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The combinatory use of drugs for systemic cancer therapy commonly aims at the direct elimination of tumor cells through induction of apoptosis. An alternative approach becomes the focus of attention if biological changes in tumor tissues following combinatory administration of regulatorily active drugs are considered as a therapeutic aim, e.g., differentiation, transdifferentiation induction, reconstitution of immunosurveillance, the use of alternative cell death mechanisms. Editing of the tumor tissue establishes new biological ‘hallmarks’ as a ‘pressure point’ to attenuate tumor growth. This may be achieved with repurposed, regulatorily active drug combinations, often simultaneously targeting different cell compartments of the tumor tissue. Moreover, tissue editing is paralleled by decisive functional changes in tumor tissues providing novel patterns of target sites for approved drugs. Thus, agents with poor activity in non-edited tissue may reveal new clinically meaningful outcomes. For tissue editing and targeting edited tissue novel requirements concerning drug selection and administration can be summarized according to available clinical and pre-clinical data. Monoactivity is no pre-requisite, but combinatory bio-regulatory activity. The regulatorily active dose may be far below the maximum tolerable dose, and besides inhibitory active drugs stimulatory drug activities may be integrated. Metronomic scheduling often seems to be of advantage. Novel preclinical approaches like functional assays testing drug combinations in tumor tissue are needed to select potential drugs for repurposing. The two-step drug repurposing procedure, namely establishing novel functional systems states in tumor tissues and consecutively providing novel target sites for approved drugs, facilitates the systematic identification of drug activities outside the scope of any original clinical drug approvals.
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Introduction

Drug repurposing is defined as an approach for identifying drug activities outside the scope of the original clinical approvement. Drug reprofiling, repositioning or re-tasking are often used as synonyms (1–3). Pre-clinically, drug repurposing may be studied by the classic sequence, identification of a potential target, model systems and finally clinical trials. The combined experimental and clinically based research process is supported by computational data on transcriptomics, proteomics, and metabolomics, at best synergistically integrated (1). Systematic studies on drug repurposing are possible if concerted therapy approaches aim at inducing biological ‘hallmarks’ in tumor tissues for establishing tumor control or resolution. In metastatic cancer, concerted regulatorily active multi-drug schedules may efficaciously reprogram tumor tissues by ‘editing’, heterotypic cell types organized in multiple tumor systems states, i.e., tumor differentiation, transdifferentiation, reconstitution of immunosurveillance and tumor cell death. A broad diversity of reprogramming techniques summarized under the term anakoinosis induction, are used for editing tumor tissues (4–10). Anakoinosis (ancient greek for communication) describes the communicative processes therapeutically induced for reprogramming tumor tissues while exhausting their phenotypic plasticity (11). Tumor tissue editing puts the anakoinotic principle to work in a specific tumor tissue to achieve said biological ‘hallmarks’. The basis for therapeutically meaningful reprogramming techniques are tumor-specific development of non-tumor cell autonomous functions and structures providing a huge, diversified repertoire of often non-mutated drug targets (4, 12).

Reprogramming techniques cannot be considered as a new therapeutic approach per se. Since the pioneering findings of Huggins and Hodges in breast cancer, nuclear receptor (NR) agonists or antagonists have attained widespread use for therapy of hormone-sensitive tumors and hematologic neoplasias, and diversified NR ligands are still studied for extending indications, such as peroxisome-proliferator receptor α and γ (PPAR α/γ) agonists (13–17). Hormone-sensitive tumors comprise the most frequent tumors worldwide and are, importantly, not limited to sex-hormone dependent tumors (17). Based on these pivotal clinical results with NR ligands, and the increasing repertoire of drugs facilitating induction of differentiation, transdifferentiation, reconstitution of immunosurveillance and alternative tumor cell death, it is time to summarize these tumor tissue reprogramming approaches as a specific treatment paradigm to pave the way for systematic drug repurposing and vice versa to establish novel tumor systems states associated with clinically meaningful tumor control. Moreover, in a second step, edited tumor tissues provide novel biological access for targeted therapies, thus expanding the pharmacologic repertoire, for both, treatment of advanced cancer or hematologic neoplasias (4, 11, 18). The present review summarizes important examples of tumor tissue editing and targeting of edited tumor tissue to indicate the huge field of possibilities for systematically evaluating drug repurposing in metastatic tumor disease.



Two-Step Drug Repurposing

For elaborating drug repurposing options in metastatic neoplasias, it is important to consider two separate identification processes for repurposing. The two-step identification of drugs for repurposing encompasses the selection of appropriate combinations of approved drugs with pro-anakoinotic activity profiles for establishing novel functional status for therapeutically ‘editing’ tumor tissues by induction of differentiation, transdifferentiation, or establishing immunosurveillance and tumor cell death etc. (5, 11, 19–23). The second step is to select approved targeted therapies for enhancing the biomodulatory effects or for establishing prerequisites for the induction of continuous complete remission (4, 6, 10, 24, 25). After tumor tissue editing, approved targeted therapies meet systems status on tumor sites which presumably have not been systematically evaluated pre-clinically and clinically. As shown, targeted therapies without or poor monoactivity can provide important impact on clinical outcome following tumor tissue editing, e.g. the addition of mammalian target of rapamycin (mTOR) inhibitors, azacitidine, α-interferon, cell cycle-dependent protein kinases four and six (CDK4/6) inhibitors, elotuzmumab etc. (9, 21, 22, 25–27).This separation in two steps is to some extent arbitrary, as both therapeutic steps are interwoven and strengthen one another as revealed by data on clinical trials (Figure 1).




Figure 1 | Establishing novel system states for tumor control in a two-step drug repurposing procedure.



The routine scheduling of classic targeted therapies commonly completely underestimates the diversity of tumor systems states and the important fact that activity profiles of single targeted drugs may context-dependently decisively change, as to be exemplified with mTor inhibitors (28–30). Tumor tissue editing provides the chance for reprogramming tumor systems functions towards biological hallmarks associated with tumor growth control and systematically expands a novel range of application for classic targeted therapies, either by targeting frequently overexpressed targets in tumor tissues, such as immune checkpoints, mitogen-activated protein kinase kinase MEK, mTor etc. or classic targets selected according to molecular-genetic aberrations in tumor cells (28, 31, 32). Following tumor tissue editing classic targeted drugs may be systematically used in a repurposed manner (Figure 1).

Two-step drug repurposing opens a window for establishing and evaluating novel tumor system states appropriate to establish biological tumor control. In some cases long-term control or even continuous complete remission or facilitating bridging to curative therapies, like allogeneic bone marrow transplantation may be achieved (9, 10, 25, 26, 33). Importantly, similar therapeutic reprogramming techniques can be used in histologic different tumor types (11).



First Step Repurposing: Tumor Tissue Editing


Designing Tumor Tissues’ Plasticity With Reprogramming Techniques

Cancer tissue’s plasticity is prerequisite for successful tissue editing. Plasticity may be considered as the ability of cell compartments in cancer tissues to change their phenotypes without additional genetic mutations in response to environmental requirements (34). Endogenous tumor tissue plasticity promotes varying tumor phenotypes to finally constitute hallmarks of cancer. Translational processes, metabolic reprogramming, and epigenetic mechanisms are main regulators of the tumor tissue’s plasticity (29, 35–37).

Single cell transcriptomics and genomic sequencing are steadily advancing our knowledge about the diversity of stable phenotypes promoted by one aberrant tumor genome (36, 38). Distinct phenotypes may even persist during several divisions, indicating that the phenotypic imprint represents a druggable target for cancer therapy and may be responsible for non-genetic tumor cell heterogeneity (39, 40). Besides the genetically driven spatial and topographic tissue, or cellular niche-associated heterogeneity, phenotypic heterogeneity arises, due to adaptive processes during tumor evolution (34).

The stability of cellular phenotypes in tumor tissues, and their diversity determines non-tumor cell autonomous tissue structures, functions, and hubs as ‘novel’ phenotypically derived therapeutic targets which seem to be much more diversified than genetic targets (12). The development of those, endogenously configured therapeutic targets, cannot always be directly linked to genetic aberrations. Their formation may rather be driven by communicative challenges in tumor tissues’ cellular compartments and niches.

The uncovered regulation of translational processes for establishing diversified tumor phenotypes and during several divisions persistent single cell transcription in tumor cells puts another complexion on the well-known epigenetic processes which are considered to establish stable phenotypes by biologic memory. In comparison to translational modification, epigenetic processes need the dynamics of the whole transcriptional machinery of a gene regulatory network, which is guided by ever changing strong transcriptional activators, the ‘memory’, guaranteeing the reversibility of systems states (37).

The amazing drug induced plasticity of cancer cells has been figured out by RNA sequencing analyses and uncovered plasticity of cancer cells in single cell spatial resolution (39, 40). Treatment failure is commonly interpreted as persistence of (residual) tumor cells but may be also ascribed to transcriptional modifications provoked by the presence of therapeutically altered tumor and stroma cells, besides the presence of apoptotic tumor cells, which probably serve as novel attractors for tissue remodeling or relapse (41). Thus, in any kind of response, therapy triggers far reaching phenotypic adaptions (42).

Therapeutically intended tumor tissue editing by systemic biomodulatory therapy with repurposed drugs, remains an often-unconsidered option by drug developers. By harnessing tumor cell and non-tumor cell plasticity the overall biological function of tumor tissue can be changed (40, 43) Table 1.


Table 1 | Drug repurposing for tumor tissue editing; possible target tumors and substance classes for establishing novel biologic hallmarks facilitating attenuation or resolution of tumor growth.





Examples of Tissue Editing


Transdifferentiation

Transdifferentiation or endogenous epithelial-mesenchymal transition (EMT), are from a therapeutic viewpoint unfavorable evolutionary processes in tumor tissues, as novel, more aggressive tumor cell components often afford change of therapy concepts. Moreover, tumor transformation to a higher-grade neoplasia, as consequence of long-term systemic therapies, is frequently associated with additional molecular-genetic alterations (44–46).

Besides the possibility of a reciprocal switch between proliferation and differentiation, tumor tissues may induce EMT for establishing novel phenotypes. TGF-β modulates EMT-associated transcriptional networks. Phenotypic plasticity is one prerequisite for therapy resistance due to dedifferentiation, coupled with decisive environmental remodeling (47), e.g., by TGF-β induced fibrosis. Under physiological conditions, EMT facilitates migration of epithelial cells during tissue development, but also during wound healing. On a molecular basis, microRNAs care for homeostatic balance of the transcriptional network promoting EMT (48). During EMT in cancer tissue, RAS-responsive element binding protein 1 (RREB1) directly cooperates with TGF-β-activated SMAD transcription factors. The final manifestation of EMT is context-dependent due to varying chromatin accessibility of RREB1 and SMAD which facilitate activation of further transcription factors (49).

MEK, another downstream effector of TGF-β signaling, has been identified as gatekeeper for the promotion of EMT-induced cancer cell adipogenesis, as shown by repression of the MEK-ERK pathway (50, 51).. During EMT, TGF-β triggers two simultaneous effects, increased cancer cell plasticity via RREB1 and SMAD and inhibition of adipogenesis by the non-canonical MEK-ERK pathway (Su et al., 2020).



Differentiation

Cell differentiation is regulated by multiple genes and always a context-dependent multicellular process (52). The interplay of transcription and genomic conformation is driving cell-fate decisions (53, 54). The degree of differentiation in tumor tissues is related with malignancy and metastatic potential (55). Thus, the idea of differentiation induction in tumors is followed since the stimulating therapeutic success of all-trans retinoic acid (ATRA) and later arsenic trioxide in promyelocytic leukemia (APL) (20). Maturation arrest and the resulting proliferation have been thought to be irreversible (56). This working hypothesis is countered by therapy results in APL with differentiation inducing agents. Looked at more closely, however, the fact is that differentiation inducing agents, such as ATRA or arsenic trioxide, may exert quite differential additional anti-leukemia effects, besides differentiation (57).

Among these ‘classic’ differentiation inducing drugs, a series of newly approved classic targeted therapies may induce differentiation in non-APL leukemias. This newly arising therapeutic scenery casts light on the multifold mechanisms involved in differentiation processes and that re-establishing differentiation programs in proliferating neoplasias might afford differential therapeutic access for inducing clinically meaningful outcome (58).

Also in cancer tissues, complex non-tumor cell autonomous regulatory systems are essential to adaptively provide tumor promoting cellular phenotypes, a process which has been originally described for normal tissue by Waddington and is termed epigenotype (59).

Further, the translation system in tumors offers the possibility to set translational activity in two modes, proliferation, and differentiation. Stress response in hypoxia triggers the expression of a subset of NANOG, SNAIL and NODAL mRNA isoforms characterized by different 5’ Untranslated Regions (5’UTRs) promoting stem cell like features of tumor cells (29).

The influence of translational signatures on differentiation programs is therapeutically interesting, as not only mTOR inhibitors, but also cytotoxic drugs, induce cancer cell plasticity by enhancing translation of NODAL, NANOG, and SNAIL mRNA isoforms. Hypoxic tumor conditions are finally propagating accumulation of cancer stem cells and increase aggressiveness of cancer disease (29). Hypoxia and severe metabolic changes associated with differentially developing vascular supply represent differentiation opposing stimuli in tumor tissue (60).

Pharmacologic inhibition of these multi-level processes may prevent the transition to stem cell like tumor cell features. The experimental findings underline the non-genetic nature of an important tumor behavior, the reciprocal transition of mature and stem cell like states associated with respective phenotypical changes (29, 34).

In hematologic neoplasias, disruption of DNA methylation reshapes the hematopoietic differentiation scenery (61). A large series of drugs, e.g., histone deacetylase inhibitors (HDACi), histone methyl-transferase inhibitors (HMTi), and DNA metyl-transferase inhibitors (DNMTi) are suggested that their anti-tumor activity is at least partially mediated by targeting abnormal epigenetic patterns in tumor tissue inhibiting tumor cell differentiation. Just poorly differentiated tumor tissues show elevated activity of enhancer of zeste homolog 2 (EZH2), a histone-lysine N-methyltransferase enzyme, that is involved in histone methylation and consecutively, in transcriptional repression. HMTi blocks activity of EZH2 and may reinduce differentiation in neoplasia. Overall, cancer cell and tissue reprogramming with epigenetically active drugs seems to be a promising therapy, while facilitating the conversion of malignancy to a less aggressive tumor systems state (62, 63).

Azacytosine is a synthetic nucleic base and is chemically an analogue to cytosine and can be linked both to ribose and desoxyribose, resulting in the drugs Azacitidine and Decitabine respectively. The insertion of azacitidine in DNA and RNA inhibits DNA- and RNA-methyltransferases associated with a demethylation and may promote differentiation (64).

Inhibitor of differentiation 1 (ID1) is frequently overexpressed in glioblastoma cells, inhibits differentiation signals, and enhances MYC expression via activation of WNT and SHH signaling stemness. Thus, ID1 inhibition could re-establish differentiation in glioblastoma (65).

