.05%, which was much lower than the 1.69% median of the on-target site mutation frequency, as in that of PD-1. To add, the majority of these sites turned out to be intergenic of intronic regions. Whole genome sequencing was also performed to confirm the accuracy of NGS (Lu et al., 2020).
When it came to safety, it was shown that all 12 patients had no dose-limiting toxicities (DLTs) and there was no evidence of cytokine release syndrome in any of the patients, but 11 of the 12 patients did show some common grade 1/2 treatment-related adverse events (AEs) such as fatigue, fever, hypertension, and others. There were no grade 3 AEs. The median progression-free survival (PFS) was 7.7 weeks and the median overall survival (OS) was 42.6 weeks and despite 11 of the 12 patients dying due to tumor progression, no treatment-related death occurred in the study (Lu et al., 2020).
The PIs also used NGS for in-vivo tracking of the edited T-cells and, in 11 of the 12 patients, the edited PD-1 gene was present in Peripheral Blood Mononuclear Cells (PBMCs) which acted as a surrogate for gene-edited T cells after infusion. In PBMCs, a highly diversified level of TCRs indicates better response to immune checkpoint inhibitor (ICI) treatment, and one patient was shown to have consistently increasing TCR levels after infusion. This number was shown to be increasing from a median of 6.54 at week 8–8.33 at week 68 after cell therapy, with 8.11 being the median number in healthy donors and 5.11 being the median number in the patients at baseline. This is significant as the TCR diversity in a patient with re-infused CRISPR edited T-cells was similar to that of healthy donors. Unique TCR clones, or clones that were undetectable in patients at baseline and detectable after infusion, were detected in all patients at week 8 after infusion and even lasted up to week 76 in one patient (patient B-01) (Lu et al., 2020).
Patient B-01 had stable disease lasting for 76 weeks, and biopsies at week 54 post-treatment showed that there was minimal residual tumor, and increased infiltration of T cells and CD68+ macrophages in comparison to the baseline. Whereas at tumor progression, this was not shown to be the case. With the completion of the trial, the authors were able to conclude that off-target have a low incidence, and those that occurred were unlikely to cause frameshift mutations (Lu et al., 2020).
Additionally, they found that edited T-cells persisted in some patients and TCR clones were detected as well providing hope for the future and they postulated that the edited T cells were capable of recognizing tumor neo-antigens, but will need a larger sample size to confirm this result. Lastly, the importance of this first-in-human trial was the conclusion that none of the 12 patients had treatment-related severe AEs, and that the use of CRISPR-Cas9 edited T-cells is clinically feasible as well as safe for the patients. Despite this, the final comments of the authors stated the need for more powerful gene-editing techniques, which may perhaps be developed by finding ways to improve upon the efficiency of CRISPR-Cas systems, such as the delivery methods, on-target precision, and more (Lu et al., 2020).
Using MUC1-targeted CAR-T cells with PD-1-knockout in the treatment of patients with advanced esophageal cancer
Another clinical trial that has yielded results is that conducted by Chen and Ling (Chen and Lin, 2023), where they used genetically engineered PD-1 depleted T cells that were also equipped with MUC1 CARs. The former was done through CRISPR while the latter was done through the use of SM3 scFv in patient-derived T-cells (Chen and Lin, 2023). These enhance MUC1-CAR-T cells were shown to have significant tumor killing and proliferative capabilities (Zhang H. et al., 2020). Additionally, in vivo animal experiments also showed that these CAR-T cells had noteworthy antitumor abilities in esophageal cancer tumors (Zhang H. et al., 2020).
Phase I/II of this trial (NCT03706326), was conducted through the recruitment of patients with advanced stage esophageal cancer, where these CAR-T cells were prepared ex-vivo and reinfused into these patients (Chen and Lin, 2023). The primary aim of this study was to examine the safety and efficacy of using PD-1 knockout engineered T cell only, anti-MUC1 CAR T cells only, or their combination product of anti-MUC1 CAR T with PD-1 knockout engineered T cells, in these patients (Chen and Lin, 2023).
In order to confirm that cells were correctly modified, sequencing and flow cytometry were conducted (Chen and Lin, 2023). Moreover, patients were regularly measured for levels of lymphocytes, IL-6, hs-CRP, PCT, CYFRA21, NSE(E), SCC, and most importantly, circulating CAR-T cells. The study utilized CTCAE v4.0 in order to measure the safety and tolerability to doses of this biological drug (Chen and Lin, 2023).
In total, 9 patients were recruited for the study where they had varying stages of esophageal cancer/esophageal squamous cell carcinoma (Chen and Lin, 2023). Four of these patients received only one cycle of therapy whereas the other 5 received more, from 2 cycles up to 10 cycles of therapy (Chen and Lin, 2023). The adverse effects that were observed were minimal, including fever, chills, and skin rash; most importantly, no cytokine release syndrome was observed, and no grade 3–5 AEs were observed either (Chen and Lin, 2023). This allowed the authors to conclude that using this modality as a treatment method was safe.
As for efficacy, the study showed promising results as most patients reported symptom alleviation and a better overall survival was seen in these patients, with 2 of them crossing the 24 months period (Chen and Lin, 2023). Nevertheless, CAR-T cell levels were shown to decrease months after infusion, meaning that patients that had undergone multiple infusions had a better prognosis compared to those that underwent only 1 cycle (Chen and Lin, 2023). Overall, this is yet another clinical study that has shown promise for the future of precision oncology using CRISPR and the beneficial role it can play in prolonging survival without causing severe damage during therapy.
Limitations of CRISPR technology
While clinical trials are ongoing, there are still challenges and limitations associated with CRISPR/Cas9 therapy. These include potential off-target effects, delivery issues, and the need for further optimization of the technology. As is the case with all new innovations and novel biotechnologies, CRISPR-Cas systems have limitations and difficulties with their use, especially in the context of the clinic and use on human patients. One of the most prominent problems that arises when using CRISPR is the off-target effects that it may have, where the target of the nucleases is no longer exclusive to the sequence complementary to the sgRNAs, leading to DNA breaks in untargeted regions (Fu et al., 2013; Hsu et al., 2013). This occurs as a certain number of mismatches between the sgRNA and the DNA is tolerated as well as the presence of non-canonical base pairing, allowing the possibility of off-target binding and degradation (Pacesa et al., 2022). Similar results were even seen in the aforementioned clinical trial where off-target effects were seen, even though they were in intergenic and intronic regions (Lu et al., 2020). Nevertheless, this obstacle can be avoided by choosing unique genome target sequences and carefully selecting the Cas proteins and sgRnas for use, and even using paired Cas9 nickases, consisting of D10A Cas9 and guide RNA, to generate two single-strand breaks on different DNA strands with high specificity in human cells and high efficiency as well (Cho et al., 2014). Other methods include developing Cas9 variants that are engineered to reduce the off-target effects normally seen and include SpCas9-HF, evoCas9, HiFiCas9, and more (Kleinstiver et al., 2016; Uddin et al., 2020).
Another limitation seen with CRISPR-Cas systems is their immunogenicity in some specific cases. As reported in numerous studies, some CRISPR-Vas systems may elicit immune responses from the host organism into which they are implanted. For example, Cas proteins from various bacteria were shown to have antibodies against them as well as elicit CD4 and CD8 cell responses (Tang et al., 2022). Additionally, Cas 9 systems specifically were shown to have less efficacy in vivo in mouse studies as a result of their immunogenicity and hence less efficient delivery to target tissues (Mehta and Merkel, 2020).
