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Abstract: It has long been clear that mitochondria play important roles in metastatic disease, 

including regulatory contributions. Nonetheless, our knowledge in this area was too fragmentary to 

be of practical clinical use. However, over the last decade a robust community of investigators has 

extended our knowledge such that it is practical to begin to build testable theories. Moreover, these 

theories can plausibly give clinicians actionable opportunities to effectively attack advanced, 

currently treatment-resistant carcinomas. Our goal here is to contextualize and review important 

features of this recent new data base. We will also illustrate the kind of testable speculative theories 

that might be built on this foundation. Specifically, we will explore the evidence that many or most 

advanced, treatment-resistant tumors converge on a uniform state in which mitochondria play a 

universal, indispensable regulatory role (Figure 1 [1]). Speculative hypotheses of this form are 

robustly testable/falsifiable. Moreover, such theories suggest a specific novel approach to clinical 

attack on advanced, currently treatment-resistant carcinomas. 
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I. Cybrids and Nuclear Transplantation: Direct Evidence for a Causal Role for 

Mitochondria in Cancer 

A seminal body of early work directly and strongly suggests that a cytoplasmic component is 

essential for the properties of a large fraction of advanced malignancies, in addition to nuclear 

genetic/epigenetic components. These essential, replicating cytosolic regulatory components largely 

or entirely consist of mitochondria [2–4] (also see text below).  

Though vast amounts of work remain to be done, currently available data in this area are 

strongly consistent with the following picture. Advanced cancer is a cell state, maintained by 

pathological manipulation/redeployment of specific regulatory circuitry. This same circuity is 

deployed for cytodetermination/differentiation in normal developmental processes including, most 

importantly, wound healing, as discussed in detail in section V. below. This malignant state can be 

specified by machinery that has a level of internal redundancy such that it can specify this state or set 

of closely related states in somewhat variable ways that, nonetheless, all converge on universal 

properties in advanced malignancies (see sections V. and VI. for details). 

As noted, this state-determining decision making/implementation machinery includes both 

well-established nuclear genetic/epigenetic components and less well characterized mitochondrial 

circuit elements. The relative contributions of proximate cancer-producing genetic/epigenetic 

changes in the nucleus and mitochondrial regulatory elements apparently varies significantly 

between individual tumors (op cit.; immediately below), in spite of the apparently universal outcome 

(V. and VI.).  

Nuclear transplantation and cybrid experiments provide unique analytical opportunities in this 

context as follows.  
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First, in nuclear transplantation, a nucleus removed from a malignant cell largely devoid of 

cytoplasmic elements is injected into an enucleated egg cell. These studies have shown that a 

malignant nucleus is able to direct remarkable levels of normal development having been separated 

from its malignant cytoplasm [5,6]. These results are consistent with the hypothesis that stably 

replicable altered mitochondrial regulatory circuits can be essential to malignancy. 

Second, cybrid experiments are of the following form. Using centrifugation, nuclei can be driven 

through the cell membrane yielding a cytoplast (nucleus-free cytoplasm) and a karyoplast (nucleus 

surrounded by a small plasma membrane envelope largely free of cytoplasm). Using fusion 

techniques a karyoplast from one cell line can be introduced into the cytoplast of another (technique 

described in [7]). Deployment of this technique and its use to specifically implicate mitochondria is 

well illustrated in [8]. 

Using cybrid experiments, diverse observations indicate that altered mitochondrial regulatory 

circuits have dramatically different levels of importance in different tumors. [We will argue below 

that these differences do not necessarily indicate significant difference in ultimate, fundamental 

regulatory circuit logic.]  

Several examples of the range of results from cybrid experiments are illuminating as follows. 

At one extreme, xenograft tumorigenicity of rho-minus (mitochondrial DNA-free) HeLa cells 

was fully recovered when their mitochondria were replaced with normal human fibroblast 

mitochondria [9]. This result argues that genetic or epigenetic mitochondrial alterations are 

unimportant to Hela tumor formation. At the opposite extreme, Israel and Schaeffer [10] showed that 

in a malignant NIH 3T3 derivative line the cytoplast from this derivative was sufficient to produce 

tumorigenicity when fused with a nucleus from a non-malignant NIH 3T3 line. This particular 

malignancy appears to be entirely dependent on cytoplasmic, presumably mitochondrial, regulatory 

information. 