As heterodimeric cell surface receptors, integrins play an important role for proliferation and differentiation processes in tumors and impact therapeutic outcome (64). Differentiation is associated with morphological changes in cell and nuclear shape and mitochondrial distribution (66).

Acute myelocytic leukemias (AMLs) are eminently suitable to demonstrate therapy-related induction of differentiation both, morphologically and functionally (7, 67). Currently there is choice of a series of approved drugs, cytosine arabinoside (AraC), FLT3 inhibitors and inhibitors of the mutant IDH1/IDH2, all characterized to induce to some degree differentiation in AML. Another series of drugs, namely inhibitors of BET protein, DOTIL1 and HDAC, showed differentiation induction in vitro, and in animal models, but failed to show decisive clinical activity so far (67). To what extent tyrosine kinase inhibitors with differential activity profiles are active in AML patients without mutated FLT3 remains an open question addressed in ongoing trials. Their main anti-leukemia activity is probably not mediated via differentiation induction (68).

The discrepancy between preclinical results and the clinical benefit of targeted therapies with the capacity to induce differentiation hints that differentiation of AML blasts is a context-dependent process mediated by interaction with stromal cells and not exclusively via a leukemia cell-autonomous process (69).

In so far it is not surprising that just the combination of drugs, as already described, azacitidine and PPARγ agonists, modulating the whole communicative context in leukemia tissue combined with ATRA may induce hematologic complete remission in refractory AML. The often-short time range until hematologic remission demonstrates the therapeutic significance of non-leukemia cell autonomous targets in the bone marrow (25, 70–72).

The triple combination, low-dose azacitidine, ATRA and PPARα/γ agonist can induce differentiation as morphologically shown in vitro and in vivo. Moreover, it also re-establishes phagocytic activity of these differentiated blasts. This is underlined by findings in patients who resolved fungal pneumonia while being treatedwith this combination. Therefore these morphologic changes are additionally associated with a gain of function which can be seen experimentally and clinically (25).



Re-Establishing Immunosurveillance

Successful immune checkpoint inhibitor (ICI) therapy strongly depends on the immune environmental context, as expression of immune checkpoints is widely distributed among stromal and tumor cells. Additionally, immune cells may be differentially compromised by the tumor tissue, thus impeding clinically meaningful immune response with ICIs (73, 74). Important therapeutic approaches for re-establishing immunosurveillance comprise adaptive regulation of chemokines and cytokines contributing to immune escape, metabolic reprogramming of T cell function, up-regulation of tumor suppressor genes, e.g., Phosphatase And Tensin Homolog (PTEN), enhancing antigenicity of cancer cells (73, 75–80).



Re-Establishing Pathways Inducing Tumor Cell Death

Both, pre-clinical and clinical data reveal that anti-estrogen therapies reduce tumor cell proliferation, arrest tumor cells in the G1 phase of cell cycle (81). These are all processes which may finally re-establish induction of apoptosis (82). However, re-establishing apoptosis in breast cancer cells may be only one aspect of estrogen receptor antagonism considering the thousands of estrogen receptor target genes, many of them regulating proliferation (83). Editing breast cancer tissue with anti-estrogen therapies provides the possibility to enhance pro-apoptotic processes by blocking the frequently occurring up-regulation of cyclin D1 in breast cancer cells with CDK4/6 inhibitors (84). In this way CDK4/6 inhibitors gain activity which translates in significantly improved progression-free survival in contrast to modest monoactivity of CDK4/6 inhibitors, even in endocrine resistant breast cancer (10).

Restoring or side-lining the functional impact of recurrently occurring mutations, such as mutations of the tumor suppressor TP53 by re-establishing differentiation and tumor cell death is of great therapeutic interest. Accumulation of α-ketoglutarate reestablishes p53 function in cancer cells. By enhancing α-ketoglutarate levels in p53 deficient tumors, tumor cell differentiation may be initiated (85) Arsenic trioxide may re-establish the apoptotic capability by mutant p53 and therefore, could be used for rescuing the tumor suppressor function in a broad variety of tumors (86).

Fibrates may induce apoptosis in lymphomas by inhibiting the TNF alpha/NF-kappaB signaling axis. As fibrates are PPARα agonists they edit the whole lymphoma tissue as PPARα is expressed on lymphoma and stroma cells (87).



Exploiting Metabolic Vulnerabilities

A growing tumor needs its metabolism to fuel a constant demand for new building blocks and energy in order to survive. This gives rise to new vulnerabilities that can be exploited in tumor therapy. Several well characterized cytostatic drugs are essentially interfering with tumor metabolism. I.e. 5-Fluorouracil is inhibiting thymidine synthesis and Methotrexate interferes with the tetrahydrofolate metabolism, limiting supply of one carbon building blocks i.e. for amino acid biosynthesis. There are several other medications like metformin or hydroxychloroquine that are approved for different treating diseases that may be repurposed in an pro-anakoinotic fashion (88, 89). Metformin is an inhibitor of complex I in oxidative phosphorylation and also influences the PI3K/AKT mTOR pathway, which are both interesting targets in cancer therapy. Additionally Metformin appears to have an impact on neoangiogenesis (90). Especially in gynecologic malignancies there is, mostly observational, evidence that diabetic women treated with metformin might have a benefit from this therapy. Unfortunately there is so far no conclusive evidence from large scale clinical trials, that women with gynecological cancers benefit from additional metformin treatment (91). This might be due to the retrospective nature and heterogeneous study populations of the trials published so far. Clinical trials exploring this question are under way (91). Because of its pleiotropic effects, we believe there is great potential for metformin to be incorporated into a biomodulatory repurposed approach.



Re-Thinking Drug Formulation

Many drugs have shown to be effective in vitro but failed to show their efficacy in vivo. Effectively delivering a drug to its intended location of action is an often overlooked hurdle that needs to be overcome in drug development. Especially lipophilic drugs are usually limited by their low solubility in aqueous conditions. One example are retinoids. These aliphatic derivatives of vitamin A have a strong impact on cellular metabolism as demonstrated by ATRA’s impact on treatment of acute promyelocytic leukemia (20). Another example of this class of drugs is fenretinide. While showing promising activity in vitro, clinical trials failed to show efficacy, partly due to low bioavailability (92, 93). By using nanoparticle formulations their bioavailability can be increased to a point where they can fully exert their biologic potential (92, 94). One more example for enhancing efficacy by re-formulation is CPX351. This stochiometrically fixed and nanoparticle packaged combination of cytarabin and daunorubicin has had a favorable impact on AML therapy, improving overall survival when compared to conventional routes of application (95). In conclusion drug repurposing should also take alternative drug delivery systems into account as they might contribute significantly to tumor tissue editing effects.




Tumor Tissue Editing: Providing Novel Targets

Tumor tissue editing may establish access to completely novel phenotypic contexts in tumor tissues to promote either differentiation, transdifferentiation or re-establish immunosurveillance and apoptotic capabilities.


Overcoming Therapeutic Bottlenecks

Differentiation or transdifferentiation may bring along neoantigens or altered antigenicity (96). Enhancing tumor antigen frequency could be a pivotal step induced by tumor tissue editing. On the background that ICIs are highly efficacious in a broad variety of cancers and that a broad diversity of tumor-specific lymphocytes is necessary to enhance ICI activity profiles, tumor tissue editing seems to be of pivotal interest to improve clinical efficacy of ICIs (8). Such a therapeutic procedure could be also of advantage for the use of neoantigen-directed T-cell-receptor (TCR)-engineered cells (97). A further aspect of tumor tissue editing is that the immunosuppressive microenvironment may be reconfigured to abandon T-cell suppression for improving immunotherapy.

For example, abnormal Wnt/β-catenin signaling is frequently found in tumor tissues, thereby, functionally involving the whole immune compartment (98). Pro-anakoinotic therapy with PPARγ agonists may attenuate Wnt signaling as both pathways can be regarded antagonists, thereby concertedly inducing differentiation, enhancing immune response, reducing tumor-associated inflammation, angiogenesis and cell proliferation (99, 100).

Each treatment procedure leaves phenotypically characteristic biologic memory in tumor tissue and/or novel acquired (epi)genetic signatures in tumor cells (101). These evolutionary processes determine drug sensitivity during further tumor progression or relapse. Protein-coding genetic aberrations frequently do not sufficiently explain arising drug resistance (102).

Genetic heterogeneity developed during tumor evolution/preceding systemic tumor therapy provides a principal obstacle for up-coming systemic therapies and may frequently be the cause of mixed response. In such therapeutically complex system states, non-cancer cell autonomous and thereby constant structures and functions provide a novel pattern of clinically important targets for tumor control and contribute to address a novel understanding of ‘treatment resistance’.

Tumor cell niches at primary and metastatic tumor sites are up-to-now not in focus of systemic tumor therapy. Nevertheless, in these circumscript topographic niches heterotypic cell types either contribute to tumor growth or keep tumor outgrowth at bay. It seems to be a domain of pro-anakoinotic therapy to moderate the communicative network in niches for attenuating or inhibiting tumor growth (103). Clinical evidence that tissue editing can target metastatic niches is derived from phase II trials in patients with advanced malignancies. In about 60% of the cases clinical relapses of metastatic refractory disease following pro-anakoinotic therapy occur at initial tumor sites and not at novel sites (104). Thus, targeting non-tumor cell autonomous targets seems to be efficacious in controlling novel metastatic outgrowth. Therapeutic control of the metastatic niche could impact cancer cell stemness and consecutive invasiveness of tumor cells (105).



Transcriptional Addiction

Developing non-tumor cell autonomous structures, and functions enable tumor tissues to configure a distinct malignant phenotype as diagnosed by highly specific histologic tumor types (106). Mutations in cancer cells re-integrate environmental signals by highly specific communication-driven transcriptional responses resulting in phenotypic changes finally altering cell fate in comparison to the originally normal cellular or tissue counterpart. Environmental attractors are alternatively interpreted by the tumor cell leading to the activation of aberrant transcriptional networks which lead to a stabilized regulatory network supporting tumor growth. Tumor type specific super-enhancers play a decisive role in this adaptive process and could serve as specific therapeutic targets (107, 108). If oncogene addiction by a driver mutation is highly developed, direct therapeutic inhibition of super-enhancers seems to be promising (109).

The novel transcriptional systems state in tumor tissues may be targeted by tumor tissue editing via transcriptional modulators. Differentiation therapy with ATRA for acute promyelocytic leukemia (APL) serves as a pivotal example for targeting transcriptional addiction due to the retinoic acid receptor alpha (RARA) fusion with a second gene (PML) specifying a novel Krüppel-like zinc finger protein, but also as an example explaining leukemia tissue editing by differentiation induction (20, 110). While considering differentiation phenomena in APL, the transcriptional addiction in APL is frequently overseen. However, this is of great importance if the differentiation approach shall be operatively transferred to other neoplasias.

While differentiation programs are still available to be initiated by pro-anakoinotic therapies in many kinds of cancer tissue, they specific to a certain tissue. Access to these programs depends on both, the acquired oncogenic drivers and the multifold evolving non-tumor cell autonomous structures and functions (i.e. target organ, T-Cell composition, extracellular matrix, etc.) in tumor tissues specifying a specific tissue phenotype.

An early example of clinically well-established reprogramming is antihormonal therapy in prostate and breast cancer. In these tumors androgen and estrogen receptors are commonly not mutated and their ligands can exert their function to maintain tumor growth (111–113).

As transcription is a dynamic networking system, functions and hubs may be therapeutically edited via transcriptional modulation to exploit pivotal bottlenecks, as for example, available in hormone receptor positive breast and prostate cancer (17). Nuclear receptors facilitate differentiation and regulate time-sensitive growth during evolutionary states (17, 114, 115). Importantly, potential vulnerabilities of communication protocols regulating transcriptional networks are not necessarily predictable by acquired genetic changes (106).



PPARγ Agonists and Tumor Tissue Editing

PPARα/γ are ubiquitously distributed among normal and cancer tissues in a tissue specific manner, thus immediately depicting an important role in cell-cell communication (100). Targeting PPARα/γ with corresponding agonists (i.e. Pioglitazone or Rosiglitazone) means that context dependent responses are challenged which may not be easily predicted by in vitro assays. The biologic read outs finally represent the concerted diversified activity profiles which perfectly meet the idea of tumor tissue editing, differentiation induction and transdifferentiation. Normal tissue of the tumor hosting organ as well as tumor tissues may be edited in parallel, importantly in a clinically meaningful way (100).

The multifaceted activity profile of PPARα/γ agonists in tumor tissue may be best exemplified in leukemia, both, in chronic myelocytic leukemias in combination with imatinib and in acute leukemias in combination with ATRA and low dose azacitidine (7, 25, 103, 116, 117). In parallel, normal hematopoiesis may be supported in contrast to the expected side effects, namely long-term suppression of hematopoiesis, following chemotherapy or many other targeted therapies, such as for AML therapy approved bcl-2 inhibitors (7, 25, 71, 118).

According to the diversified editing activities, PPARα/γ agonists can be combined with all kinds of systemic therapies, namely pulsed chemotherapies, metronomic chemotherapies, targeted therapies, radiotherapy, immunotherapy and anti-inflammatory therapies (11, 119). Additionally, novel therapeutic qualities may be achieved by two-step drug repurposing according the novel treatment model (6, 11, 116).





Second Step Repurposing: Matching Drug and Tumor Diseases’ Systems State

Drug-disease matching generally applies to distinct histologically or molecular-genetically described tumor types. Therapeutically underappreciated is matching of targeted therapies with distinct functional states of tumor disease. Therapeutic attempts to ‘synchronize’ the functional status of tumor tissues caused by reprogramming approaches are common in endocrine therapies, but otherwise rarely used in oncologic praxis (Table 2) (20, 33).


Table 2 | Drug repurposing in edited tumor tissue; possible matching drug and tumor diseases’ systems state by drug repurposing.



The matching of drug and tumor diseases’ systems state comes into focus with the introduction of the anakoinosis paradigm aiming at establishing a novel functional systems status in tumor tissues. On basis of multifold clinical data, it turned out that anakoinosis is a generally applicable therapeutic principle in quite different histologic tumor types and that the anakoinosis paradigm is already followed in established treatment schedules, for example in endocrine combination therapies or in many therapies for multiple myeloma (10, 24). Therefore, novel attempts for matching efficacy of specific targeted therapies on basis of novel therapeutically edited starting positions, namely the novel arranged distribution of drug targets arise as approaches which can be universally applied to identify drugs for repurposing.