Such limitations, however, are being addressed with current research as novel ways to enhance delivery of CRISPR-Cas systems and reduce immunogenicity are being developed and advanced. One example is the novel use of lipid nanoparticles to efficiently deliver this biologic technologic therapy directly into target tissues using injections, and hence showing the potential for improvement of delivery simultaneously with decreased immunogenicity (Kenjo et al., 2021).
THE MAIN PRINCIPLE UNDERLYING PROTAC TECHNOLOGY
Targeted protein degradation (TPD) refers to the use of small molecules to alter the turnover rate of a protein of interest (POI) by shifting the POI’s equilibrium towards degradation. As a result of its ability to degrade proteins that are difficult to target or undruggable with conventional small molecule inhibitors, it has gained rising interest in both the field of research and therapeutics. Proteolysis targeting chimera (PROTAC) is a novel method for knockdown of POIs utilizing TPD through hijacking the ubiquitin-proteasome system (UPS) (Sakamoto et al., 2001). The UPS pathway involves degrading proteins by targeting them to the proteasome in a stepwise manner with the consecutive involvement of E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin-protein ligase that ultimately ubiquitinates the substrate protein allowing subsequent recognition by the cap-like regulatory proteins of 26S proteasome and hydrolysis by the 20S cylindrical core (Hershko and Ciechanover, 1998; Ciechanover et al., 2000).
PROTACs are heterobifunctional molecules composed of three elements: a POI ligand or the warhead, E3 ubiquitin ligase ligand, and an intermediate linker (Sakamoto et al., 2001; Burslem and Crews, 2020). The E3 ubiquitin ligase ligand specifically recruits and binds E3 ubiquitin ligase, the POI ligand targets the POI, and the intermediate linker joins the two moieties (Figure 5) (Sakamoto et al., 2001). The simultaneous binding of both moieties to their respective targets forms a ternary complex which leads to the polyubiquitination of the POI and consequent recognition and targeting to the proteosome where it is degraded (Sakamoto et al., 2001). In the process, the PROTAC molecule dissociates allowing it to be involved in the next degradative catalytic cycle (Sakamoto et al., 2001). PROTACs thus degrade the entire protein including both domains with enzymatic and those with non-enzymatic function. More than 600 E3 ligase genes are predicted by the human genome (George et al., 2018). Nonetheless, Cereblon (CRBN) and the von Hippel-Lindau tumor suppressor (VHL) have been predominantly used as E3 ubiquitin ligase ligand targets in PROTAC applications. Their privileged usage is due to (Siegel et al., 2024) a properly elucidated structure and binding modality (Bukowski et al., 2020), the abundance of readily available small-molecule ligands (Pathmanathan et al., 2022), the biophysically verified specific and high-affinity binding of these ligands (Rulten et al., 2023), the ability to degrade a large panel of proteins, and (Schwartzberg et al., 2017) ability to induce system effects due to relatively ubiquitous expression (Winter et al., 2015; Ishida and Ciulli, 2021; Chirnomas et al., 2023). The timeline of PROTAC technology evolution, including the hallmarks of PROTAC discovery, until where it is today are depicted in Figure 6.
[image: Figure 5]FIGURE 5 | Mechanism of Action of PROTAC. A heterobifunctional PROTAC molecule is composed of a ligand that binds to a POI connected by an intermediate linker to a ligand that binds to an E3 ubiquitin ligase. Upon simultaneous binding of E3 and POI to the PROTAC, the POI is ubiquitinated BY E2 and subsequently targeted to and degraded by the proteasome. In the process, the PROTAC and ubiquitination machinery (E2 and E3) dissociate and recycle for another round of degradation.
[image: Figure 6]FIGURE 6 | Timeline of PROTAC. Adopted from Bekes et al. (2022).
Thus, efficient protein degradation via PROTAC constructs depends on (1) basal expression level of the POI (Bukowski et al., 2020), warhead binding (Pathmanathan et al., 2022), formation of a stable ternary complex (Pathmanathan et al., 2022) presence of the appropriate E3 ligase (Rulten et al., 2023), efficient ubiquitination of the POI mediated by molecular proximity and correct spatial orientation within the ternary complex, and (Schwartzberg et al., 2017) rate of trafficking and processing by the proteasome. Nonetheless, the most predictive factor that dictates whether the POI will be degraded efficiently or not is the ability to induce a stable ternary complex as even PROTACs with low affinity to POIs were potently degraded due to the stability of the formed ternary complex (Bondeson et al., 2018). Hence, a moderate binding force is enough to ensure effective degradation of POIs given the ternary complex is stable (Bondeson et al., 2018). Currently, the subcellular localization of the POI or E3 ligase is being explored due to its effect on degradative efficacy. CRBN-recruiting PROTACs were found to degrade POIs localized to the nucleus, cytoplasm, endoplasmic reticulum, and outer mitochondial membrane while VHL was able to degrade only nuclear, cytoplasm, and endoplasmic reticulum-localized POIs (Simpson et al., 2022). Additionally, DCAF16,a nucleus-localized E3 ligase, demonstrated nuclear-restricted degradation of POIs (Zhang et al., 2019a).
CLINICAL POTENTIAL OF PROTACS
Ability to administrate in a low dose, the broad targeting profile, bioavailability which is mainly oral, specificity, and controllability will be discussed in this section and are summarized in Figure 7 and Table 2.
[image: Figure 7]FIGURE 7 | The clinical advantages of PROTAC can be divided into controllability via photoactivatable PROTACs, fluorescently monitored PROTACs, and ultrasound activatable PROTACs; the ability to achieve efficacy with low dosages; specificity via cancer-specific E3 ligases, reverse E3 ligase specificity, tumor-specific activation and degradation, antibody-drug conjugates, tumor expressed receptor ligand conjugated PROTACs, and via compartment-specific degradation; bioavailability via oral or microneedle patch delivery; and lastly broad targeting profile which is summarized in Table 3.
TABLE 2 | Examples of the broad targeting profile of PROTAC.
[image: Table 2]Low dosages
To attain therapeutic gain, the major paradigm that a majority of current therapeutics face is maximizing drug-target binding due to operating on an occupancy-driven pharmacological model. To attain high target occupancy and subsequent target inhibition, such models require the administration of high drug doses frequently resulting in off-target side effects (Adjei, 2006). In this context, PROTAC shifts the current paradigm into one operating on an event-driven pharmacological model in which rather than being inhibited, target proteins are entirely catalytically degraded positing as a highly suitable clinical therapy, especially in the cases of undruggable targets and targets resistant to conventional therapy. Thus, this makes PROTACs attractive for their use in the clinic due to the low dosages required which prevent off-target toxicities.
Broad targeting spectrum of PROTACs including undruggable proteins and resistance mutations
Bekes et al., 2022 have proposed the six tenets or molecular targets that can be considered when designing PROTAC-based therapeutics. The POI has to be overexpressed, or have one of its isoforms overexpressed, or differentially aggregate as a result of a gain of function (Bekes et al., 2022). They also include POIs considered undruggable by conventional therapeutic methods, have evolved resistance mutations to these therapies, or have scaffolding functions and hence pave the way for the use of novel strategies such as PROTAC (Bekes et al., 2022). Essentially, POIs should have a surface approachable by an E3 ligase and ideally an unstructured region to be threaded into the proteasome (Bekes et al., 2022). Based on recent evidence, the list could be extended to include splicing mutations that contribute to resistance such as p61-BRAFV600E (Sowa et al., 2022) and Androgen Receptor Splice Variant 7 (AR-V7) (Lee et al., 2021) and those that do not such as AIMP2-DX2 (Kim et al., 2022). There are examples in reported literature of targeting such clinically suitable proteins using PROTAC constructs that have shown success (Table 2).