A relatively large fraction of cybrid case studies produce results intermediate between these two 

extremes, where the full aggressiveness of tumor forming ability depends both on genetic/epigenetic 

changes in karyoplasts (nuclei) and in cytoplasts (clearly or presumably mitochondria)(see, for 

example, [8,11,12]). 

Thus, these experiments indicate that a common pattern is genetic/epigenetic alteration of both 

nuclear and mitochondrial regulatory circuitry cooperatively producing full blown malignancy. 

Specifically, a common outcome is that advanced, treatment-resistant cancer includes indispensable 

mitochondrial and nuclear contributions.  

As we will discuss in more detail below, it is common that advanced cancers depend on redox 

signaling circuits, including central mitochondrial elements (see, for example, [8,12])(Figure 1). 

The following examples are illustrative of this point. Electron transport complex 1 (ETC-CI) 

mutations are commonly associated with increased metastasis and reactive oxygen species (ROS) 

production (herein ROS will refer to what is ultimately hydrogen peroxide, H2O2;  reviewed in 

[13,14]).  Notably, it has been proposed that ROS production interferes with proper CI 

assembly/stability, creating a positive feedback for ROS production [15]. Likewise, interfering with 

antioxidant NADPH production pathway mimics pro-advanced-malignancy effects of ETC 

mitochondrial genome mutations [16]. As expected from mitochondrial ROS control of HIF1a, 

mitochondrial mutations supporting advanced malignancy enhance HIFa expression, contributing 

to the malignant state [17,18]; see further discussion in VIa. Also notable in this context, resistance to 

cell death from anoikis following matrix detachment is one feature of malignancy. One way in which 

this survival is achieved is through enhancement of antioxidant-feeding NADPH driven by AMPK 

activation, implicating redox regulation [19].  

Though mitochondrial mutations are common in advanced, treatment-resistant tumors (above), 

we currently have no clear evidence that such mutations are universal in advanced disease. The 

crucial issue is what this phenomenology tells us about advanced carcinoma in the general case. 

Given multiple mitochondrial genotypes in the same cell, sometimes including rare minor variants, 

(heteroplasmy [20–22]), it is conceivable that causally essential mitochondrial mutations are more 
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common in advanced cancer than we currently recognize. Independently of the resolution of this 

issue, these data make it clear that additional elevation of mitochondrial ROS through potentially 

diverse mechanisms is nearly universal in driving advanced, treatment-resistant cancer [23–25]. 

Note that the differences in detail of the cases above do not necessarily imply differences in 

fundamental mechanism (Figure 1). We will return to this issue in section VI where we will argue all 

these cases, and potentially all advanced cancers, result from the same underlying regulatory 

circuitry set point. 

Another especially important feature of the mitochondrial regulatory component of cancer is its 

role in advanced treatment resistance [26,27].  

The idea that cancer is a mitochondrial disease, rather than a purely nuclear disease, is long-

standing, but widely under-appreciated (reviewed in [2–4]). Our goal in this review will be to explore 

the evidence that this view of cancer is likely necessary to build a clinically useful, universal theory 

of advanced, treatment-resistant cancer (VI.). 

In summary, what these data tell us is that mitochondria are, most commonly, replicating 

regulatory controllers providing crucial regulatory elements engendering advanced, treatment-

resistant cancer. Moreover, mitochondrial ROS regulatory signals play a common, possibly universal 

role, in this regulatory status. In the following sections we will build a more complete picture of 

mitochondrial control of advanced malignancy, ultimately discussing the clinical implications of the 

research community’s improving understanding. 

II. Introduction to the Mitochondrial Information Processing System (MIPS) as a 

Central Causal Agent of Malignancy 

Oxygen levels in the earth’s atmosphere have increased in stages over the last 2.5 billion years. 