Identifying drugs suitable for repurposing, cannot leave out of consideration that tumor tissues always represent a characteristic imprint of functional, communicatively derived systems status, which are therapeutically accessible via biomodulatory approaches (11). Endogenous plasticity is characterized by the possibility of tumor tissues to apply multiple non-tumor cell autonomous processes for modulating tumor phenotype, namely epithelial-mesenchymal and mesenchymal-epithelial transition and the switch from more differentiated tumor cell phenotypes to stem cell like ones and vice versa (35). Moreover, EMT is strongly affected by the communicative infrastructure in the tumor tissue that means also from non-tumor cell autonomous functions in the tumor microenvironment (120, 121). The addition of classic targeted repurposed therapies, commonly with insufficient monoactivity in the respective tumor entity, may contribute to continuous complete remissions in edited refractory tumor disease (11, 33, 122).

Anakoinosis has been clinically studied in a broad range of histologically quite different neoplasias, yet insufficiently pre-clinically. A limited number of pre-clinical data exemplifies, that differentiation induction, or successful, therapeutically relevant induction of epithelial-mesenchymal transition may provide significant tumor response, clinically or in animal models (6, 7, 25, 123, 124).

Pro-anakoinotic therapies open a huge field for repurposing drugs, just for treatment of refractory tumor diseases. Therefore, the identification process of drugs suitable for repurposing should be systematically enhanced and promoted. Anakoinosis inducing therapies may provide novel repurposed indications for ‘old’ targeted therapies. Potentially developmental drugs that have not reached phase I clinical trials or clinical approval because of lack of efficacy in their primarily intended indication could also be retested in anakoinotic setting. Therapeutically inducible, differential functional systems status in tumor diseases have not been in the focus of pre-clinical evaluation, yet. Beyond drug activity in distinct histologic tumor types, specific therapy for edited tumor tissues, may be important, as the functional status of edited tumor systems might be shared by histologically different tumor types. Indeed, quite different tumor types may be treated with similar pro-anakoinotic treatment schedules (4, 11).

In the following section, targeted drug activities are discussed on basis of parallel or preceding tumor tissue editing in an exemplary way.


CDK4/6 Inhibitors and Tissue Editing With Endocrine Therapy

CDK4/6 inhibitors in combination with endocrine therapies, e.g. tamoxifen, aromatase inhibitors, fulvestrant, in ER-positive breast cancer seem to be a ‘prototypic’ example for transcriptional tissue editing combined with repurposing of targeted therapy as indicated by enhanced combinatorial efficacy of CDK4/6 inhibitors compared to monotherapy (10, 27, 125). CDK4/6 inhibitors have been approved only in few clinical indications, although, considering the activity profile CDK4/6 inhibitors, they should work in many histologic tumor types (126, 127). The point is, CDK4/6 inhibitors start to improve progression free survival significantly when supported by biomodulatory endocrine therapy, for example in breast cancer. Prostate cancer trials are on the way with enzalutamide (128). Endocrine therapy contributes to multifaceted tissue editing, not only in case of classic drugs, such as tamoxifen, aromatase inhibitors, fulvestrant. Also, on experimental basis, nuclear receptor agonists, like PPARα/γ agonists combined with all-trans retinoic acid unfold activity by modeling stroma and tumor cells, thereby reducing aromatase activity in neighboring fat cells in the breast and negatively impact breast cancer stem cell survival (129, 130). Thus, tumor tissue editing provides the basis of repurposed CDK4/6 inhibitors associated with strong clinical activity. Alternatively, multifold trials are on the way combining CDK4/6 inhibitors with additional targeted therapies, such as mTor inhibitors, ICI, ibrutinib, bevacizumab etc. (127) for improving the modest palliative data of CDK4/6 inhibitors in monotherapy.



KRAS Inhibitors and Tissue Editing With PPARγ Agonists

Kirsten rat sarcoma virus (KRAS) is a frequently mutated oncoprotein, characterized by a gain of function in tumor cells in a broad variety of histologically different tumor types. GD12D, is the most prevalent and meanwhile, targetable mutation (131, 132). The long history of failing approaches to target the ‘undruggable’ oncogene is now crowned with success with the first approved inhibitors of the KRAS p.G12C mutation. Best responses were observed in heavily pretreated patients with NSCLC, in about one third, but only in 7% of gastrointestinal tumors (133). The functional activity of mutant KRAS in mice models is dependent on activation of the nuclear receptor PPARγ. PPARγ-deficiency promotes pre-malignant phenotypes, initiated by mutant KRAS (134). Important is the multifaceted activity profile of PPARγ agonists in tumor tissues, characterized by antagonizing tumor-associated inflammation, promoting immune response and differentiation of tumor cells (135). Yet, no clinical trials have proven the combinatory use of KRAS inhibitors with parallel tumor tissue editing by PPARγ agonists. However, experimental data support the combination (134). The parallel use might repurpose the highly variable, often poor activity profile of KRAS inhibitors depending on tumor histology. Again, basis for repurposing could be edited tumor tissue. The double inhibition of the mutant driver oncogene, on tissue level with PPARγ agonists, reprogramming inflammation, immune response, inducing tumor cell differentiation and on tumor cell level with KRAS inhibitors, might attenuate the proliferative stimulus, and could be in future a suitable preventive and therapeutic approach (99, 134).



mTOR Inhibitors and Tumor Tissue Editing

mTOR signaling is activated in many neoplasias and therefore, lends itself as promising therapeutic target (136). Except for renal cell carcinoma and mantle cell lymphoma monotherapies with mTOR inhibitors achieve poor clinical results (137, 138). A main reason for the modest efficacy of mTOR inhibitors may be the pleiotropic activity profile of mTOR characterized by interaction with multiple hallmarks of cancer, such as proliferation, tumor metabolism, and immune response, besides autophagy (28). All hallmarks are context-dependently constituted by the tumor tissue and as such it is not surprising that pre-clinical data on mTOR inhibitors are contradictory (28, 139). At the cutting edge between differentiation and proliferation control, mTOR inhibitors promote in the experimental setting translation, particularly of frequently available oncoproteins, like cMyc, cyclinD1, ornithine decarboxylase (ODC), vascular endothelial growth factor (VEGF), fibroblast growth factors (FGF), hypoxia-inducible Factor 1α (HIF1α) and myeloid cell leukemia sequence 1 (Mcl-1) and shift cancer cell phenotypes to cancer stem cell characteristics (29).

Not only the controversial in vivo and in vitro results with mTOR inhibitors demonstrate the difficulties to predict outcome to mTor inhibitors, but also the heterogeneously altered components of the mTOR pathway in tumor cells impact functionality of mTOR signaling, starting with the frequently reduced levels/mutations of the tumor suppressor gene PTEN or mutations/amplifications of Phosphoinositide 3-kinase (PI3K). All pathway components have important impact on tumor progression (140).

Due to the difficult predictability of response to mTOR inhibitors and missing general predictors, tumor tissue editing could provide a prerequisite to enhance efficacy of mTOR inhibitors (141). For example, mTOR inhibitors enhance immune checkpoint expression. The combination with ICIs is at least promising in pre-clinical trials., as immunosurveillance may be reestablished by increase of tumor infiltrating T-cells and a parallel decrease of regulatory T-cells (142, 143). Other possible combination partners could be CDK4/6 inhibitors or PI3K inhibitors (144).

Clinically, tumor tissue editing can adequately design tumor tissues, a prerequisite for efficacious use of mTOR inhibitors in refractory metastatic uveal melanoma or refractory Hodgkin’s disease with metronomic low-dose chemotherapy and a PPARα/γ agonist (21, 23). In uveal melanoma long-term disease stabilization with significant improvement of ECOG status was achieved, in refractory Hodgkin’s disease even induction of complete remission, moreover continuous complete remission after discontinuation of the metronomic schedule (26). In both tumor entities, monotherapy with mTOR inhibitors has modest, if at all any activity. However, tumor tissue editing in refractory systems states prompted a novel therapy quality of mTOR inhibitors, here everolimus or temsirolimus, respectively, which could not be achieved with the tissue reprogramming therapy alone (unpublished data). These preliminary clinical results represent pivotal examples for drug repurposing by tumor tissue editing (21, 26). In breast cancer, everolimus may significantly prolong progression-free survival of exemestane monotherapy in a phase III trial (145).



α-Interferon Therapy Following Tissue Editing

Tissue editing in refractory, metastatic renal clear cell carcinoma (mRCC) with metronomic low-dose chemotherapy and pioglitazone, a PPARα/γ agonist, lead to disease stabilization. The addition of an approved drug in mRCC, α-interferon, now administered at very low doses weekly, in contrast to the approved and commonly used high doses in the era before introduction of targeted therapies, facilitated induction of histologically confirmed continuous complete remission in these advanced stages (22, 33, 146). The strong anti-inflammatory response mediated by α-interferon was significantly associated with response (147). In the setting of refractory, metastatic RCC, repurposing of α-interferon, now at very low doses, on the background of parallel tumor tissue editing could initiate long-term response in metastatic, refractory mRCC. In contrast, the addition of approved high dose α-interferon to temsirolimus, an mTOR inhibitor, or bevacizumab did not improve survival (148, 149).



Immune Modulating Cytokines and Tumor Tissue Editing

Epigenetically based tumor tissue modeling may lead to a down-regulation of the frequently overexpressed oncogene cMyc, thus recovering interferon response, and down-regulating multiple chemokines (73, 78). Currently a number of approved immune stimulating cytokines are in evaluation, such as, IFN-α, IFN-β, IL-2, and GM-GSF, others are in first clinical trials IL-12, IL-15, and IL-21 (77). Immune-modulatory and anti-inflammatory treatment approaches, as well as metabolically reprogramming therapies are currently tested (11, 100, 150–155).

Summarizing the possible approaches to enhance immunosurveillance by reprogramming tissue functions, there seems to be huge therapeutic potential for repurposing of approved drugs in the intention to clinically improve efficacy of ICI therapy or even to circumvent resistance. The anakoinotic approach may contribute to a successful repositioning of ICI therapies in case of ICI resistance and progressive disease (8, 156).



MEK Inhibitor Therapy Following Tumor Tissue Editing

Among the downstream kinases MEK plays therapeutically an important role, besides, mTOR, BRAF, AKT, as MEK is frequently up regulated in tumor cells. MEK inhibitors (MEKi) are approved in BRAF mutated melanoma and NSCLC in combination with BRAF inhibitors (157). Studies of MEKi in combination with CDK4/6 inhibitors are on the way in a broad variety of metastatic cancers (158).

The selective inhibition of the noncanonical TGF-β pathway involving MEK-ERK signaling, paralleled by the promotion of adipogenesis and inhibition of tumor-associated inflammation via PPARγ agonists may irreversibly differentiate breast cancer cell into adipocytes (6, 100, 159). Clinical trials indicate that PPARγ agonists may inhibit metastatic spread (104), what could be confirmed in the mouse model by treatment of metastatic breast cancer with rosiglitazone and MEK inhibitor (6).

The combinatorial use of MEKis with additional inhibitors of non-cancer cell or cancer cell autonomous signaling pathways follows a currently classic therapeutic procedure (160).

Simultaneous PPARγ activation and MEK inhibition combines the two therapy steps, tissue editing and targeted therapy in the edited tumor tissue. Tumor tissue editing is possible with PPARγ agonists. The stimulatory activity of PPARγ agonists changes phenotypes and functions of both, malignant and non-malignant cells and their respective ‘communication protocol’ due to the ubiquitous, but differential expression of PPARγ in all cell compartments of the tumor tissue (100). Following therapeutic editing of tumor tissue with PPARγ agonists, inflammation control and enhanced immunosurveillance may be achieved (11). The parallel abandoning of non-canonical TGF-β activity with MEK inhibition positions the function of the MEK inhibitor in a novel context. Both, MEK inhibitors and PPARγ agonists are used in a novel function compared to the common ways of application, namely for efficacious targeted control of BRAF mutated metastatic melanoma in combination with BRAF inhibitors or for overcoming insulin resistance, respectively.



Epigenetic Modifiers Following Tumor Tissue Editing

Most trials with epigenetically modifying drugs have been successfully performed in hematologic malignancies, particularly myelodysplastic syndromes and acute myelocytic leukemia. The group of epigenetically active drugs comprises quite different agents, DNA hypomethylating, i.e., 5-azacitidine and 5-aza-2-deoxy-cytidine (decitabine), histone deacetylase inhibitors (HDAC inhibitors), and agents targeting the polycomb repressive complex (PRC) 2 factor EZH2, or BET protein family epigenetic readers, affecting transcription of genes with super-enhancers (BET inhibitors).

The reprogramming character of azacitidine, for example, can be revealed from response data in p53 positive higher-risk myelodysplastic syndromes (MDS) or secondary acute myeloid leukemia (sAML). Interestingly, response is independent of the poor risk prognostic marker, mutated p53, in MDS/sAML (161). The classic and approved combinatorial use of azacitidine is currently the combination with the bcl-2 inhibitor venetoclax (162).

The resumption of the reprogramming approach with azacitidine has been initiated in clinical trials adding differentiation inducing agents, such as pioglitazone and all-trans retinoic acid to the epigenetically modifying approach. Rapid hematologic complete remission may be achieved with the triple combination even in p53 positive acute myelocytic leukemia. Interestingly, phagocytic activity of differentiated AML blast may be restored and may lead to regression of severe fungal pneumonia during rescue therapy with the triple combination (7, 25, 70, 72).



Propranolol and Tumor Tissue Editing

Pre-clinical and clinical evidence reveals that β-2 adrenergic receptor (ADRB2) signaling contributes to the progression of neoplasias, particularly in vascular sarcomas, prostate and breast cancer and may contribute to resistance (163–165). There is consistent evidence for at least additive activity of β-2 adrenergic receptor (ADRB2) blockers with chemotherapy (166).

Both, castration-resistant prostate cancer, and vascular tumors have been shown to be therapeutically accessible with reprogramming, pro-anakoinotic therapy approaches (167–169). Thus, the repurposed use of β-2 adrenergic receptor plus a tissue editing reprogramming approach could be possibly introduced for control of refractory prostate cancer and vascular tumors (170).



Imatinib and Tumor Tissue Editing

The effect of PPARγ agonists to overcome imatinib resistance has been described as ‘purging’ or sensitizing of imatinib (171). Target of PPARγ agonists in CML are quiescent stem cells, thereby decreasing transcription of STAT5 (103).The combination PPARγ agonists plus imatinib has been tested in cases of insufficient molecular response in chronic myeloid leukemia (CML), although PPARγ agonists have no monoactivity in CML, and imatinib had no sufficient monoactivity. The combined activity may induce CML cell death and durable molecular response even after therapy discontinuation (116).



Targeted Therapies and Tumor Tissue Editing, e.g., in Multiple Myeloma

Meanwhile, lenalidomide plus dexamethasone may be considered as a basic, clinically relevant, biomodulatory therapy active in all treatment phases of multiple myeloma, including maintenance or consolidation therapy (172). Lenalidomide’s mode of action can be considered as biomodulatory as it, in addition to its direct cytotoxic effects, inhibits angiogenesis, stimulates T-cells and natural killer cells and reduces inflammation (173). Additionally, both drugs combined show more than additive clinical activity in comparison to single agent activity (172). Clinical outcome may be improved by the addition of other biomodulators, such as proteasome inhibitors or monoclonal antibodies, like daratumumab, and elotuzumab (9, 24, 174–177). Adding pembrolizumab, however, seems not to be beneficial (178). The ‘editing therapy’, lenalidomide plus/minus dexamethasone may even have positive impact on progression-free survival 2 (179).