One of the PROTAC designs that served as a proof of concept of clinical potential particularly in oncology is dBET1 composed of a phthalimide a previously demonstrated CRBN ligase binding ligand and a JQ1 warhead targeting BRD4 (Bartlett et al., 2004; Winter et al., 2015). A higher than 85% selective knockdown of BRD4 was reported using concentrations of dBET1 as low as 100 nM in human AML cell line (MV4; 11) with a near complete knockdown 2 h after administration (Winter et al., 2015). An enhanced apoptotic response was also noted in MV4; 11 AML and DHL4 lymphoma cells after BRD4 degradation by dBET1 (Winter et al., 2015). The group validated that the construct’s degradative ability was due to the hijacking of the UPS pathway. BRD4 is a chromatin regulator that has been shown to contribute to the super enhancement of the Myc oncogene in hematological malignancies (Loven et al., 2013). This combined with the fact that dBET1 administration was shown to result in c-Myc downregulation allowed the researchers to speculate that c-Myc downregulation is involved in cytotoxic effects (Winter et al., 2015). Enhanced apoptosis of AML cell lines following treatment was also noted (Winter et al., 2015). More recently, it was confirmed and further demonstrated that dBET’s cytotoxicity was indeed a result of c-MYC downregulation (Zhang K. et al., 2022). The in vitro results were also successfully translated to in vivo mice models harboring MV4; 11 tumor xenografts in the same study and good tolerability to dBET1 was also noted (Winter et al., 2015).
Disclosed preclinical results, notably ARV-110 results, have also shown promising clinical potential. ARV-110 or Bavdegalutamide is a PROTAC construct composed of IMiD-based moiety E3 ubiquitin ligase ligand binding CRBN and androgen receptor (AR) binding warhead (Neklesa et al., 2019). ARV-110 is designed to target metastatic castration-resistant prostate cancer (mCPRC) by the highly selective knockdown of AR subsequently suppressing PSA expression (Neklesa et al., 2019). An observed half maximal degradation concentration (DC50) was reported using concentrations of ARV-110 as low as ≈1 nM in vertebral cancer of the prostate (VCaP) and lymph-node carcinoma of the prostate (LNCaP) cell lines while a 10 nm concentration was able to knockdown 85% of AR receptors 8 h after administration (Neklesa et al., 2019). Additionally, ARV-110 was able to degrade abiraterone and enzalutamide resistance conferring mutations, particularly F877L, H875Y, M896V, and T878A substitutions (Neklesa et al., 2019). ARV-110 has also displayed cytotoxic effects through the resultant suppression of PSA expression, inhibiting AR-dependent cancer proliferation, and enhanced apoptosis (Neklesa et al., 2019). The in vitro results were also successfully translated to castrated and non-castrated in vivo mice models with VCaP tumor xenografts where oral ARV-110 administration resulted in a more decreased cancer proliferation compared to the conventional Enzalutamide treatment (Neklesa et al., 2019). A similar effect was seen in AR-expressing prostate cancer patient-derived xenograft model (TM00298) (Neklesa et al., 2019). Furthermore, in these mice models, a higher than 90% AR degradation was observed at a 1 mg/kg PO QD (92). Additionally, administration of 3 mg/kg and 10 mg/kg OD ARV-110 doses decreased cancer growth by 60% and 70%, respectively, relative to the vehicle alone in the enzalutamide-resistant VCaP harboring mouse model (Neklesa et al., 2019). Currently, ARV-110 has passed the preclinical stage and is undergoing phase I and phase II clinical trials (NCT03888612).
Other undruggable proteins of significance that have been implicated in cancer such as those having smooth surfaces or a disordered structure and have similarly shown potential in being targeted by PROTAC include KRASG12C (Bond et al., 2020) and c-Myc/Max (Ma et al., 2021; Li X. et al., 2023). Regarding the latter threose nucleic acid aptamer-based PROTACs were recently shown to be able to target the c-Myc/Max heterodimer using a DNA E-box ligand exploiting its intrinsic DNA binding ability with promising anticancer effects in both in vitro and in vivo triple-negative breast cancer models (Li X. et al., 2023). While no PROTAC design has yet been tested in targeting oncogenic protein aggregates such as p53 aggregates (Yang-Hartwich et al., 2014), its success in targeting protein aggregates in neurological diseases (Tomoshige et al., 2017; Yamashita et al., 2020; Wang et al., 2021) could be translated to such oncological applications.
Bioavailability of PROTACs
PROTAC designs are also advantageous as a clinical tool due to their oral bioavailability. Oral bioavailability serves as an advantage due to increased patient adherence as it is the preferred route for drug delivery in patients compared to those that require injections or inhalation (Ingersoll and Cohen, 2008). Furthermore, the ease of administration or noninvasiveness of medications prevents complications in a population that is already at risk and the oral formulation is also more cost-effective and scalable (Poonia et al., 2016).
Microneedle patch delivery of orally bioavailable PROTACs not only ensured sustained therapeutic levels of the drug but also extended the degradation of its target, Erα, for at least 4 days surpassing the 1-day degradation achieved with oral delivery (Ganeson et al., 2023). Additionally, the microneedle patch facilitated higher drug concentration in the tumor area compared to oral administration (Ganeson et al., 2023). Notably, when co-administered with Palbociclib, this delivery method resulted in a remarkable 80% reduction in tumor size (Ganeson et al., 2023). Thus, such a design could be a clinically promising alternative approach to oral administration that maintains ease of administration and patient preference with an improved efficacy and toxicity profile.
Tissue specificity of PROTACs
While the conventional use of ubiquitously expressed E3 ligases (CRBN and VHL) can result in off-target effects and toxicity, PROTACs can evade these toxicities through their ability to recruit tissue-specific ligases. This does not only confer a clinical advantage of minimizing off-target effects in non-target tissues but also improves the clinical potency of such PROTAC constructs by increasing the probability of target engagement.
Various E3 ligases with tissue-specific expression patterns have been identified. Kelch-like family member 40 (KLHL40) and KLHL41 have been extensively shown to be overexpressed in skeletal muscle (Ehrlich et al., 2020). Moreover, Tripartite motif-containing protein 9 (TRIM9) (Menon et al., 2021) and RNF182 (Liu et al., 2008) E3 ligases have been shown to be specific to the central nervous system. Other E3 ligases such as F-box protein 44 (FBXO44) have been shown to be enriched to some extent in certain tissues but without evident specificity to these tissues (Glenn et al., 2008; Kumanomidou et al., 2015). To further narrow down the specificity of PROTAC constructs, some E3 ligases have also been shown to be differentially expressed in cancerous tissue as compared to healthy tissue including BIRC2, DCAF15, and MDM2 (Shirasaki et al., 2021). Notably, E3 ligases that are enriched in cancer were shown to be essential for the tumor itself, hence, PROTAC constructs recruiting these ligases would be less susceptible to ligase-mediated resistance in tumor cells (Shirasaki et al., 2021). From another perspective, some E3 ligases can display reverse specificity where they have low expression in certain tissues rather than high expression. Similarly, this can be applied to avoid off-target effects such as DT2216 that targets BCL-xL for degradation through the recruitment of VHL with a decreased expression in platelets subsequently resulting in reduced on-target platelet toxicity (thrombocytopenia) and an enhanced therapeutic index compared to conventional BCL-xL inhibitors (Zhang et al., 2019b; Zhang X. et al., 2020; Negi and Voisin-Chiret, 2022).