Special Prerequisites for Reprogramming Drugs

The reprogramming technique imposes some special requirements on drug activity. Drugs, simultaneously active in tumor and stoma cells may be used, such as metronomic chemotherapy and NR agonists/antagonists. Combined regulatory activity, not necessarily monoactivity in tumor tissues is required, as exemplified for mTOR inhibitors, α-interferon, chemotherapy, PPARα/γ agonists. Not only antagonistic, blocking activity but also agonistic activity, e.g. NR agonists can be used (9, 26, 100, 180). For establishing reprogramming activity profiles of repurposed drugs, even lower doses may be sufficient, in contrast to the maximal tolerable doses required for classic targeted therapies to ensure monoactivity, as exemplified for azacitidine, α-interferon, and chemotherapy (4, 25). As shown in clinical trials, pro-anakoinotic therapies are even successful in refractory, metastatic neoplasias of highly different histologic origin beyond the classic sex-hormone related cancers (4).



Experimental Approaches and Future Perspectives

For clinical data re-interpretation on pro-anakoinotic treatments, however, explanatory experimental and computational derived data are only to some extent available. Such technological efforts may include pathway or signature matching, genome-wide association studies, computational molecular docking, evaluation of drug-disease and drug-drug similarities, imaging mass cytometry (IMC), and ‘signature’ matching in comparison to other drugs with proteomics, transcriptomics and metabolomics (1, 4, 7, 181–184). Moreover, phenotypic screening of tumor models comprises a very valuable tool for drug repurposing (1). Looking at tumor tissue editing it is even more challenging to develop a suitable screening/diagnostic platform, since the effects not only on tumor cells, but on all cells and structures in the TME and their interactions have to be considered. Classic approaches for drug repurposing using established tumor cell lines and humanized mouse models lack multiple, possibly critical components of the original tumor tissue. Ex vivo precision-cut tissue slices derived from patients’ tumors represent a promising approach to shed more light on tumor tissue editing (step 1) in the future (185–187). By using this technique the effects of various compounds and their combinations on heterogeneous tumor cells in their native tumor immune microenvironment could be investigated (188, 189). Protocols to embed precision cut tissue slices into Omics analyses have also been developed (190). This unique setting even gives rise to the possibility to add autologous “cellular drugs” like modified T- or NK-cells to the mix to study their impact on the tumor tissue in a rather controlled environment. In combination with genomic data and gene expression profiles from molecular tumor boards such functional tests would greatly amplify the options to select optimal drug combinations in the personalized precision oncology setting. Thus, an ideal future experimental approach to investigate drug repurposing by tumor tissue editing could be the implementation of ‘functional/molecular tumor boards’ where patients are selected for therapies within umbrella trials not only based on molecular but also on functional tumor properties (Figure 2).




Figure 2 | Perspective on future precision oncology platforms integrating molecular + functional data to predictively select the optimal drug combination, i.e. within an umbrella trial. Functional testing includes, but is not limited to, in vitro drug screening on organoids, precision cut tissue slices, tumor fragments; addition of autologous T-cells may also be considered to improve precision medicine approaches in an individual patient.





Discussion

Systematic research for drug repurposing in oncology represents a wide-ranging effort considering the diversity of approaches (1–4, 7, 181–183). Here, data are summarized demonstrating that identifying tumor systems states for drug repurposing may be systematically studied combining tumor tissue editing and targeting of therapeutically edited tumor tissue with drugs, which show modest mono-activity in non-edited tumor tissue. In the first step the therapeutic approach intends to modify tumor tissue functions for tumor growth control, in the second step, to target in edited tumor tissues correspondingly altered and novel pattern of drug targets. Established experiences on two-step drug repurposing, particularly in breast cancer and multiple myeloma, but also clinical data on systematic extension of the editing technique on a broad variety of histologic different carcinomas, sarcomas and hematologic neoplasias reveal that the combinatory use of repurposed drugs for reprogramming tumor tissues may establish differential functional systems states for attenuating tumor growth, independently of the histologic tumor type (191) (4, 11, 125, 179, 192). Tissue editing is not limited to the exemplarily discussed tumor systems states, differentiation, transdifferentiation and establishing immunosurveillance and alternative tumor cell death. However, it may only be qualitatively diversified, when differential combinatory reprogramming techniques are applied. One cannot necessarily assume that all editing results exclusively fit with tumor systems states described by single pathophysiological processes, as regulatory active drug combinations simultaneously cross-interfere with multiple pathophysiological processes and hallmarks of cancer.

The therapeutic methodology provides prerequisites to systematically study drug repurposing approaches. Vice versa the therapy technique is applicable for identifying and diversifying novel combinatory drug schedules aiming at establishing novel, probably multi-layered organized tumor tissue functions attenuating tumor growth with ‘old’ drugs, or drugs in the pre-clinical developmental process (192). Commonly, drug approval is linked to monoactivity at maximal tolerable doses (43, 193). However, high clinical efficacy is often restricted to few tumor entities (12, 194). In so far, induction of anakoinosis represents a change in paradigm, and provides a novel experimental field to systematically study drug repurposing. The clinically proven activity of targeted agents, which are rather inefficacious in non-edited tumor tissue, can be interpreted with the context-dependent gain of clinical activity in edited tumor tissue, while considering tumor biology (9, 21, 26, 128). Seen from the combinatorial use of drugs an additive or synergistic drug-drug interaction may be verified. This view, however, would not differ from the classic description of the combinatorial use of any targeted therapy.

Preceding tumor tissue editing is known to impact consecutive therapies and therefore, determines therapy sequences (195). At best, tumor editing can even prolong progression-free survival, which may be translated in an overall survival benefit (128, 179, 191, 196, 197). During drug development, testing diversified systems status of tumor tissues for novel drug activities seems to be an important field for research to avoid missing significant drug activities in different tumor systems states. Importantly, such systems states may be ‘targeted’ edited (7, 9, 11, 176). The modest monoactivity of CDK4/6 inhibitors or elotuzumab in comparison to edited tumor tissue - with antihormonal therapy approaches in breast cancer and lenalidomide plus dexamethasone in multiple myeloma, respectively, - are pivotal examples (9, 126). Systematically addressing the ‘old’ but not systematically studied reservoir of drug activities for establishing biomodulatory, pro-anakoinotic therapy approaches, may close the gap that the classic targeted therapies have left behind. While proceeding with the mutation-triggered working hypothesis, the potential target reservoir of classic targeted therapies is obviously self-limiting, as those therapies do not fully take account of communicatively evolving non-cancer cell autonomous functions and structures based on phenotypic plasticity of tumor cell compartments (12). A further clinical limiting aspect ensues on the fact that also efficacy of targeted therapies may be highly context-dependent, either on different genetic or phenotypic backgrounds, as again exemplified by CDK4/6 inhibitors (126, 127).

Drug repurposing for tumor tissue editing and targeting edited tumor tissues may be applied for rescuing refractory disease, but also for the still not sufficiently studied field of chemoprevention (11). Particularly, the therapeutic technique confers possibilities to evaluate novel edited systems states for tumor control in tumor therapy or prevention (Figure 1).



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Acknowledgments

All Figures were created with BioRender.com.



References

1. Pushpakom, S, Iorio, F, Eyers, PA, Escott, KJ, Hopper, S, Wells, A, et al. Drug Repurposing: Progress, Challenges and Recommendations. Nat Rev Drug Discovery (2019) 18:41–58. doi: 10.1038/nrd.2018.168

2. Bouche, G, Gedye, C, Meheus, L, and Pantziarka, P. Drug Repurposing in Oncology. Lancet Oncol (2020) 21:e542. doi: 10.1016/S1470-2045(20)30561-1

3. Pantziarka, P, Verbaanderd, C, Huys, I, Bouche, G, and Meheus, L. Repurposing Drugs in Oncology: From Candidate Selection to Clinical Adoption. Semin Cancer Biol (2021) 68:186–91. doi: 10.1016/j.semcancer.2020.01.008

4. Heudobler, D, Rechenmacher, M, Lüke, F, Vogelhuber, M, Klobuch, S, Thomas, S, et al. Clinical Efficacy of a Novel Therapeutic Principle, Anakoinosis. Front Pharmacol (2018) 9:1357. doi: 10.3389/fphar.2018.01357

5. Booth, LA, Roberts, JL, and Dent, P. The Role of Cell Signaling in the Crosstalk Between Autophagy and Apoptosis in the Regulation of Tumor Cell Survival in Response to Sorafenib and Neratinib. Semin Cancer Biol (2020) 66:129–39. doi: 10.1016/j.semcancer.2019.10.013

6. Ishay-Ronen, D, Diepenbruck, M, Kalathur, RK, Sugiyama, N, Tiede, S, Ivanek, R, et al. Gain Fat-Lose Metastasis: Converting Invasive Breast Cancer Cells Into Adipocytes Inhibits Cancer Metastasis. Cancer Cell (2019) 35:17–32.e6. doi: 10.1016/j.ccell.2018.12.002

7. Klobuch, S, Steinberg, T, Bruni, E, Mirbeth, C, Heilmeier, B, Ghibelli, L, et al. Biomodulatory Treatment With Azacitidine, All-Trans Retinoic Acid and Pioglitazone Induces Differentiation of Primary AML Blasts Into Neutrophil Like Cells Capable of ROS Production and Phagocytosis. Front Pharmacol (2018) 9:1380. doi: 10.3389/fphar.2018.01380

8. Heudobler, D, Schulz, C, Fischer, JR, Staib, P, Wehler, T, Südhoff, T, et al. A Randomized Phase II Trial Comparing the Efficacy and Safety of Pioglitazone, Clarithromycin and Metronomic Low-Dose Chemotherapy With Single-Agent Nivolumab Therapy in Patients With Advanced Non-Small Cell Lung Cancer Treated in Second or Further Line (ModuLung). Front Pharmacol (2021) 12:599598. doi: 10.3389/fphar.2021.599598

9. Dimopoulos, MA, Lonial, S, Betts, KA, Chen, C, Zichlin, ML, Brun, A, et al. Elotuzumab Plus Lenalidomide and Dexamethasone in Relapsed/Refractory Multiple Myeloma: Extended 4-Year Follow-Up and Analysis of Relative Progression-Free Survival From the Randomized ELOQUENT-2 Trial. Cancer (2018) 124:4032–43. doi: 10.1002/cncr.31680

10. Cristofanilli, M, Turner, NC, Bondarenko, I, Ro, J, Im, S-A, Masuda, N, et al. Fulvestrant Plus Palbociclib Versus Fulvestrant Plus Placebo for Treatment of Hormone-Receptor-Positive, HER2-Negative Metastatic Breast Cancer That Progressed on Previous Endocrine Therapy (PALOMA-3): Final Analysis of the Multicentre, Double-Blind, Phase 3 Randomised Controlled Trial. Lancet Oncol (2016) 17:425–39. doi: 10.1016/S1470-2045(15)00613-0

11. Heudobler, D, Lüke, F, Vogelhuber, M, Klobuch, S, Pukrop, T, Herr, W, et al. Anakoinosis: Correcting Aberrant Homeostasis of Cancer Tissue-Going Beyond Apoptosis Induction. Front Oncol (2019) 9:1408. doi: 10.3389/fonc.2019.01408

12. Hahn, WC, Bader, JS, Braun, TP, Califano, A, Clemons, PA, Druker, BJ, et al. An Expanded Universe of Cancer Targets. Cell (2021) 184:1142–55. doi: 10.1016/j.cell.2021.02.020

13. Zhao, L, Zhou, S, and Gustafsson, J-Å. Nuclear Receptors: Recent Drug Discovery for Cancer Therapies. Endocr Rev (2019) 40:1207–49. doi: 10.1210/er.2018-00222

14. Huggins, C, and Hodges, CV. Studies on Prostatic Cancer. I. The Effect of Castration, of Estrogen and Androgen Injection on Serum Phosphatases in Metastatic Carcinoma of the Prostate. CA Cancer J Clin (1972) 22:232–40. doi: 10.3322/canjclin.22.4.232

15. Desai, K, McManus, J, and Sharifi, N. Hormonal Therapy for Prostate Cancer. Endocr Rev (2021) 3:354–73. doi: 10.1210/endrev/bnab002

16. Subramani, R, Nandy, SB, Pedroza, DA, and Lakshmanaswamy, R. Role of Growth Hormone in Breast Cancer. Endocrinology (2017) 158:1543–55. doi: 10.1210/en.2016-1928

17. de Bosscher, K, Desmet, SJ, Clarisse, D, Estébanez-Perpiña, E, and Brunsveld, L. Nuclear Receptor Crosstalk - Defining the Mechanisms for Therapeutic Innovation. Nat Rev Endocrinol (2020) 16:363–77. doi: 10.1038/s41574-020-0349-5

18. Hall, JM, and Greco, CW. Perturbation of Nuclear Hormone Receptors by Endocrine Disrupting Chemicals: Mechanisms and Pathological Consequences of Exposure. Cells (2019) 9. doi: 10.3390/cells9010013

19. Katz, SG, and Rabinovich, PM. T Cell Reprogramming Against Cancer. Methods Mol Biol (2020) 2097:3–44. doi: 10.1007/978-1-0716-0203-4_1

20. Noguera, NI, Catalano, G, Banella, C, Divona, M, Faraoni, I, Ottone, T, et al. Acute Promyelocytic Leukemia: Update on the Mechanisms of Leukemogenesis, Resistance and on Innovative Treatment Strategies. Cancers (Basel) (2019) 11(10):1591. doi: 10.3390/cancers11101591

21. Hart, C, Vogelhuber, M, Hafner, C, Landthaler, M, Berneburg, M, Haferkamp, S, et al. Biomodulatory Metronomic Therapy in Stage IV Melanoma is Well-Tolerated and may Induce Prolonged Progression-Free Survival, a Phase I Trial. J Eur Acad Dermatol Venereol (2016) 30:e119–21. doi: 10.1111/jdv.13391

22. Walter, B, Schrettenbrunner, I, Vogelhuber, M, Grassinger, J, Bross, K, Wilke, J, et al. Pioglitazone, Etoricoxib, Interferon-α, and Metronomic Capecitabine for Metastatic Renal Cell Carcinoma: Final Results of a Prospective Phase II Trial. Med Oncol (2012) 29:799–805. doi: 10.1007/s12032-011-9982-0

23. Lüke, F, Harrer, DC, Menhart, K, Wolff, D, Holler, E, Hellwig, D, et al. Biomodulatory Treatment Regimen, MEPED, Rescues Relapsed and Refractory Classic Hodgkin’s Disease. Front Pharmacol (2021) 12:599561. doi: 10.3389/fphar.2021.599561

24. Dimopoulos, MA, San-Miguel, J, Belch, A, White, D, Benboubker, L, Cook, G, et al. Daratumumab Plus Lenalidomide and Dexamethasone Versus Lenalidomide and Dexamethasone in Relapsed or Refractory Multiple Myeloma: Updated Analysis of POLLUX. Haematologica (2018) 103:2088–96. doi: 10.3324/haematol.2018.194282

25. Heudobler, D, Klobuch, S, Lüke, F, Hahn, J, Grube, M, Kremers, S, et al. Low-Dose Azacitidine, Pioglitazone and All-Trans Retinoic Acid Versus Standard-Dose Azacitidine in Patients ≥ 60 Years With Acute Myeloid Leukemia Refractory to Standard Induction Chemotherapy (AMLSG 26-16/AML-ViVA): Results of the Safety Run-In Phase I. Blood (2019) 134:1382. doi: 10.1182/blood-2019-129977

26. Ugocsai, P, Wolff, D, Menhart, K, Hellwig, D, Holler, E, Herr, W, et al. Biomodulatory Metronomic Therapy Induces PET-Negative Remission in Chemo- and Brentuximab-Refractory Hodgkin Lymphoma. Br J Haematol (2016) 172:290–3. doi: 10.1111/bjh.13480

27. Goel, S, DeCristo, MJ, McAllister, SS, and Zhao, JJ. CDK4/6 Inhibition in Cancer: Beyond Cell Cycle Arrest. Trends Cell Biol (2018) 28:911–25. doi: 10.1016/j.tcb.2018.07.002

28. Boutouja, F, Stiehm, CM, and Platta, HW. mTOR: A Cellular Regulator Interface in Health and Disease. Cells (2019) 8(1): 18. doi: 10.3390/cells8010018

29. Jewer, M, Lee, L, Leibovitch, M, Zhang, G, Liu, J, Findlay, SD, et al. Translational Control of Breast Cancer Plasticity. Nat Commun (2020) 11:2498. doi: 10.1038/s41467-020-16352-z

30. Smid, M, Wang, Y, Zhang, Y, Sieuwerts, AM, Yu, J, Klijn, JG, et al. Subtypes of Breast Cancer Show Preferential Site of Relapse. Cancer Res (2008) 68:3108–14. doi: 10.1158/0008-5472.CAN-07-5644

31. Barbosa, R, Acevedo, LA, and Marmorstein, R. The MEK/ERK Network as a Therapeutic Target in Human Cancer. Mol Cancer Res (2021) 19:361–74. doi: 10.1158/1541-7786.MCR-20-0687

32. Antonangeli, F, Natalini, A, Garassino, MC, Sica, A, Santoni, A, and Di Rosa, F. Regulation of PD-L1 Expression by NF-κb in Cancer. Front Immunol (2020) 11:584626. doi: 10.3389/fimmu.2020.584626

33. Hart, C, Vogelhuber, M, Wolff, D, Klobuch, S, Ghibelli, L, Foell, J, et al. Anakoinosis: Communicative Reprogramming of Tumor Systems - for Rescuing From Chemorefractory Neoplasia. Cancer Microenviron (2015) 8:75–92. doi: 10.1007/s12307-015-0170-1

34. Huang, S. Reconciling Non-Genetic Plasticity With Somatic Evolution in Cancer. Trends Cancer (2021) 7(4):309–22. doi: 10.1016/j.trecan.2020.12.007

35. Shuvalov, O, Daks, A, Fedorova, O, Petukhov, A, and Barlev, N. Linking Metabolic Reprogramming, Plasticity and Tumor Progression. Cancers (Basel) (2021) 13(4): 762. doi: 10.3390/cancers13040762

36. Shen, S, and Clairambault, J. Cell Plasticity in Cancer Cell Populations. F1000Res (2020) 9:635. doi: 10.12688/f1000research.24803.1

37. Ptashne, M. On the Use of the Word ‘Epigenetic’. Curr Biol (2007) 17:R233–6. doi: 10.1016/j.cub.2007.02.030

38. Pisco, AO, and Huang, S. Non-Genetic Cancer Cell Plasticity and Therapy-Induced Stemness in Tumour Relapse: ‘What Does Not Kill Me Strengthens Me’. Br J Cancer (2015) 112:1725–32. doi: 10.1038/bjc.2015.146

39. Neftel, C, Laffy, J, Filbin, MG, Hara, T, Shore, ME, Rahme, GJ, et al. An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell (2019) 178:835–849.e21. doi: 10.1016/j.cell.2019.06.024

40. Shaffer, SM, Emert, BL, Reyes Hueros, RA, Cote, C, Harmange, G, Schaff, DL, et al. Memory Sequencing Reveals Heritable Single-Cell Gene Expression Programs Associated With Distinct Cellular Behaviors. Cell (2020) 182:947–959.e17. doi: 10.1016/j.cell.2020.07.003

41. Li, F, Huang, Q, Chen, J, Peng, Y, Roop, DR, Bedford, JS, et al. Apoptotic Cells Activate the “Phoenix Rising” Pathway to Promote Wound Healing and Tissue Regeneration. Sci Signal (2010) 3:ra13. doi: 10.1126/scisignal.2000634

42. Shaked, Y. The Pro-Tumorigenic Host Response to Cancer Therapies. Nat Rev Cancer (2019) 19:667–85. doi: 10.1038/s41568-019-0209-6

43. Brock, A, and Huang, S. Precision Oncology: Between Vaguely Right and Precisely Wrong. Cancer Res (2017) 77:6473–9. doi: 10.1158/0008-5472.CAN-17-0448

44. Puca, L, Vlachostergios, PJ, and Beltran, H. Neuroendocrine Differentiation in Prostate Cancer: Emerging Biology, Models, and Therapies. Cold Spring Harb Perspect Med (2019) 9:a030593. doi: 10.1101/cshperspect.a030593

45. Kumar, EA, Okosun, J, and Fitzgibbon, J. The Biological Basis of Histologic Transformation. Hematol Oncol Clin North Am (2020) 34:771–84. doi: 10.1016/j.hoc.2020.02.010

46. Jonckheere, S, Adams, J, de Groote, D, Campbell, K, Berx, G, and Goossens, S. Epithelial-Mesenchymal Transition (EMT) as a Therapeutic Target. Cells Tissues Organs (2021) 211(2):1–26. doi: 10.1159/000512218

47. Fischer, KR, Durrans, A, Lee, S, Sheng, J, Li, F, Wong, ST, et al. Epithelial-To-Mesenchymal Transition Is Not Required for Lung Metastasis But Contributes to Chemoresistance. Nature (2015) 527:472–6. doi: 10.1038/nature15748

48. Su, J, Morgani, SM, David, CJ, Wang, Q, Er, EE, Huang, Y-H, et al. TGF-β Orchestrates Fibrogenic and Developmental EMTs via the RAS Effector RREB1. Nature (2020) 577:566–71. doi: 10.1038/s41586-019-1897-5

49. Fattet, L, and Yang, J. RREB1 Integrates TGF-β and RAS Signals to Drive EMT. Dev Cell (2020) 52:259–60. doi: 10.1016/j.devcel.2020.01.020

50. Banks, AS, McAllister, FE, Camporez, JP, Zushin, P-JH, Jurczak, MJ, Laznik-Bogoslavski, D, et al. An ERK/Cdk5 Axis Controls the Diabetogenic Actions of Pparγ. Nature (2015) 517:391–5. doi: 10.1038/nature13887

51. Paulo, JA, McAllister, FE, Everley, RA, Beausoleil, SA, Banks, AS, and Gygi, SP. Effects of MEK Inhibitors GSK1120212 and PD0325901 In Vivo Using 10-Plex Quantitative Proteomics and Phosphoproteomics. Proteomics (2015) 15:462–73. doi: 10.1002/pmic.201400154

52. Weiss, T, Taschner-Mandl, S, Janker, L, Bileck, A, Rifatbegovic, F, Kromp, F, et al. Schwann Cell Plasticity Regulates Neuroblastic Tumor Cell Differentiation via Epidermal Growth Factor-Like Protein 8. Nat Commun (2021) 12:1624. doi: 10.1038/s41467-021-21859-0

53. Stadhouders, R, Filion, GJ, and Graf, T. Transcription Factors and 3D Genome Conformation in Cell-Fate Decisions. Nature (2019) 569:345–54. doi: 10.1038/s41586-019-1182-7

54. Luo, H, Liu, W-H, Liang, H-Y, Yan, H-T, Lin, N, Li, D-Y, et al. Differentiation-Inducing Therapeutic Effect of Notch Inhibition in Reversing Malignant Transformation of Liver Normal Stem Cells via MET. Oncotarget (2018) 9:18885–95. doi: 10.18632/oncotarget.24421

55. Lazar, SB, Pongor, L, Li, XL, Grammatikakis, I, Muys, BR, Dangelmaier, EA, et al. Genome-Wide Analysis of the FOXA1 Transcriptional Network Identifies Novel Protein-Coding and Long Noncoding RNA Targets in Colorectal Cancer Cells. Mol Cell Biol (2020) 40:e00224–20. doi: 10.1128/MCB.00224-20

56. Liu, J. The Dualistic Origin of Human Tumors. Semin Cancer Biol (2018) 53:1–16. doi: 10.1016/j.semcancer.2018.07.004

57. Tan, Y, Wang, X, Song, H, Zhang, Y, Zhang, R, Li, S, et al. A PML/Rarα Direct Target Atlas Redefines Transcriptional Deregulation in Acute Promyelocytic Leukemia. Blood (2021) 137:1503–16. doi: 10.1182/blood.2020005698

58. Lotem, J, and Sachs, L. Epigenetics and the Plasticity of Differentiation in Normal and Cancer Stem Cells. Oncogene (2006) 25:7663–72. doi: 10.1038/sj.onc.1209816

59. Waddington, CH. The Epigenotype. 1942. Int J Epidemiol (2012) 41:10–3. doi: 10.1093/ije/dyr184

60. Saggese, P, Sellitto, A, Martinez, CA, Giurato, G, Nassa, G, Rizzo, F, et al. Metabolic Regulation of Epigenetic Modifications and Cell Differentiation in Cancer. Cancers (Basel) (2020) 12(12):3788. doi: 10.3390/cancers12123788

61. Izzo, F, Lee, SC, Poran, A, Chaligne, R, Gaiti, F, Gross, B, et al. DNA Methylation Disruption Reshapes the Hematopoietic Differentiation Landscape. Nat Genet (2020) 52:378–87. doi: 10.1038/s41588-020-0595-4

62. Gong, L, Yan, Q, Zhang, Y, Fang, X, Liu, B, and Guan, X. Cancer Cell Reprogramming: A Promising Therapy Converting Malignancy to Benignity. Cancer Commun (Lond) (2019) 39:48. doi: 10.1186/s40880-019-0393-5

63. Munster, PN, Troso-Sandoval, T, Rosen, N, Rifkind, R, Marks, PA, and Richon, VM. The Histone Deacetylase Inhibitor Suberoylanilide Hydroxamic Acid Induces Differentiation of Human Breast Cancer Cells. Cancer Res (2001) 61:8492–7.

64. Samaržija, I, Dekanić, A, Humphries, JD, Paradžik, M, Stojanović, N, Humphries, MJ, et al. Integrin Crosstalk Contributes to the Complexity of Signalling and Unpredictable Cancer Cell Fates. Cancers (Basel) (2020) 12(7):1910. doi: 10.3390/cancers12071910

65. Jin, X, Jin, X, Kim, LJ, Dixit, D, Jeon, H-Y, Kim, E-J, et al. Inhibition of ID1-BMPR2 Intrinsic Signaling Sensitizes Glioma Stem Cells to Differentiation Therapy. Clin Cancer Res (2018) 24:383–94. doi: 10.1158/1078-0432.CCR-17-1529

66. Ruan, X, Johnson, GR, Bierschenk, I, Nitschke, R, Boerries, M, Busch, H, et al. Image-Derived Models of Cell Organization Changes During Differentiation and Drug Treatments. Mol Biol Cell (2020) 31:655–66. doi: 10.1091/mbc.E19-02-0080

67. Takahashi, S. Current Understandings of Myeloid Differentiation Inducers in Leukemia Therapy. Acta Haematol (2020) 144(1):1–9. doi: 10.1159/000510980

68. Castelli, G, Pelosi, E, and Testa, U. Emerging Therapies for Acute Myelogenus Leukemia Patients Targeting Apoptosis and Mitochondrial Metabolism. Cancers (Basel) (2019) 11(2):260. doi: 10.3390/cancers11020260

69. de Thé, H. Differentiation Therapy Revisited. Nat Rev Cancer (2018) 18:117–27. doi: 10.1038/nrc.2017.103

70. Heudobler, D, Klobuch, S, Thomas, S, Hahn, J, Herr, W, and Reichle, A. Cutaneous Leukemic Infiltrates Successfully Treated With Biomodulatory Therapy in a Rare Case of Therapy-Related High Risk MDS/AML. Front Pharmacol (2018) 9:1279. doi: 10.3389/fphar.2018.01279

71. Kattner, A-S, Holler, E, Herr, W, Reichle, A, Wolff, D, and Heudobler, D. Successful Treatment of Early Relapsed High-Risk AML After Allogeneic Hematopoietic Stem Cell Transplantation With Biomodulatory Therapy. Front Oncol (2020) 10:443. doi: 10.3389/fonc.2020.00443

72. Thomas, S, Schelker, R, Klobuch, S, Zaiss, S, Troppmann, M, Rehli, M, et al. Biomodulatory Therapy Induces Complete Molecular Remission in Chemorefractory Acute Myeloid Leukemia. Haematologica (2015) 100:e4–6. doi: 10.3324/haematol.2014.115055

73. Peng, D, Kryczek, I, Nagarsheth, N, Zhao, L, Wei, S, Wang, W, et al. Epigenetic Silencing of TH1-Type Chemokines Shapes Tumour Immunity and Immunotherapy. Nature (2015) 527:249–53. doi: 10.1038/nature15520

74. Riaz, N, Havel, JJ, Makarov, V, Desrichard, A, Urba, WJ, Sims, JS, et al. Tumor and Microenvironment Evolution During Immunotherapy With Nivolumab. Cell (2017) 171:934–949.e16. doi: 10.1016/j.cell.2017.09.028

75. Cretella, D, Digiacomo, G, Giovannetti, E, and Cavazzoni, A. PTEN Alterations as a Potential Mechanism for Tumor Cell Escape From PD-1/PD-L1 Inhibition. Cancers (Basel) (2019) 11(9):1318. doi: 10.3390/cancers11091318