There have been other novel methods that have reported success in directing PROTAC constructs to specific target tissue. Recently, a polymeric PROTAC (POLY-PROTAC) nanoplatform—POLY-PROTACs that self-assembles into micellar nanoparticles—demonstrated potent selective degradation of BRD4 in both in vitro and in vivo mice models harboring MDA-MB-231 breast cancer xenograft (Gao J. et al., 2022). This platform’s selectivity is attributed to its sequential ability to respond to extracellular MMP2 and theintracellular acidic and reductive tumor microenvironment (Gao J. et al., 2022). Furthermore, a dibenzocyclooctyne-loaded pre-targeted nanoparticle enabled enhanced intra-tumoral targeting and retention of POLY-PROTACs mediated by an in situ bio-orthogonal click reaction with the azide-modified POLY-PROTAC nanoparticles (Gao J. et al., 2022). Similarly, cRGD-P/DOX nanoparticles carrying a combination of doxorubicin and a BRD4 PROTAC degrader ARV-825 were able to cross the blood-brain barrier and selectively target gliomas via interaction with αvβ3 integrin showing both in vitro and in vivo robust anticancer effects (He et al., 2022). This combination of doxorubicin and ARV-825 revealed additional clinical potential in overcoming doxorubicin resistant cancers (He et al., 2022). An additional way to ensure tumor specificity involves the use of antibody-drug conjugates (ADCs), whereby a PROTAC molecule is crosslinked to a tumor-specific antibody. For instance, GNE-987, a PROTAC targeting BET, coupled to an anti-CLL1 antibody was able to exhibit efficacy at picomolar concentrations in mice harboring EOL-1 AML xenografts (Pillow et al., 2019). Likewise, another PROTAC targeting BRD4 coupled to an anti-EGFR antibody displayed in vivo antitumor efficacy (Dragovich et al., 2021a; Dragovich et al., 2021b). Moreover, ARV-771 PROTACs encapsulated in a redox-responsive poly (disulfide amide) (PDSA) polymer were shown to effectively degrade their target BRD4 and accumulate selectively in tumor sites in both in vitro and in vivo mice models (Liu et al., 2023). In this study, the glutathione mediated disassembly and release of ARV-771 amplified the anti-tumor efficacy via glutathione scavenging and subsequent neutralization of the microenvironment (Liu et al., 2023). More recently, an iRGD–PROTAC conjugate was developed which was composed of a BDD4 degrader bound to a cyclic internalizing RGD integrin recognition motif which upon binding to the tumor endothelial αvβ3 integrins is enzymatically cleaved into a fragment recognized by Neuropilin-1 (He S. et al., 2023). This allowed the degrader to diffuse across the vascular barrier and deep into the tumor (He S. et al., 2023). Additionally, the design was found to have significantly improved water solubility in addition to the already improved tumor targeting specificity (He S. et al., 2023). Compared to previous designs where a nanoparticle carrying PROTAC conferred tumor selectivity via ligands present on its surface, this novel design was able to penetrate tumor cells specifically via an internalizing ligand bound to the degrader itself potentially improving bioavailability and overcoming synthetic limitations.
As previously mentioned, this specificity could be further narrowed down through the use of compartment or organelle-specific ligases. In other words, through the selective recruitment of an E3 ligase specific to a particular organelle or subcellular compartment coinciding with the POI’s localization, the degradation of the POI can be restricted to that compartment, reducing off-target toxicities in other compartments of the cell. Thus, exploiting additional E3 ubiquitin ligases that are expressed specifically in certain organelles or compartments can greatly improve the use of PROTACs for clinical therapeutic purposes particularly in oncology by ensuring safety and enhanced efficacy.
Controllability of PROTACs
Several “switchable” PROTACs have been reported in the literature with potential for clinical applications due to their ability to evade off-target toxicities by conferring enhanced control. Photo-switchable PROTACs (photoPROTACs) have photo-switchable ortho-F4-azobenzene linkers that confer the ability to activate the PROTAC under 415-nm irradiation mediated by a conversion from a bistable inactive cis-photoPROTAC to a catalytically active trans-photoPROTAC (118). The PROTAC can be switched off under 530-nm irradiation reversing the reaction (Pfaff et al., 2019). In vitro studies have shown that PhotoPROTACs can degrade oncogenic proteins such as the BET family of proteins, FKBP12 (Raina et al., 2016; Pfaff et al., 2019; Reynders et al., 2020). Similar arylazopyrazole photoswitchable PROTACs (AP-PROTACs) have shown potent reversible in vitro activity in degrading either BRD2 and BRD4 (AP-PROTAC-1) or FAK, AURORA-K, TBK-1 (AP-PROTAC-2) (Zhang Q. et al., 2022).
Photocaged PROTACs introduce a photo-unstable protective caging group on the warhead or the E3 ligase ligand that upon irradiation dissociates revealing binding sites (Xue et al., 2019; Naro et al., 2020). These have shown efficacy in targeting oncogenic proteins including ERRα, BTK, and BRD4 with the latter having in vivo evidence (Xue et al., 2019; Naro et al., 2020). Other in vivo photoactivatable constructs such as Nano-PROTAC (NPRO) targeting the Src homology 2 domain-containing phosphatase 2 (SHP2) are linked via caspase 3 cleavable signal to a photosensitizer which under 660 nm photoirradiation generates O2 causing tumor apoptosis and overexpression of caspase-3 that subsequently cleaves the segment releasing the active catalytic PROTAC (Zhang C. et al., 2022). These were shown to selectively accumulate at tumor sites and block the immunosuppressive signals of CD47/SIRPα and PD-1/PD-L1 signals via SHP2 depletion (Zhang C. et al., 2022). Similarly, X-ray radiation-responsive PROTAC nanomicelles have combined controllability of BDR4 via radiosensitization and synergetic improvement of radiosensitivity thus increasing the antitumor effect (Xu et al., 2024). To overcome the challenges of DNA damage and limited tissue penetration associated with existing designs relying on short wavelength activation hindering their clinical translation, near-infrared light (NIR)-activatable PROTACs have recently emerged as a promising solution in overcoming the issue (He Q. et al., 2023).
Photo-controllability of PROTACs was demonstrated differently recently, by a near-infrared light-controlled PROTAC delivery nanodevice which allows the lysosomal exit of a PROTA BRD4 degrader via the generation of ROS upon NIR exposure which by itself contributes to an additional antitumor effect (Zhan et al., 2024).
Photoactivatable PROTACs can indeed be translated into clinical cancer therapy considering that photodynamic therapy for the treatment of various cancers is ongoing in clinical trials (van Straten et al., 2017). Other designs that allow enhanced control over PROTAC targeting are being explored such as enzyme-derived clicking PROTACs (ENCTACs) that involve an enzyme mediated hypoxia-inducible click reaction for the selective degradation of BRD4 proteins in vitro and in vivo (Do et al., 2022).
Other novel methods of controllability have shown success. For instance, dual-programmable semiconducting polymer (SP)-based nanoPROTACs can generate singlet oxygen upon ultrasound excitation, generate hydroxyl free radicals for ferroptosis by tumor microenvironment H2O2 stimulation, and release a Nicotinamide phosphoribosyl transferase PROTAC degrader which suppresses immunity evasion of tumor cells (Wang F. et al., 2024). The release of the PROTAC moiety was possible by the accumulation of ROS and cleavage of the capsule containing it (Wang F. et al., 2024). This “triple cooperative method” has shown considerable efficacy in the treatment of colorectal cancer mouse models with substantial tissue permeability (Wang F. et al., 2024).