76. Berger, AH, Knudson, AG, and Pandolfi, PP. A Continuum Model for Tumour Suppression. Nature (2011) 476:163–9. doi: 10.1038/nature10275

77. Waldmann, TA. Cytokines in Cancer Immunotherapy. Cold Spring Harb Perspect Biol (2018) 10:a028472. doi: 10.1101/cshperspect.a028472

78. Topper, MJ, Vaz, M, Chiappinelli, KB, DeStefano Shields, CE, Niknafs, N, Yen, R-WC, et al. Epigenetic Therapy Ties MYC Depletion to Reversing Immune Evasion and Treating Lung Cancer. Cell (2017) 171:1284–1300.e21. doi: 10.1016/j.cell.2017.10.022

79. Renner, K, Bruss, C, Schnell, A, Koehl, G, Becker, HM, Fante, M, et al. Restricting Glycolysis Preserves T Cell Effector Functions and Augments Checkpoint Therapy. Cell Rep (2019) 29:135–150.e9. doi: 10.1016/j.celrep.2019.08.068

80. Balachandran, VP, Łuksza, M, Zhao, JN, Makarov, V, Moral, JA, Remark, R, et al. Identification of Unique Neoantigen Qualities in Long-Term Survivors of Pancreatic Cancer. Nature (2017) 551:512–6. doi: 10.1038/nature24462

81. Abdallah, ME, El-Readi, MZ, Althubiti, MA, Almaimani, RA, Ismail, AM, Idris, S, et al. Tamoxifen and the PI3K Inhibitor: LY294002 Synergistically Induce Apoptosis and Cell Cycle Arrest in Breast Cancer MCF-7 Cells. Molecules (2020) 25(15):3355. doi: 10.3390/molecules25153355

82. Zhao, M, and Ramaswamy, B. Mechanisms and Therapeutic Advances in the Management of Endocrine-Resistant Breast Cancer. World J Clin Oncol (2014) 5:248–62. doi: 10.5306/wjco.v5.i3.248

83. Ikeda, K, Horie-Inoue, K, and Inoue, S. Identification of Estrogen-Responsive Genes Based on the DNA Binding Properties of Estrogen Receptors Using High-Throughput Sequencing Technology. Acta Pharmacol Sin (2015) 36:24–31. doi: 10.1038/aps.2014.123

84. Koboldt, DC, Fulton, RS, McLellan, MD, Schmidt, H, Kalicki-Veizer, J, McMichael, JF, et al. Comprehensive Molecular Portraits of Human Breast Tumours. Nature (2012) 490:61–70. doi: 10.1038/nature11412

85. Morris, JP, Yashinskie, JJ, Koche, R, Chandwani, R, Tian, S, Chen, C-C, et al. α-Ketoglutarate Links P53 to Cell Fate During Tumour Suppression. Nature (2019) 573:595–9. doi: 10.1038/s41586-019-1577-5

86. Chen, S, Wu, J-L, Liang, Y, Tang, Y-G, Song, H-X, Wu, L-L, et al. Arsenic Trioxide Rescues Structural P53 Mutations Through a Cryptic Allosteric Site. Cancer Cell (2021) 39:225–239.e8. doi: 10.1016/j.ccell.2020.11.013

87. Zak, Z, Gelebart, P, and Lai, R. Fenofibrate Induces Effective Apoptosis in Mantle Cell Lymphoma by Inhibiting the TNFalpha/NF-kappaB Signaling Axis. Leukemia (2010) 24:1476–86. doi: 10.1038/leu.2010.117

88. Aminzadeh-Gohari, S, Weber, DD, Vidali, S, Catalano, L, Kofler, B, and Feichtinger, RG. From Old to New - Repurposing Drugs to Target Mitochondrial Energy Metabolism in Cancer. Semin Cell Dev Biol (2020) 98:211–23. doi: 10.1016/j.semcdb.2019.05.025

89. Stine, ZE, Schug, ZT, Salvino, JM, and Dang, CV. Targeting Cancer Metabolism in the Era of Precision Oncology. Nat Rev Drug Discov (2022) 21:141–62. doi: 10.1038/s41573-021-00339-6

90. Dallaglio, K, Bruno, A, Cantelmo, AR, Esposito, AI, Ruggiero, L, Orecchioni, S, et al. Paradoxic Effects of Metformin on Endothelial Cells and Angiogenesis. Carcinogenesis (2014) 35:1055–66. doi: 10.1093/carcin/bgu001

91. Gadducci, A, Biglia, N, Tana, R, Cosio, S, and Gallo, M. Metformin Use and Gynecological Cancers: A Novel Treatment Option Emerging From Drug Repositioning. Crit Rev Oncol Hematol (2016) 105:73–83. doi: 10.1016/j.critrevonc.2016.06.006

92. Orienti, I, Francescangeli, F, de Angelis, ML, Fecchi, K, Bongiorno-Borbone, L, Signore, M, et al. A New Bioavailable Fenretinide Formulation With Antiproliferative, Antimetabolic, and Cytotoxic Effects on Solid Tumors. Cell Death Dis (2019) 10:529. doi: 10.1038/s41419-019-1775-y

93. Johansson, H, Gandini, S, Guerrieri-Gonzaga, A, Iodice, S, Ruscica, M, Bonanni, B, et al. Effect of Fenretinide and Low-Dose Tamoxifen on Insulin Sensitivity in Premenopausal Women at High Risk for Breast Cancer. Cancer Res (2008) 68:9512–8. doi: 10.1158/0008-5472.CAN-08-0553

94. Orienti, I, Salvati, V, Sette, G, Zucchetti, M, Bongiorno-Borbone, L, Peschiaroli, A, et al. A Novel Oral Micellar Fenretinide Formulation With Enhanced Bioavailability and Antitumour Activity Against Multiple Tumours From Cancer Stem Cells. J Exp Clin Cancer Res (2019) 38:373. doi: 10.1186/s13046-019-1383-9

95. Lancet, JE, Uy, GL, Cortes, JE, Newell, LF, Lin, TL, Ritchie, EK, et al. CPX-351 (Cytarabine and Daunorubicin) Liposome for Injection Versus Conventional Cytarabine Plus Daunorubicin in Older Patients With Newly Diagnosed Secondary Acute Myeloid Leukemia. J Clin Oncol (2018) 36:2684–92. doi: 10.1200/JCO.2017.77.6112

96. Aspeslagh, S, Morel, D, Soria, J-C, and Postel-Vinay, S. Epigenetic Modifiers as New Immunomodulatory Therapies in Solid Tumours. Ann Oncol (2018) 29:812–24. doi: 10.1093/annonc/mdy050

97. Gaissmaier, L, Elshiaty, M, and Christopoulos, P. Breaking Bottlenecks for the TCR Therapy of Cancer. Cells (2020) 9(9):2095. doi: 10.3390/cells9092095

98. Wang, B, Tian, T, Kalland, K-H, Ke, X, and Qu, Y. Targeting Wnt/β-Catenin Signaling for Cancer Immunotherapy. Trends Pharmacol Sci (2018) 39:648–58. doi: 10.1016/j.tips.2018.03.008

99. Vallée, A, and Lecarpentier, Y. Crosstalk Between Peroxisome Proliferator-Activated Receptor Gamma and the Canonical WNT/β-Catenin Pathway in Chronic Inflammation and Oxidative Stress During Carcinogenesis. Front Immunol (2018) 9:745. doi: 10.3389/fimmu.2018.00745

100. Heudobler, D, Rechenmacher, M, Lüke, F, Vogelhuber, M, Pukrop, T, Herr, W, et al. Peroxisome Proliferator-Activated Receptors (PPAR)γ Agonists as Master Modulators of Tumor Tissue. Int J Mol Sci (2018) 19. doi: 10.3390/ijms19113540

101. Halley-Stott, RP, and Gurdon, JB. Epigenetic Memory in the Context of Nuclear Reprogramming and Cancer. Brief Funct Genomics (2013) 12:164–73. doi: 10.1093/bfgp/elt011

102. Iacobuzio-Donahue, CA, Michael, C, Baez, P, Kappagantula, R, Hooper, JE, and Hollman, TJ. Cancer Biology as Revealed by the Research Autopsy. Nat Rev Cancer (2019) 19:686–97. doi: 10.1038/s41568-019-0199-4

103. Prost, S, Relouzat, F, Spentchian, M, Ouzegdouh, Y, Saliba, J, Massonnet, G, et al. Erosion of the Chronic Myeloid Leukaemia Stem Cell Pool by Pparγ Agonists. Nature (2015) 525:380–3. doi: 10.1038/nature15248

104. Reichle, A, and Vogt, T. Systems Biology: A Therapeutic Target for Tumor Therapy. Cancer Microenviron (2008) 1:159–70. doi: 10.1007/s12307-008-0012-5

105. Celià-Terrassa, T, and Kang, Y. Metastatic Niche Functions and Therapeutic Opportunities. Nat Cell Biol (2018) 20:868–77. doi: 10.1038/s41556-018-0145-9

106. Bradner, JE, Hnisz, D, and Young, RA. Transcriptional Addiction in Cancer. Cell (2017) 168:629–43. doi: 10.1016/j.cell.2016.12.013

107. Sur, I, and Taipale, J. The Role of Enhancers in Cancer. Nat Rev Cancer (2016) 16:483–93. doi: 10.1038/nrc.2016.62

108. Chapuy, B, McKeown, MR, Lin, CY, Monti, S, Roemer, MG, Qi, J, et al. Discovery and Characterization of Super-Enhancer-Associated Dependencies in Diffuse Large B Cell Lymphoma. Cancer Cell (2013) 24:777–90. doi: 10.1016/j.ccr.2013.11.003

109. Weinstein, IB, and Joe, A. Oncogene Addiction. Cancer Res (2008) 68:3077–80; discussion 3080. doi: 10.1158/0008-5472.CAN-07-3293

110. Chen, Z, Brand, NJ, Chen, A, Chen, SJ, Tong, JH, Wang, ZY, et al. Fusion Between a Novel Krüppel-Like Zinc Finger Gene and the Retinoic Acid Receptor-Alpha Locus Due to a Variant T (11;17) Translocation Associated With Acute Promyelocytic Leukaemia. EMBO J (1993) 12:1161–7. doi: 10.1002/j.1460-2075.1993.tb05757.x

111. Maximov, PY, Abderrahman, B, Curpan, RF, Hawsawi, YM, Fan, P, and Jordan, VC. A Unifying Biology of Sex Steroid-Induced Apoptosis in Prostate and Breast Cancers. Endocr Relat Cancer (2018) 25:R83–R113. doi: 10.1530/ERC-17-0416

112. Vogelstein, B, Papadopoulos, N, Velculescu, VE, Zhou, S, Diaz, LA, and Kinzler, KW. Cancer Genome Landscapes. Science (2013) 339:1546–58. doi: 10.1126/science.1235122

113. Kandoth, C, McLellan, MD, Vandin, F, Ye, K, Niu, B, Lu, C, et al. Mutational Landscape and Significance Across 12 Major Cancer Types. Nature (2013) 502:333–9. doi: 10.1038/nature12634

114. Payré, B, de Medina, P, Boubekeur, N, Mhamdi, L, Bertrand-Michel, J, Tercé, F, et al. Microsomal Antiestrogen-Binding Site Ligands Induce Growth Control and Differentiation of Human Breast Cancer Cells Through the Modulation of Cholesterol Metabolism. Mol Cancer Ther (2008) 7:3707–18. doi: 10.1158/1535-7163.MCT-08-0507

115. Michna, H, Nishino, Y, Neef, G, McGuire, WL, and Schneider, MR. Progesterone Antagonists: Tumor-Inhibiting Potential and Mechanism of Action. J Steroid Biochem Mol Biol (1992) 41:339–48. doi: 10.1016/0960-0760(92)90360-u

116. Rousselot, P, Prost, S, Guilhot, J, Roy, L, Etienne, G, Legros, L, et al. Pioglitazone Together With Imatinib in Chronic Myeloid Leukemia: A Proof of Concept Study. Cancer (2017) 123:1791–9. doi: 10.1002/cncr.30490

117. Guzman, ML, Li, X, Corbett, CA, Rossi, RM, Bushnell, T, Liesveld, JL, et al. Rapid and Selective Death of Leukemia Stem and Progenitor Cells Induced by the Compound 4-Benzyl, 2-Methyl, 1,2,4-Thiadiazolidine, 3,5 Dione (TDZD-8). Blood (2007) 110:4436–44. doi: 10.1182/blood-2007-05-088815

118. Boyd, AL, Reid, JC, Salci, KR, Aslostovar, L, Benoit, YD, Shapovalova, Z, et al. Acute Myeloid Leukaemia Disrupts Endogenous Myelo-Erythropoiesis by Compromising the Adipocyte Bone Marrow Niche. Nat Cell Biol (2017) 19:1336–47. doi: 10.1038/ncb3625

119. Mrowka, P, and Glodkowska-Mrowka, E. Pparγ Agonists in Combination Cancer Therapies. Curr Cancer Drug Targets (2020) 20:197–215. doi: 10.2174/1568009619666191209102015

120. Sadeghi, M, Ordway, B, Rafiei, I, Borad, P, Fang, B, Koomen, JL, et al. Integrative Analysis of Breast Cancer Cells Reveals an Epithelial-Mesenchymal Transition Role in Adaptation to Acidic Microenvironment. Front Oncol (2020) 10:304. doi: 10.3389/fonc.2020.00304

121. García-Jiménez, C, and Goding, CR. Starvation and Pseudo-Starvation as Drivers of Cancer Metastasis Through Translation Reprogramming. Cell Metab (2019) 29:254–67. doi: 10.1016/j.cmet.2018.11.018

122. Reichle, A, Vogt, T, Kunz-Schughart, L, Bretschneider, T, Bachthaler, M, Bross, K, et al. Anti-Inflammatory and Angiostatic Therapy in Chemorefractory Multisystem Langerhans’ Cell Histiocytosis of Adults. Br J Haematol (2005) 128:730–2. doi: 10.1111/j.1365-2141.2004.05359.x

123. Franco-Chuaire, ML, Magda Carolina, S-C, and Chuaire-Noack, L. Epithelial-Mesenchymal Transition (EMT): Principles and Clinical Impact in Cancer Therapy. Invest Clin (2013) 54:186–205.

124. Brabletz, T. To Differentiate or Not—Routes Towards Metastasis. Nat Rev Cancer (2012) 12:425–36. doi: 10.1038/nrc3265

125. Turner, NC, Slamon, DJ, Ro, J, Bondarenko, I, Im, S-A, Masuda, N, et al. Overall Survival With Palbociclib and Fulvestrant in Advanced Breast Cancer. N Engl J Med (2018) 379:1926–36. doi: 10.1056/NEJMoa1810527

126. Schettini, F, de Santo, I, Rea, CG, de Placido, P, Formisano, L, Giuliano, M, et al. CDK 4/6 Inhibitors as Single Agent in Advanced Solid Tumors. Front Oncol (2018) 8:608. doi: 10.3389/fonc.2018.00608

127. Dickler, MN, Tolaney, SM, Rugo, HS, Cortés, J, Diéras, V, Patt, D, et al. MONARCH 1, A Phase II Study of Abemaciclib, a CDK4 and CDK6 Inhibitor, as a Single Agent, in Patients With Refractory HR+/HER2- Metastatic Breast Cancer. Clin Cancer Res (2017) 23:5218–24. doi: 10.1158/1078-0432.CCR-17-0754

128. Kase, AM, Copland Iii, JA, and Tan, W. Novel Therapeutic Strategies for CDK4/6 Inhibitors in Metastatic Castrate-Resistant Prostate Cancer. Onco Targets Ther (2020) 13:10499–513. doi: 10.2147/OTT.S266085

129. Papi, A, Storci, G, Guarnieri, T, de Carolis, S, Bertoni, S, Avenia, N, et al. Peroxisome Proliferator Activated Receptor-α/Hypoxia Inducible Factor-1α Interplay Sustains Carbonic Anhydrase IX and Apoliprotein E Expression in Breast Cancer Stem Cells. PloS One (2013) 8:e54968. doi: 10.1371/journal.pone.0054968

130. Rubin, GL, Zhao, Y, Kalus, AM, and Simpson, ER. Peroxisome Proliferator-Activated Receptor Gamma Ligands Inhibit Estrogen Biosynthesis in Human Breast Adipose Tissue: Possible Implications for Breast Cancer Therapy. Cancer Res (2000) 60:1604–8.

131. Dunnett-Kane, V, Nicola, P, Blackhall, F, and Lindsay, C. Mechanisms of Resistance to KRASG12C Inhibitors. Cancers (Basel) (2021) 13(1):151. doi: 10.3390/cancers13010151

132. Gillette, MA, Satpathy, S, Cao, S, Dhanasekaran, SM, Vasaikar, SV, Krug, K, et al. Proteogenomic Characterization Reveals Therapeutic Vulnerabilities in Lung Adenocarcinoma. Cell (2020) 182:200–225.e35. doi: 10.1016/j.cell.2020.06.013

133. Hong, DS, Fakih, MG, Strickler, JH, Desai, J, Durm, GA, Shapiro, GI, et al. KRASG12C Inhibition With Sotorasib in Advanced Solid Tumors. N Engl J Med (2020) 383:1207–17. doi: 10.1056/NEJMoa1917239

134. Gutting, T, Weber, CA, Weidner, P, Herweck, F, Henn, S, Friedrich, T, et al. Pparγ-Activation Increases Intestinal M1 Macrophages and Mitigates Formation of Serrated Adenomas in Mutant KRAS Mice. Oncoimmunology (2018) 7:e1423168. doi: 10.1080/2162402X.2017.1423168

135. Glass, CK, and Saijo, K. Nuclear Receptor Transrepression Pathways That Regulate Inflammation in Macrophages and T Cells. Nat Rev Immunol (2010) 10:365–76. doi: 10.1038/nri2748

136. Sun, S-Y. mTOR-Targeted Cancer Therapy: Great Target But Disappointing Clinical Outcomes, Why? Front Med (2021) 15:221–31. doi: 10.1007/s11684-020-0812-7

137. Tenold, M, Ravi, P, Kumar, M, Bowman, A, Hammers, H, Choueiri, TK, et al. Current Approaches to the Treatment of Advanced or Metastatic Renal Cell Carcinoma. Am Soc Clin Oncol Educ Book (2020) 40:1–10. doi: 10.1200/EDBK_279881

138. Hess, G, Smith, SM, Berkenblit, A, and Coiffier, B. Temsirolimus in Mantle Cell Lymphoma and Other non-Hodgkin Lymphoma Subtypes. Semin Oncol (2009) 36 Suppl 3:S37–45. doi: 10.1053/j.seminoncol.2009.10.012

139. Stepanenko, AA, Andreieva, SV, Korets, KV, Mykytenko, DO, Baklaushev, VP, Chekhonin, VP, et al. mTOR Inhibitor Temsirolimus and MEK1/2 Inhibitor U0126 Promote Chromosomal Instability and Cell Type-Dependent Phenotype Changes of Glioblastoma Cells. Gene (2016) 579:58–68. doi: 10.1016/j.gene.2015.12.064

140. Pópulo, H, Lopes, JM, and Soares, P. The mTOR Signalling Pathway in Human Cancer. Int J Mol Sci (2012) 13:1886–918. doi: 10.3390/ijms13021886

141. Johnson, CE, and Tee, AR. Exploiting Cancer Vulnerabilities: mTOR, Autophagy, and Homeostatic Imbalance. Essays Biochem (2017) 61:699–710. doi: 10.1042/EBC20170056

142. Langdon, S, Hughes, A, Taylor, MA, Kuczynski, EA, Mele, DA, Delpuech, O, et al. Combination of Dual Mtorc1/2 Inhibition and Immune-Checkpoint Blockade Potentiates Anti-Tumour Immunity. Oncoimmunology (2018) 7:e1458810. doi: 10.1080/2162402X.2018.1458810

143. Lastwika, KJ, Wilson, W, Li, QK, Norris, J, Xu, H, Ghazarian, SR, et al. Control of PD-L1 Expression by Oncogenic Activation of the AKT-mTOR Pathway in Non-Small Cell Lung Cancer. Cancer Res (2016) 76:227–38. doi: 10.1158/0008-5472.CAN-14-3362

144. Presti, D, and Quaquarini, E. The PI3K/AKT/mTOR and CDK4/6 Pathways in Endocrine Resistant HR+/HER2- Metastatic Breast Cancer: Biological Mechanisms and New Treatments. Cancers (Basel) (2019) 11(9):1242. doi: 10.3390/cancers11091242

145. Baselga, J, Campone, M, Piccart, M, Burris, HA, Rugo, HS, Sahmoud, T, et al. Everolimus in Postmenopausal Hormone-Receptor-Positive Advanced Breast Cancer. N Engl J Med (2012) 366:520–9. doi: 10.1056/NEJMoa1109653

146. Unverzagt, S, Moldenhauer, I, Nothacker, M, Roßmeißl, D, Hadjinicolaou, AV, Peinemann, F, et al. Immunotherapy for Metastatic Renal Cell Carcinoma. Cochrane Database Syst Rev (2017) 5:CD011673. doi: 10.1002/14651858.CD011673.pub2

147. Reichle, A, Grassinger, J, Bross, K, Wilke, J, Suedhoff, T, Walter, B, et al. C-Reactive Protein in Patients With Metastatic Clear Cell Renal Carcinoma: An Important Biomarker for Tumor-Associated Inflammation. biomark Insights (2007) 1:87–98.

148. Hudes, G, Carducci, M, Tomczak, P, Dutcher, J, Figlin, R, Kapoor, A, et al. Temsirolimus, Interferon Alfa, or Both for Advanced Renal-Cell Carcinoma. N Engl J Med (2007) 356:2271–81. doi: 10.1056/NEJMoa066838

149. Escudier, B, Pluzanska, A, Koralewski, P, Ravaud, A, Bracarda, S, Szczylik, C, et al. Bevacizumab Plus Interferon Alfa-2a for Treatment of Metastatic Renal Cell Carcinoma: A Randomised, Double-Blind Phase III Trial. Lancet (2007) 370:2103–11. doi: 10.1016/S0140-6736(07)61904-7

150. Kareva, I. A Combination of Immune Checkpoint Inhibition With Metronomic Chemotherapy as a Way of Targeting Therapy-Resistant Cancer Cells. Int J Mol Sci (2017) 18(10):2134. doi: 10.3390/ijms18102134

151. Ge, Y, Domschke, C, Stoiber, N, Schott, S, Heil, J, Rom, J, et al. Metronomic Cyclophosphamide Treatment in Metastasized Breast Cancer Patients: Immunological Effects and Clinical Outcome. Cancer Immunol Immunother (2012) 61:353–62. doi: 10.1007/s00262-011-1106-3

152. Dana, N, Vaseghi, G, and Haghjooy Javanmard, S. PPAR γ Agonist, Pioglitazone, Suppresses Melanoma Cancer in Mice by Inhibiting TLR4 Signaling. J Pharm Pharm Sci (2019) 22:418–23. doi: 10.18433/jpps30626

153. Chowdhury, PS, Chamoto, K, Kumar, A, and Honjo, T. PPAR-Induced Fatty Acid Oxidation in T Cells Increases the Number of Tumor-Reactive CD8+ T Cells and Facilitates Anti-PD-1 Therapy. Cancer Immunol Res (2018) 6:1375–87. doi: 10.1158/2326-6066.CIR-18-0095

154. Bren-Mattison, Y, van Putten, V, Chan, D, Winn, R, Geraci, MW, and Nemenoff, RA. Peroxisome Proliferator-Activated Receptor-Gamma (PPAR(gamma)) Inhibits Tumorigenesis by Reversing the Undifferentiated Phenotype of Metastatic non-Small-Cell Lung Cancer Cells (NSCLC). Oncogene (2005) 24:1412–22. doi: 10.1038/sj.onc.1208333

155. Bahrambeigi, S, Molaparast, M, Sohrabi, F, Seifi, L, Faraji, A, Fani, S, et al. Targeting PPAR Ligands as Possible Approaches for Metabolic Reprogramming of T Cells in Cancer Immunotherapy. Immunol Lett (2020) 220:32–7. doi: 10.1016/j.imlet.2020.01.006

156. Hu-Lieskovan, S, Malouf, GG, Jacobs, I, Chou, J, Liu, L, and Johnson, ML. Addressing Resistance to Immune Checkpoint Inhibitor Therapy - an Urgent Unmet Need. Future Oncol (2021) 17(11):1401–39. doi: 10.2217/fon-2020-0967

157. Planchard, D, Besse, B, Groen, HJ, Souquet, P-J, Quoix, E, Baik, CS, et al. Dabrafenib Plus Trametinib in Patients With Previously Treated BRAFV600E-Mutant Metastatic non-Small Cell Lung Cancer: An Open-Label, Multicentre Phase 2 Trial. Lancet Oncol (2016) 17:984–93. doi: 10.1016/S1470-2045(16)30146-2

158. Zhao, M, Scott, S, Evans, KW, Yuca, E, Saridogan, T, Zheng, X, et al. Combining Neratinib With CDK4/6, mTOR, and MEK Inhibitors in Models of HER2-Positive Cancer. Clin Cancer Res (2021) 27:1681–94. doi: 10.1158/1078-0432.CCR-20-3017

159. Rosen, ED, and MacDougald, OA. Adipocyte Differentiation From the Inside Out. Nat Rev Mol Cell Biol (2006) 7:885–96. doi: 10.1038/nrm2066

160. Gatzka, MV. Targeted Tumor Therapy Remixed-An Update on the Use of Small-Molecule Drugs in Combination Therapies. Cancers (Basel) (2018) 10(6):155. doi: 10.3390/cancers10060155

161. Müller-Thomas, C, Rudelius, M, Rondak, I-C, Haferlach, T, Schanz, J, Huberle, C, et al. Response to Azacitidine is Independent of P53 Expression in Higher-Risk Myelodysplastic Syndromes and Secondary Acute Myeloid Leukemia. Haematologica (2014) 99:e179–81. doi: 10.3324/haematol.2014.104760

162. Jonas, BA, and Pollyea, DA. How We Use Venetoclax With Hypomethylating Agents for the Treatment of Newly Diagnosed Patients With Acute Myeloid Leukemia. Leukemia (2019) 33:2795–804. doi: 10.1038/s41375-019-0612-8

163. Kulik, G. ADRB2-Targeting Therapies for Prostate Cancer. Cancers (Basel) (2019) 11(3):358. doi: 10.3390/cancers11030358

164. Pasquier, E, André, N, Street, J, Chougule, A, Rekhi, B, Ghosh, J, et al. Effective Management of Advanced Angiosarcoma by the Synergistic Combination of Propranolol and Vinblastine-Based Metronomic Chemotherapy: A Bench to Bedside Study. EBioMedicine (2016) 6:87–95. doi: 10.1016/j.ebiom.2016.02.026

165. Prey, S, Haberstroh, G, Vergier, B, Taïeb, A, Wassef, M, Ezzedine, K, et al. Successful Treatment of Intravascular Papillary Endothelial Hyperplasia (IPEH) by the Beta-Adrenergic Antagonist Nebivolol. Br J Dermatol (2012) 166:1147–9. doi: 10.1111/j.1365-2133.2011.10755.x

166. Saha, J, Kim, JH, Amaya, CN, Witcher, C, Khammanivong, A, Korpela, DM, et al. Propranolol Sensitizes Vascular Sarcoma Cells to Doxorubicin by Altering Lysosomal Drug Sequestration and Drug Efflux. Front Oncol (2020) 10:614288. doi: 10.3389/fonc.2020.614288

167. Vogelhuber, M, Feyerabend, S, Stenzl, A, Suedhoff, T, Schulze, M, Huebner, J, et al. Biomodulatory Treatment of Patients With Castration-Resistant Prostate Cancer: A Phase II Study of Imatinib With Pioglitazone, Etoricoxib, Dexamethasone and Low-Dose Treosulfan. Cancer Microenviron (2015) 8:33–41. doi: 10.1007/s12307-014-0161-7

168. Vogt, T, Hafner, C, Bross, K, Bataille, F, Jauch, K-W, Berand, A, et al. Antiangiogenetic Therapy With Pioglitazone, Rofecoxib, and Metronomic Trofosfamide in Patients With Advanced Malignant Vascular Tumors. Cancer (2003) 98:2251–6. doi: 10.1002/cncr.11775

169. Coras, B, Hafner, C, Reichle, A, Hohenleutner, U, Szeimies, R-M, Landthaler, M, et al. Antiangiogenic Therapy With Pioglitazone, Rofecoxib, and Trofosfamide in a Patient With Endemic Kaposi Sarcoma. Arch Dermatol (2004) 140:1504–7. doi: 10.1001/archderm.140.12.1504

170. Lee, AT, Huang, PH, Pollack, SM, and Jones, RL. Drug Repositioning in Sarcomas and Other Rare Tumors. EBioMedicine (2016) 6:4–5. doi: 10.1016/j.ebiom.2016.03.021

171. Goyal, S, Babu, G, Lokanatha, D, Linu, JA, Lokesh, KN, Rudresha, AH, et al. 31p A Study to Assess the Efficacy and Feasibility of Adding Pioglitazone to Imatinib in Patients of CML With Suboptimal Response in a Resource-Limited Setting. Ann Oncol (2020) 31:S10. doi: 10.1016/j.annonc.2020.01.032

172. Weber, DM, Chen, C, Niesvizky, R, Wang, M, Belch, A, Stadtmauer, EA, et al. Lenalidomide Plus Dexamethasone for Relapsed Multiple Myeloma in North America. N Engl J Med (2007) 357:2133–42. doi: 10.1056/NEJMoa070596