The trackability of the degradation process is another element that can further enhance controllability. Recently, an Erα degrader was able to provide continuous real-time visualization and feedback of the degradation process via the introduction of a fluorescent group emitting at a wavelength of 582 nm with a Stokes shift of 116 nm (Wang X. et al., 2024). This could provide insights into the efficacy of the PROTAC therapy and additionally verify its localization within tumor cells (Wang X. et al., 2024).
CLINICAL STATUS AND DISCLOSED CLINICAL DATA OF PROTACS IN CANCER THERAPY
As of September 2023, 25 PROTACs have entered clinical trials, as found on clinicaltrials.gov, for treatment of various solid tumors and hematological malignancies (Table 3; Figure 8), and several others are anticipated to begin trials soon. These PROTACs target a variety of oncogenic proteins, including BRD4, androgen receptor (AR), estrogen receptor (ER), BCL-xL, BTK, and Aurora kinase. The majority of these trials are in Phase I/II, evaluating the safety, tolerability, and preliminary efficacy of these novel agents (Chirnomas et al., 2023). The androgen receptor degrader ARV-110 and the estrogen receptor degrader ARV-471 have reached the highest phase among those PROTAC constructs with disclosed data, hence will be the focus of subsequent sections.
TABLE 3 | Ongoing PROTAC clinical trials for the treatment of various cancers. mCRPC: metastatic Castration Resistant Prostate Cancer; MZL: Marginal Zone Lymphoma; FL: Follicular Lymphoma; NHL: Non-Hodgkin’s Lymphoma; WM: Waldenström’s Macroglobulinemia; CLL: Chronic Lymphocytic Lymphoma; SLL: Small Lymphocytic Lymphoma; MCL: Mantle Cell Lymphoma; DLBCL: Diffuse Large B-cell Lymphoma; NSCLC: Non-Small Cell Lung Cancer; CRC: Colorectal Cancer; R/R: relapsed or refractory; ALL: Acute Lymphocytic Lymphoma; PTCL: Peripheral T-Cell Lymphoma; CTCL: Cutaneous T-Cell Lymphoma; LGL-L; LGL-L: Large Granular Lymphocytic Leukemia; PCNSL: Primary Central Nervous System Lymphoma.
[image: Table 3][image: Figure 8]FIGURE 8 | Location of malignancies targeted via PROTACs in ongoing clinical trials. CNS: Central Nervous System; CTCL: Cutaneous T-Cell Lymphoma.
ARV-110 (androgen receptor degrader)
As previously mentioned, ARV-110 or Bavdegalutamide is an orally administered PROTAC based drug targeting the AR receptor in mCRPC patients that has entered clinical trials first among other drugs in this class and is currently undergoing phase I/II clinical trials (n = 195; NCT03888612). Phase I (n = 71) of this trial primarily aimed to define the maximum tolerated dose (MTD) for later selection of a recommended phase II dose (RP2D) (Petrylak et al., 2020; Gao X. et al., 2022). The phase I part of the trial consisted of a dose escalation approach (3 + 3 design) where doses ranging from 35 mg to 700 mg once daily or 140 mg–420 mg twice daily were administered orally to patients having mCRPC and having been pretreated with at least two therapies including abiraterone and/or enzalutamide (Petrylak et al., 2020; Gao X. et al., 2022). In terms of safety, 83% of patients experienced Treatment-Related Adverse Events (TRAEs) and no grade 4 or higher TRAEs were reported at the selected RP2D; however, nausea, fatigue, and vomiting were seen most commonly in 48%, 36%, and 26% of all patients respectively (Gao X. et al., 2022). Accordingly, 8% received reduced doses, and 9% of patients discontinued treatment (Gao X. et al., 2022). Key findings of this phase included an exposure-activity relationship observed in heavily pretreated patients emphasizing its potency in patients who have developed resistance (Petrylak et al., 2020; Gao X. et al., 2022). Furthermore, enhanced ARV-110 activity was noted in a subset of patients with AR T878X/H875Y-positive tumors, with a rate of best serum PSA declines ≥50% (PSA50) indicating a 50% reduction in PSA levels from baseline of 40% (n = 5) (Petrylak et al., 2020; Gao X. et al., 2022). In other words, the degradation of AR T878X/H875Y in positive tumors that have been previously shown to contribute to hormonal therapy resistance (Romanel et al., 2015; Lallous et al., 2016) is as effective as wild-type AR degradation, unlike novel hormonal agents. Based on safety, pharmacokinetics, and efficacy 420 mg QD was chosen as the RP2D and was later shown to have manageable side effects (Petrylak et al., 2020; Gao X. et al., 2022).
The ongoing phase II expansion study (ARDENT) divided the patients into two groups. Patients treated with 1–2 prior NHAs and at most 1 prior chemotherapy regiment each for castration-sensitive prostate cancer and CRPC were divided into biomarker-defined subgroups: AR T878X/H875Y positive subgroup, wild-type AR or other AR mutations subgroup, AR L702H or AR-V7 alterations mutations subgroup where these two mutations are not degraded by ARV-110 (Gao X. et al., 2022). Patients with co-occurring AR T878X/H875Y mutations were included in the latter subgroup (Gao X. et al., 2022). Patients treated with only 1 prior NHA and no prior chemotherapy were divided into a clinically defined, biomarker agnostic subgroup called “Less Pretreated” (Gao X. et al., 2022). In the 152 patients who were evaluated for both biomarkers and prostate-specific antigen (PSA) levels, the PSA50 rate was 17% and the PSA30 rate was 31%, indicating a 30% reduction or more in PSA levels (Gao X. et al., 2022). In the AR T878X/H875Y positive group, the PSA50 rate was 46%, and the PSA30 rate was 57% (Gao X. et al., 2022). These results suggest that ARV-110 has higher efficacy in patients with AR T878X/H875Y mutations thus this population likely represents a particularly AR-dependent, ARV-110–sensitive population (Gao X. et al., 2022). Of significance, tumor size decrease was observed regardless of whether AR T878X/H875Y mutation is present in the phase I/II population (Gao X. et al., 2022). Lastly, PSA50 was observed across all ARDENT subgroups (Gao X. et al., 2022). To illustrate, PSA50 was observed in 75% of the AR T878X/H875Y positive subgroup (n = 8), 11% of the wild-type AR or other AR mutations subgroup (n = 44), 4% of the AR L702H or AR-V7 alterations mutations subgroup (n = 25) and 22% in the Less Pretreated subgroup (n = 27) (Gao X. et al., 2022). The trial also reported that 2 out of 7 patients had confirmed partial responses per Response Evaluation Criteria in Solid Tumors (RECIST) (Gao X. et al., 2022). Correspondingly, one patient harboring AR T878X/H875Y positive had a confirmed 80% RECIST partial response and a 97% reduction in PSA response. Lastly, further clinical investigation of ARV-110 in mCRPC patients is to be performed (Gao X. et al., 2022).
Phase I/II clinical trial (NCT03888612) demonstrated safety and efficacy in men with metastatic castration-resistant prostate cancer (mCRPC). ARV-110 treatment resulted in substantial and durable reductions in prostate-specific antigen (PSA) levels, with some patients achieving complete responses. The most common adverse events were nausea, fatigue, and vomiting, which were generally manageable. Ongoing Phase II studies (NCT05654623) are evaluating ARV-110 in combination with other therapies for mCRPC.
ARV-471 (estrogen receptor degrader)
ARV-471 is an orally administered PROTAC drug targeting the estrogen receptors (ER) in ER+/HER2-locally advanced or metastatic breast cancer patients that is currently undergoing phase I/II clinical trials (NCT04072952). ARV-471 is composed of a CRBN binding E3 ligase Lenalidomide ligand and a Lasofoxifene warhead binding ER (Flanagan et al., 2019). Similarly, Phase I (n = 60) of this trial primarily aimed to define the MTD for later selection of an RP2D. Phase I consisted of a dose escalation approach (3 + 3 design with backfill) where doses ranging from 30 mg to 700 mg daily were administered orally to patients having received at least 1 prior CDK4/6 inhibitor therapy, at least 2 prior endocrine therapies, and at most 3 prior lines of chemotherapy (Hamilton E. et al., 2022). In terms of safety, no dose-limiting toxicities or grade 4 or higher TRAEs were recorded; hence, the MTD was not reached. However, 57% of patients had a grade 1 or 2 (37% had at most grade 1) TRAE with nausea, fatigue, and vomiting occurring at 27%, 20%, and 10% of patients respectively (Hamilton E. et al., 2022). Notably, nausea and fatigue were the only TRAEs reported in at least 20% of patients (Hamilton E. et al., 2022). In brief, safety trials showed that ARV-471 has a manageable well tolerated safety profile, with mostly low-grade TRAEs (Hamilton E. et al., 2022). Pharmacokinetic findings of this phase revealed that ARV-471 displayed a dose-related increase in plasma exposure up to 500 mg, with doses of 60 mg daily and above leading to a steady-state Cmax and AUC24 exceeding the exposure associated with tumor shrinkage from preclinical data (Hamilton E. et al., 2022). Furthermore, the clinical potency of ARV-471 was confirmed by remarkable ER degradation reaching 89% irrespective of ER mutation status in patient derived biopsies by immunofluorescent staining for ER (Hamilton E. et al., 2022). Promising clinical activity was noted by the 40% (95% CI 26%–56%) clinical benefit rate (CBR: rate of confirmed complete or partial response or stable disease lasting for a minimum of 24 weeks) in 47 evaluated patients (Hamilton EP. et al., 2022). Correspondingly, two confirmed partial responses were observed (Hamilton EP. et al., 2022). Of significance, was a patient harboring ESR1 D538G mutation and extensive prior therapy with a confirmed RECIST partial response at the 120 mg dosage where a 51% reduction in target lesions was observed (Hamilton E. et al., 2022).
A subsequent phase II cohort expansion portion (VERITAC) aims to evaluate two doses of ARV-471 200mg and 500 mg OD (Schott et al., 2023). The CBR in evaluable patients (n = 35) receiving the 200 mg dose was 37.1% and in patients (n = 36) receiving the 500 mg dose (95% CI 21%–55%). Among evaluated patients with ESR1 mutations which have been to confer resistance (Jeselsohn et al., 2015), the CBR was 47.4% (95% CI 24%–71%) at the 200 mg dose (n = 19) and 54.5% (95% CI 32%–76%) at the 500 mg dose (n = 22). At the 200 mg dosage, median progression-free survival duration was 3.5 months (95% CI 1.8–7.8) in the wild-type cohort and 5.5 months (95% CI 1.8–8.5) in the ESR1-mutated cohort (Schott et al., 2023). In terms of safety, a similar manageable and well-tolerated profile was observed in both dosages with mostly grade 1 and 2 TRAEs (Schott et al., 2023). While TRAEs were reported in at least 10% of patients with fatigue occurring in 34% of patients, no grade 3 or 4 TRAE occurred in more than 1 patient (Schott et al., 2023). Nonetheless, dosage reductions (n = 3) and treatment discontinuation (n = 2) were observed at the 200 mg dosage while only one discontinuation was observed at the 500 mg dosage (Schott et al., 2023). The results of both phase I/II in terms of clinical safety and efficacy prompted the initiation of a phase III trial (VERITAC-2) where a 200 mg ARV-471 dosage was selected to be compared with Fulvestrant in patients with the same cancer whose cancer progressed even after prior endocrine based treatment in combination with CDK4/6 inhibitor therapy. (NCT05654623)
Phase I/II clinical trial (NCT04072952) showed promising activity in patients with ER-positive, HER2-negative locally advanced, or metastatic breast cancer. ARV-471 treatment led to significant tumor regressions and clinical benefit responses in a substantial proportion of patients. The safety profile was favorable, with no dose-limiting toxicities reported. Phase II expansion study (VERITAC) is underway to further evaluate the efficacy and safety of ARV-471 in this patient population.
Limitations of PROTAC technology
Despite having greatly reduced side effects in clinical trials compared to conventional drugs, PROTACs are not immune to generating side effects upon administration. ARV-771 a robust BRD4 degrader has displayed on-target cytotoxicity in an mCRPC xenograft mouse model which appeared as skin health deterioration at injection site since BRD4 depletion in the skin was previously shown to contribute to such effects (Bolden Jessica et al., 2014; Raina et al., 2016). Nonetheless, these effects were reversible after treatment was discontinued. Such on-target side effects could pose a challenge in terms of clinical translation, but none of such kind were reported yet. Off-target side effects are another possibility. To illustrate, in vitro evidence shows that heterobifunctional phthalimide degraders can degrade Translation Termination Factor GSPT1 inducing phenotypically important off-target effects mediated by a non-obvious modulation of E3 ligase receptor (Ishoey et al., 2018). While the exact mechanism of PROTAC use and the induction of an immune resistance has not been properly elucidated yet, it remains a potential off-target side effect considering that dysregulation of the UPS or protein homeostasis has been implicated in a variety of disorders including autoimmune diseases (Rousseau and Bertolotti, 2018). Aforementioned, Clinical trials also revealed systemic side effects signified by the presence of TRAEs in a considerable portion of patients as aforementioned.
Part of the problem leading to these toxicities is the use of CRBN and VHL E3 ligands which are ubiquitously expressed. While tissue specific E3 ligases could mitigate potential off-target toxicities, the challenge is that most PROTAC designs especially those undergoing clinical trials still rely predominantly on CRBN, VHL, mouse double minute 2 homolog (MDM2), cellular inhibitor of apoptosis protein 1 (cIAP1). Thus, to address this challenge, it is important to expand the use of available ligases. Other strategies that could mitigate off-target effects could potentially utilize ADCs, NP encapsulated PROTACs, and photoactivatable, hypoxia or enzyme switchable PROTACs among others. Nonetheless, none of such designs have yet been translated into the clinic. An important caveat of using tumor specific ligases however is that they could also be expressed in rapidly dividing non cancer cells such as stem cells particularly hematopoietic stem cells in the bone marrow (Plenchette et al., 2004; Abbas et al., 2010). Thus, even applying such strategies cannot fully eliminate the putative off-target side effects.
Another way in which cytotoxicity appears is due to the intrinsic mechanism of PROTACs predicted by the hook effect whereby E3 ligase-PROTAC, or/and POI-PROTAC binary complexes are proposed to form (Moreau et al., 2020).This occurs in a concentration-dependent manner, i.e., at higher concentrations, leading to the competitive formation of binary complexes instead of the desired POI-PROTAC-E3 ligase ternary complex above a certain concentration. Consequently, the efficacy and the safety of PROTACs could be negatively impacted. Nonetheless, this is yet to be demonstrated in vivo and additionally several methods have been proposed to circumvent this issue (Buhimschi et al., 2018; Testa et al., 2019). In brief, the studies exploring the on-target and off-target side effects are still emerging and thus a proper understanding of such side effects is still to be formulated, particularly the extent of their clinical translation. However, it is important to note that side effects in clinic were manageable and could be potentially reversed by discontinuation or reduction of treatment.