173. Martinez-Høyer, S, and Karsan, A. Mechanisms of Lenalidomide Sensitivity and Resistance. Exp Hematol (2020) 91:22–31. doi: 10.1016/j.exphem.2020.09.196

174. Stewart, AK, Rajkumar, SV, Dimopoulos, MA, Masszi, T, Špička, I, Oriol, A, et al. Carfilzomib, Lenalidomide, and Dexamethasone for Relapsed Multiple Myeloma. N Engl J Med (2015) 372:142–52. doi: 10.1056/NEJMoa1411321

175. Cavo, M, Gay, F, Beksac, M, Pantani, L, Petrucci, MT, Dimopoulos, MA, et al. Autologous Haematopoietic Stem-Cell Transplantation Versus Bortezomib–Melphalan–Prednisone, With or Without Bortezomib–Lenalidomide–Dexamethasone Consolidation Therapy, and Lenalidomide Maintenance for Newly Diagnosed Multiple Myeloma (EMN02/HO95): A Multicentre, Randomised, Open-Label, Phase 3 Study. Lancet Haematol (2020) 7:e456–68. doi: 10.1016/S2352-3026(20)30099-5

176. Joseph, NS, Kaufman, JL, Dhodapkar, MV, Hofmeister, CC, Almaula, DK, Heffner, LT, et al. Long-Term Follow-Up Results of Lenalidomide, Bortezomib, and Dexamethasone Induction Therapy and Risk-Adapted Maintenance Approach in Newly Diagnosed Multiple Myeloma. J Clin Oncol (2020) 38:1928–37. doi: 10.1200/JCO.19.02515

177. Kumar, SK, Berdeja, JG, Niesvizky, R, Lonial, S, Laubach, JP, Hamadani, M, et al. Ixazomib, Lenalidomide, and Dexamethasone in Patients With Newly Diagnosed Multiple Myeloma: Long-Term Follow-Up Including Ixazomib Maintenance. Leukemia (2019) 33:1736–46. doi: 10.1038/s41375-019-0384-1

178. Usmani, SZ, Schjesvold, F, Oriol, A, Karlin, L, Cavo, M, Rifkin, RM, et al. Pembrolizumab Plus Lenalidomide and Dexamethasone for Patients With Treatment-Naive Multiple Myeloma (KEYNOTE-185): A Randomised, Open-Label, Phase 3 Trial. Lancet Haematol (2019) 6:e448–58. doi: 10.1016/S2352-3026(19)30109-7

179. Jackson, GH, Davies, FE, Pawlyn, C, Cairns, DA, Striha, A, Collett, C, et al. Lenalidomide Maintenance Versus Observation for Patients With Newly Diagnosed Multiple Myeloma (Myeloma XI): A Multicentre, Open-Label, Randomised, Phase 3 Trial. Lancet Oncol (2019) 20:57–73. doi: 10.1016/S1470-2045(18)30687-9

180. Johnston, PB, Inwards, DJ, Colgan, JP, Laplant, BR, Kabat, BF, Habermann, TM, et al. A Phase II Trial of the Oral mTOR Inhibitor Everolimus in Relapsed Hodgkin Lymphoma. Am J Hematol (2010) 85:320–4. doi: 10.1002/ajh.21664

181. Pantziarka, P, Ghibelli, L, and Reichle, A. A Computational Model of Tumor Growth and Anakoinosis. Front Pharmacol (2019) 10:287. doi: 10.3389/fphar.2019.00287

182. Muqaku, B, Eisinger, M, Meier, SM, Tahir, A, Pukrop, T, Haferkamp, S, et al. Multi-Omics Analysis of Serum Samples Demonstrates Reprogramming of Organ Functions Via Systemic Calcium Mobilization and Platelet Activation in Metastatic Melanoma. Mol Cell Proteomics (2017) 16:86–99. doi: 10.1074/mcp.M116.063313

183. Jackson, HW, Fischer, JR, Zanotelli, VR, Ali, HR, Mechera, R, Soysal, SD, et al. The Single-Cell Pathology Landscape of Breast Cancer. Nature (2020) 578:615–20. doi: 10.1038/s41586-019-1876-x

184. Gorgulla, C, Boeszoermenyi, A, Wang, Z-F, Fischer, PD, Coote, PW, Padmanabha Das, KM, et al. An Open-Source Drug Discovery Platform Enables Ultra-Large Virtual Screens. Nature (2020) 580:663–8. doi: 10.1038/s41586-020-2117-z

185. Davies, EJ, Dong, M, Gutekunst, M, Närhi, K, van Zoggel, HJ, Blom, S, et al. Capturing Complex Tumour Biology In Vitro: Histological and Molecular Characterisation of Precision Cut Slices. Sci Rep (2015) 5:17187. doi: 10.1038/srep17187

186. Kenerson, HL, Sullivan, KM, Labadie, KP, Pillarisetty, VG, and Yeung, RS. Protocol for Tissue Slice Cultures From Human Solid Tumors to Study Therapeutic Response. STAR Protoc (2021) 2:100574. doi: 10.1016/j.xpro.2021.100574

187. Majorova, D, Atkins, E, Martineau, H, Vokral, I, Oosterhuis, D, Olinga, P, et al. Use of Precision-Cut Tissue Slices as a Translational Model to Study Host-Pathogen Interaction. Front Vet Sci (2021) 8:686088. doi: 10.3389/fvets.2021.686088

188. Koch, A, Saran, S, Tran, DD, Klebba-Färber, S, Thiesler, H, Sewald, K, et al. Murine Precision-Cut Liver Slices (PCLS): A New Tool for Studying Tumor Microenvironments and Cell Signaling Ex Vivo. Cell Commun Signal (2014) 12:73. doi: 10.1186/s12964-014-0073-7

189. Sewald, K, and Braun, A. Assessment of Immunotoxicity Using Precision-Cut Tissue Slices. Xenobiotica (2013) 43:84–97. doi: 10.3109/00498254.2012.731543

190. Niehof, M, Hildebrandt, T, Danov, O, Arndt, K, Koschmann, J, Dahlmann, F, et al. RNA Isolation From Precision-Cut Lung Slices (PCLS) From Different Species. BMC Res Notes (2017) 10:121. doi: 10.1186/s13104-017-2447-6

191. Bahlis, NJ, Dimopoulos, MA, White, DJ, Benboubker, L, Cook, G, Leiba, M, et al. Daratumumab Plus Lenalidomide and Dexamethasone in Relapsed/Refractory Multiple Myeloma: Extended Follow-Up of POLLUX, a Randomized, Open-Label, Phase 3 Study. Leukemia (2020) 34:1875–84. doi: 10.1038/s41375-020-0711-6

192. Aggarwal, S, Verma, SS, Aggarwal, S, and Gupta, SC. Drug Repurposing for Breast Cancer Therapy: Old Weapon for New Battle. Semin Cancer Biol (2021) 68:8–20. doi: 10.1016/j.semcancer.2019.09.012

193. Tsimberidou, AM, Fountzilas, E, Nikanjam, M, and Kurzrock, R. Review of Precision Cancer Medicine: Evolution of the Treatment Paradigm. Cancer Treat Rev (2020) 86:102019. doi: 10.1016/j.ctrv.2020.102019

194. Evans, WE, Pui, C-H, and Yang, JJ. The Promise and the Reality of Genomics to Guide Precision Medicine in Pediatric Oncology: The Decade Ahead. Clin Pharmacol Ther (2020) 107:176–80. doi: 10.1002/cpt.1660

195. Hsu, H-C, Liu, Y-C, Wang, C-W, Chou, W-C, Hsu, Y-J, Chiang, J-M, et al. Sequential Cetuximab/Bevacizumab Therapy Is Associated With Improved Outcomes in Patients With Wild-Type KRAS Exon 2 Metastatic Colorectal Cancer. Cancer Med (2019) 8:3437–46. doi: 10.1002/cam4.2235

196. Mozas, P, Sorigué, M, Rivas-Delgado, A, Rivero, A, Correa, JG, Castillo, C, et al. The Interval Between Frontline Treatment and the Second Relapse (PFS2) Predicts Survival From the Second Relapse in Follicular Lymphoma Patients. Eur J Haematol (2021) 106:428–32. doi: 10.1111/ejh.13556

197. Chowdhury, S, Mainwaring, P, Zhang, L, Mundle, S, Pollozi, E, Gray, A, et al. Systematic Review and Meta-Analysis of Correlation of Progression-Free Survival-2 and Overall Survival in Solid Tumors. Front Oncol (2020) 10:1349. doi: 10.3389/fonc.2020.01349




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lüke, Harrer, Pantziarka, Pukrop, Ghibelli, Gerner, Reichle and Heudobler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-900985-g002.jpg
Progressive tumor

+
Functional testing ‘k

Tumor tissue
diagnostics

Molecular Tumorboard
Multi-Omics

Umbrella trial

—~

i

New drug
combinations






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Drug Repurposing by Tumor Tissue Editing

      

        		

          Introduction

        



        		

          Two-Step Drug Repurposing

        



        		

          First Step Repurposing: Tumor Tissue Editing

        

          		

            Designing Tumor Tissues’ Plasticity With Reprogramming Techniques

          



          		

            Examples of Tissue Editing

          

            		

              Transdifferentiation

            



            		

              Differentiation

            



            		

              Re-Establishing Immunosurveillance

            



            		

              Re-Establishing Pathways Inducing Tumor Cell Death

            



            		

              Exploiting Metabolic Vulnerabilities

            



            		

              Re-Thinking Drug Formulation

            



          



          



          		

            Tumor Tissue Editing: Providing Novel Targets

          

            		

              Overcoming Therapeutic Bottlenecks

            



            		

              Transcriptional Addiction

            



            		

              PPARγ Agonists and Tumor Tissue Editing

            



          



          



        



        



        		

          Second Step Repurposing: Matching Drug and Tumor Diseases’ Systems State

        

          		

            CDK4/6 Inhibitors and Tissue Editing With Endocrine Therapy

          



          		

            KRAS Inhibitors and Tissue Editing With PPARγ Agonists

          



          		

            mTOR Inhibitors and Tumor Tissue Editing

          



          		

            α-Interferon Therapy Following Tissue Editing

          



          		

            Immune Modulating Cytokines and Tumor Tissue Editing

          



          		

            MEK Inhibitor Therapy Following Tumor Tissue Editing

          



          		

            Epigenetic Modifiers Following Tumor Tissue Editing

          



          		

            Propranolol and Tumor Tissue Editing

          



          		

            Imatinib and Tumor Tissue Editing

          



          		

            Targeted Therapies and Tumor Tissue Editing, e.g., in Multiple Myeloma

          



        



        



        		

          Special Prerequisites for Reprogramming Drugs

        



        		

          Experimental Approaches and Future Perspectives

        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Drugs administered inedited tumor tissue
(examples)

mTOR inhibitors

MEK inhibitors
KRAS inhibitors

(Possible) indications

Hodgkin's disease,
melanoma,

breast cancer

Melanoma, Breast cancer
Non-small cell lung cancer,
gastrointestinal tumors

Elotuzumab, proteasome inhibitors

Multiple myeloma

Monoclonal/bispecific antibodies against tumor cell
epitopes
CART-cells

Hematologic neoplasias (solid
tumors)

CDK4/6 inhibitors
o-interferon
Immunotherapies: checkpoint inhibitors, vaccines,

cytokines, chemokines, toll-like receptor agonists
Epigenetic modifiers

Breast cancer (prostate
cancer)?

Renal cell carcinoma,
Langerhans cell histiocytosis
Multiple types of cancer and
hematologic neoplasias
Myelodysplastic syndrome,
acute myelocytic leukemia

Drug characteristics/Edited drug

targets

Classic targeted therapies

Tumor cell autonomous and non-
tumor cell autonomous targets
Maximal tolerable doses no
prerequisite

Combined regulatory activity
Novel patterns of drug targets
Novel biologic impact of ‘old’ but
also experimental drugs

Clinical results

Control  of refractory  tumor
disease or hematologic
neoplasias

Remission

Continuous complete remission
Long-term disease control
Improvement of progression-free
survival

Improvement of survival
Beneficial progression-free
survival 2

Bridging for allogeneic blood
stem cell transplantation
Chemoprevention






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-900985-g001.jpg
Drug repurposing step lI:
Targeting edited tumor

Therapy resistant, Drug repurposing step I:

Tumor response

progressive tumor Tissue editing

° e

Tumor cell Edited tumor
cell

3

Natural Killer Macrophage

cell

Myeloid derived
suppressor cell

Ny
N

™S

Effector T-cell  Extracellular
Matrix

Fibroblast

Use of drug combinations

reprogramming tumor tissue:

- Doses establishing regulatory activity
are sufficient

- Monoactivity no prerequisite

Tumor tissue editing:

- Induction of differentiation

- Transdifferentiation

- Novel routes of tumor cell death

- Re-establishing immunosurveillance

Providing novel patterns of targets

for approved drugs in edited tumor

tissue:

- Monoactivity in non-edited tumor
tissue no prerequisite

- Novel indications for old drugs

- Novel patterns of drug targets

- Novel biologic impact

- Editing should be integrated for
evaluating novel drugs for possible
approval






OEBPS/Images/fonc.2022.900985_cover.jpg
’frontiers | Frontiers in Oncology






OEBPS/Images/table1.jpg
Group of drugs used for editing tumor tissues (Possible)
(examples) indications
Nuclear receptor agonists/antagonists, Solid tumors,
transcriptional modulators hematologic
neoplasias
(metronomic) low-dose chemotherapy Solid tumors,
hematologic
neoplasias
Fibrates Lymphomas
Anti-inflammatory drugs: coxibs (peroxisome- Solid tumors,
proliferator activated receptor o/y (PPARa/y) agonists, ~hematologic
glucocorticoids) neoplasias
Immunomodulatory imide drugs (IMiDs) Multiple
myeloma,
lymphomas
Vitamin D Lymphomas
miRNASs (currently not approved) Solid tumors,
hematologic

neoplasias

Drug characteristics

Combined regulatory activity
Monoactivity no prerequisite
Maximal tolerable doses no
prerequisite

Regulatorily active doses of
single drugs

Often metronomic scheduling
Often simultaneous targeting of
tumor and stroma cells
Reprogramming communicative
infrastructure of tumor tissue
Broad diversity of classic
targeted therapies, but also
ilow-dose chemotherapy

Possible editing results: novel tumor systems states

* Induction of alternative pathways promoting
itumor cell death (Solid tumors, hematologic
neoplasia)

* Induction of transdifferentiation of tumor
cells (i.e. in breast cancer)

* Restoration of tumor-immunosurveillance
(Solid tumors, hematologic neoplasia)

* Induction of differentiation [Hematologic
neoplasias (acute myelocytic leukemia)
including acute promyelocytic leukemia]