Resistance to PROTAC was reported in cancer cells, however, the mechanism of resistance differs compared to resistance to conventional small molecule inhibitors whereby rather than preventing POI or E3 binding the E3 ligase undergoes genomic alterations in its core components that prevent its function (Zhang L. et al., 2019). This reemphasizes the importance of expanding ligase usage and as mentioned earlier. This can be solved by using tumor specific ligase ligands; nonetheless while promising this remains to be tested in clinic.
Another major challenge that faces PROTACs is their unfavorable chemical structure (the presence of multiple hydrogen bond donors and acceptors) and high molecular weight (>700 Da) breaks Lipinski’s rule of five and subsequently leads to aggregation off-target due to their hydrophobicity and hindered cell-permeability and solubility (Lipinski et al., 2001). ADCs and nanoparticles including those mentioned and other novel PEGylated liposomes and albumin-encapsulated nanoparticles were able to improve selectivity, bioavailability, permeability, and anticancer effects in in vivo models (Saraswat et al., 2020; Chen et al., 2021; Wang et al., 2023b; Jiang et al., 2023). However, a downside of using such methods is the inability to administer PROTACs parenterally imposed by poor physiochemical properties -one of the main advantages of this class of drugs. Furthermore, evidence shows the higher permeability of individual PROTAC components compared to the whole PROTAC can be promising with regards to this issue (Foley et al., 2019; Klein et al., 2020). Accordingly, in-cell click-formed proteolysis targeting chimaeras CLIPTACs exploit this concept by forming an active PROTAC intracellularly via a bio-orthogonal click reaction that is potent at degrading oncogenic targets and could potentially evade the hook effect after the permeation of low-molecular weight individual components into the cell (Lebraud et al., 2016; Chen et al., 2021).
Lastly, PROTACs have restricted efficacy in degrading proteins with large shallow surfaces and cell surface receptors or other membrane proteins. Regarding the latter, antibody-based PROTACs (AbTACs) or proteolysis-targeting antibodies (PROTABs) are bispecific antibodies that tether cell-surface E3 ubiquitin ligases such as zinc- and ring finger 3 or RNF43 to transmembrane POIs, were able to target the latter including immune checkpoint protein PD-L1 (Cotton et al., 2021; Marei et al., 2022). While these methods could be a potential solution, their mechanisms of action are yet to be properly elucidated prompting clinical translatability.
To summarize, PROTACs exert their anti-cancer effects by selectively degrading specific oncogenic proteins, leading to inhibition of cancer cell proliferation and survival, induction of apoptosis and cell death, and/or disruption of tumor growth and metastasis. The efficacy and safety profiles of PROTACs vary depending on the targeted protein, linker design, and E3 ligase specificity. However, PROTACs generally exhibit high target specificity and potency, favorable pharmacokinetic properties, and low rates of off-target effects and toxicity. Challenges in PROTAC clinical development include optimizing linker design and E3 ligase selection for improved target degradation and reduced off-target effects, ensuring sufficient bioavailability and tissue penetration for effective tumor targeting, difficulty in targeting membrane or protiens with large shallow surfaces, and developing appropriate biomarkers for patient selection and monitoring treatment response. Opportunities for further development include expanding the range of target proteins amenable to PROTAC-mediated degradation, designing PROTACs with tissue-specific activity or enhanced tumor penetration, and combining PROTACs with other therapeutic modalities such as CRISPR/Cas9 for synergistic anti-cancer effects. Emerging PROTAC designs with improved properties as in tissue-specific PROTACs are being engineered to target specific tissues or compartments within cells, reducing systemic toxicity and enhancing efficacy. Moreover, orally-bioavailable PROTACs offer novel delivery strategies with modifications to improve oral bioavailability and patient convenience. These advancements hold great promise for expanding the therapeutic potential of PROTACs in cancer treatment.
REVOLUTIONIZING PRECISION ONCOLOGY: CHOOSING BETWEEN CRISPR AND PROTAC TECHNOLOGIES OR EMBRACING BOTH?
In recent years, CRISPR-Cas9 has garnered significant attention and acclaim due to its remarkable direct and indirect gene editing capabilities that can be performed in an accurate, efficient, reversible, flexible, and tissue-specific manner as well as the potential of serving as a diagnostic tool. The widespread recognition and extensive utilization of CRISPR in various research disciplines have paved the way for its application in clinical oncology in which it has seen notable efficacy. However, emerging on the horizon is another innovative technology called PROTAC, which presents a promising strategy that can be employed in an alternative or complementary approach, particularly in the context of clinical oncology by modulating protein homeostasis on a cellular level.
PROTAC based therapeutics have several advantages over CRISPR based therapeutics in clinical oncology. To start, out of the 17 PROTAC clinical trials aimed at treating cancer only 5 employ an I.V. method of delivery while the rest rely on oral administration which is the more preferred, safe, and scalable method of administration (Ingersoll and Cohen, 2008) (100). On the other hand, CRISPR based cancer therapeutics are predominantly I.V. based. Furthermore, due to PROTAC’s ability to modulate protein levels rather than directly targeting specific genetic sequences as in CRISPR based therapies, it offers a unique advantage in degrading overexpressed protein isoforms or mutant splice variants. In other words, certain cancers that have overexpressed protein isoforms driving them such as Bcl-Xl (Khan et al., 2019) or splice mutations such as p61-BRAFV600E (Sowa et al., 2022) can be targeted by PROTACs. Protein aggregates, although not extensively investigated in the context of cancer, represent an additional target for PROTACs that CRISPR has limited efficacy in addressing. While CRISPR has shown restricted effectiveness in targeting protein aggregates, PROTACs can selectively degrade these aggregates as in neurological conditions (Tomoshige et al., 2017; Yamashita et al., 2020; Wang et al., 2021). Moreover, although CRISPR can target multiple genes involved in protein interaction, protein complexes or heterodimers, it lacks the ability to selectively target these protein complexes or interactions directly, which often serve as the main oncogenic drivers. In contrast, PROTACs have demonstrated the potential to selectively target and degrade such complexes, as exemplified by the successful targeting of the c-Myc/Max heterodimer (Ma et al., 2021; Li X. et al., 2023) and MDM2-p53 interactions (Cui et al., 2023). Additionally, fusion oncogenes, including BCR-ABL1 (Liu et al., 2021a) and various ALK mutants (Gong et al., 2023) represent a distinct set of targets that can be selectively degraded by PROTACs, whereas CRISPR exhibits limited effectiveness in addressing these targets. Accordingly, the selective targeting of these oncogenic drivers decreases off-target cytotoxicity and enhances efficacy making it a promising approach in precision oncology alongside CRISPR. Considering that the accuracy and efficiency of CRISPR relies on the proper function of cellular double-stranded DNA repair pathways (Xue and Greene, 2021), PROTACs offer an alternative strategy for degrading targetable oncogenic drivers in cases where these repair pathways may be compromised or dysfunctional. In scenarios where CRISPR-mediated gene editing may be less effective, PROTACs provide a distinct advantage by directly targeting and degrading oncogenic proteins, bypassing the reliance on intact repair mechanisms. Lastly, CRISPR could potentially alter gene regions regulating the transcription of circRNAs (Li et al., 2019). Accordingly, the therapeutic consequences of its deletion in terms of efficacy and safety are not properly studied considering that the dysregulation of circRNA expression was recently shown to be implicated in cancer (Xie et al., 2018; Liang et al., 2019).
The future applications for CRISPR are vast and the scope of genetic engineering using this modality is ever expanding, from the use of newer and more advanced systems, the development of better delivery systems, and even the incorporation of AI within this technology. As highlighted previously within this review, the variety of Cas proteins and delivery methods that are currently available and are being discovered portrays the constantly growing ability to enhance CRISPR Cas gene editing systems and even specifically catering them for specific patients and types of cancers in the future. This emphasizes only a portion of the constant evolution that is depicted with CRISPR, not to mention the capability of using this modality for other disease, as was shown when CRISPR was used to treat hemoglobinopathies (Yang et al., 2020). This shows the potential scalability of CRISPR, its dynamicity, and its evolution capabilities.
Despite these differences PROTAC and CRISPR both display resistance to treatment and off-target cytotoxicity. The latter is evident in disclosed data from clinical trials where CRISPR had at most grade 1 or 2 AEs while PROTAC clinical trials recorded grade 3 and up to grade 4 TRAEs. It is important to recognize that the sample sizes in PROTAC clinical trials were much larger than those used in CRISPR trails. Furthermore, for both CRISPR and PROTAC solutions exist that attempt to solve some of the problems, however, they are yet to be clinically translated.
Thus, the use of CRISPR and PROTAC is context-dependent and should be tailored to align with the specific therapeutic goals and underlying molecular mechanisms of the disease. However, this doesn’t eliminate the possibility of combining the TPD achieved by PROTACs with the precise genome editing potential of CRISPR. Rather than being two mutually exclusive forms of therapy, PROTAC and CRISPR are complementary approaches that can be integrated synergistically opening up new possibilities for personalized medicine and tailored treatment regimens in the field of clinical oncology. A novel class of PROTACs, known as HaloPROTACs, has emerged as a promising approach in targeted protein degradation. HaloPROTACs specifically target fusion proteins consisting of the protein of interest (POI) fused with a HaloTag7 protein. The HaloTag7 portion serves as a binding site for the warhead component of the PROTAC, leading to the subsequent degradation of the POI (Buckley et al., 2015). This innovative strategy expands the scope of the PROTACable genome, enhances specificity in targeting, and has recently demonstrated efficient degradation of endogenous proteins through the insertion of the HaloTag7 probe using CRISPR technology (Tovell et al., 2019a). In theory, both can be used to complimentarily target two ends of the disease, one transient such as degradation of an overexpressed oncogene and one permanent such as a mutation in the sequence of the TSG. Nevertheless, this remains to be experimentally tested and verified.
More recently, the complementarity and synergism of both CRISPR and PROTAC modalities in the field of precision oncology has been shown to be promising. PROTAC can serve as a control mechanism or a “Cas9 off-switch” to reduce the side effects of overactivity and immunogenicity of the Cas9 complex via its selective degradation (Meacham et al., 2023). In particular, this was shown to effectively and reversibly modulate the activity of CAR-T cells and avoiding cytokine release syndrome in a dose dependent fashion by linking a protein to the CAR-T receptor (Lee et al., 2023). Additionally, CRISPR has displayed ability in identifying and expanding E3 ligases which can enhance PROTAC potentially allowing to overcome the issue of the search for E3 ligases (Basu et al., 2024).
CONCLUSION
In conclusion, as we move forward in the era of CRISPR, it is important to recognize that precision oncology is a multifaceted approach that extends beyond genome editing alone. Considering and integrating potentially complementary technologies, such as PROTAC, can further enhance the precision and efficacy of oncology interventions in this era. Both fields are still developing rapidly. In particular, the emerging role of artificial intelligence (AI) in the field of precision oncology holds great promise by harnessing the power of advanced machine learning algorithms. AI-driven approaches have demonstrated their remarkable potential in accurately predicting the degradative capacity of PROTAC designs (Li et al., 2022), as well as their cell permeability, with a high degree of experimental predictive accuraccy (Poongavanam et al., 2023). Additionally, AI was used in order to help refine and determine the on-target and off-target effects for CRISPR, highlighting the possible role that AI can play in further advancing CRISPR technology and enhancing precision oncology and cancer therapy (Bhat et al., 2022). The integration of AI with CRISPR and PROTAC technologies represents a powerful combination that has the potential to revolutionize cancer treatment strategies, accelerating their development, and enabling personalized and precise therapies with improved outcomes.
In the future development of PROTAC and CRISPR scalability remains to be an important barrier to overcome. Potential solutions to this problem have been shown. In regards to PROTAC, the aforementioned AI techniques can be used such as in silico design of PROTAC degraders (Ben Geoffrey et al., 2024), nanomole-scale PROTAC synthesis which can reduce synthesis and screening times by several folds (Plesniak et al., 2023), or on-chip platform which facilitates direct biological screening eliminating the need for intermediate transfer steps (Tian et al., 2024).With regards to CRISPR, as aforementioned, nanoparticles were shown to be an efficient delivery system for CRISPR modalities, and given that these are easy to synthesize, there is potential for scalability (Kenjo et al., 2021). Also, it was shown that using a microfluidic system that enhanced the ability for CRISPR-based gene editing as well as high-throughput screening on a chip (Iwai et al., 2022).
CRISPR and PROTAC are both modalities that have the potential of playing a major role in the field of precision oncology, and their implications and powers are only beginning to be uncovered, with much more to come. Their importance, as both separate entities and as synergistic components of cancer therapy, is being realized in the era of personalized medicine and the future holds more in store for the both of them.
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GT19077 -Myc/Max Ma et al. (2021)
ARV-471 Estrogen receptor (ER) Hamilton et al. (2022a)
Isoform-specific overexpression DT2216 BCL-XL Khan et al. (2019)
SGK3-PROTACL | SGK3 Tovell et al. (2019b)
p38a-PROTAC; p38s- p3sa; p3sd Smith et al. (2019)
PROTAC
SirReal-based PROTAC | siruin 2 s Schiedel et al. (2017)
Protein Aggregation C004019 Tau Wang et al. (2021)
BTA- PROTAC-cIAPL mutant ataxin-3 ‘Yamashita et al. (2020)
BTA- PROTAC-cIAP2 mutant ataxin-7 Yamashita et al. (2020)
CIAPI-PROTAC-mHTT mutant huntingtin (mHTT) ‘Tomoshige et al. (2017)
Impaired drug binding (not resistance- 753b BCL-XL and BCL-2 Ly et al. (2021)
associated) T
TEP PROTAC cMyc/Max Lietal. (2023b)
SGK3-PROTACI SGK3. Tovell et al. (2019b)
LC2 KRASG12C Bond et al. (2020)
Resistance Mutations SIAIS056 BCR-ABLI (G250E, E255V, V299L, F317L, E317V and  Liu et al. (2021b)
T315A)
ARCC-4 Androgen receptor (AR) (F876L) Salami et al. (2018)
ARV-471 | ESRI (Y5375 and DS35) Flanagan et al. (2019)
MZz1 BET Noblejas-Lopez et al.
(2021)
MT-802 | Bruton's tyrosine kinase (BTK) [C481S] Buhimschi et al. (2018)
Scaffolding Functions XStAX-VHLL B-catenin Liao et al. (2020)
JB170 AURORA-A kinase Adhikari et al. (2020)
iRucaparib-AP6 PARPL Wang et al. (2019)
Splicing Mutations CFT1946 | P61-BRAFV600E Sowa et al. (2022)
MTX-23 Androgen Receptor Splice Variant 7 (AR-V7) Lee et al. (2021)
BC-DXI-32982 | Anp2DX2 Kim et al. (2022)
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