The most recent increase occurred around 600 million years ago, correlating with the emergence of 

large metazoan organisms, dependent on high oxygen levels [28]. These ancestral animals evolved to 

be dependent on oxygen-based metabolism in mitochondria, as has long been recognized. More 

recently, it has emerged that the oxygen-dependent production of reactive oxygen species for 

signaling evolved in parallel in the original common ancestor of all surviving metazoans. These 

pervasive ROS-dependent regulatory systems are, thus, ancient and highly conserved [30–33]. 

Among them are the decision-making circuitry hijacked and modified in the emergence and 

progression of cancer (V. and VI.). Because proteins readily evolve to sense redox signals, primarily 

through oxidation-sensitive cysteine residues, ROS is uniquely suited to coordinate the global state 

of a cell or a tissue [29,33–35]. We begin here with a brief review of the oxygen-dependent signaling 

functions of mitochondria.  

Due to the historical sequence of biological discoveries, mitochondria are still commonly 

thought of as primarily metabolic organelles, burning reduced carbon nutrients with oxygen to 

generate ATP and drive metabolic cycles, primarily the TCA cycle, to inter-transform metabolites for 

biosynthetic purposes.  

While these metabolic functions are indispensable, a robustly growing body of insight over the 

last 40 years has shown that mitochondria also have radically different functions that are equally vital 

to oxygen-dependent metazoan. These include ROS signaling, commonly also generated by 

mitochondria [1,36–43].  

Most importantly, mitochondria represent nodes in cellular circuits that execute vital regulatory 

decision-making tasks. Mitochondria absorb diverse signals in communication with one another and 

other organelles [1,38–40] (Figure 1). These circuits are then capable of changing set points in diverse 

ways and thereby generating any of a variety of signals that control/change the state of the resident 

cell (op cit.; below). As we will discuss below, these set point changes appear to depend, at least in 

part, on positive feedback loops between mitochondrial ROS and normally functioning genes that 

have come to be called oncogenes/tumor suppressors in view of the pathological roles of their 

malfunctions.   
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Figure 1. Illustrated are selected signaling processes forming elements of feedback loops involved in 

mitochondrial information processing system (MIPS) decision making (reviewed in [1]). This machinery consists 

of elements (organelles and molecules) that interact to create networks capable of making decisions based on 

incoming and circulating information. [lyso = lysozomes, LD = lipid droplets, ER = endoplasmic reticulum, ROS 

= reactive oxygen species, especially H2O2.]. In this context, mitochondria are initially targets of diverse incoming 

external information, including hormones, proteins/peptides, Ca++, and ROS. We will explore the hypothesis 

that the MIPS machinery regulates all advanced, treatment-resistant cancers in a specific, universal fashion. Our 

focus will be on the ROS-based elements of MIPS function. This MIPS hardware is central to the control of normal 

developmental events. Especially important is decision making/execution in the wound healing machinery, in 

turn, apparently universally hijacked and modified to produce all carcinomas. Key to MIPS regulatory decision-

making circuitry is that it has set points that can change, in turn, directing changes in functional cell state. In 

cancer, this machinery is genetically/epigenetically modified so that a significant subset of tumor cells is pushed 

toward permanent progenitor-like status (text). The key to the lethality of cancer is the significant subpopulation 

locked in this progenitor-like, perpetually replicating cell state (Figure 2). The details of the working hypothesis 

we review lead naturally to a potentially effective, universal clinical approach to dealing with otherwise 

treatment-resistant advanced cancers. 

Metazoans face the vastly demanding challenge of undergoing precisely controlled cellular state 

change on rather dramatic scales. Such state changes include regulated cell growth as well as diverse 

local cases of determination and differentiation. The adaptive goals of these state changes include not 

only exquisitely regulated developmental and physiological processes, they also entail wound 

healing. As noted, malfunction of these processes is also crucial to cancer as we will see in more detail 

in section V. A key regulatory feature of these diverse processes now appears clearly to include a 

class of decision-making circuits in which mitochondria are central nodes. This class of circuits has 

recently come to be called the “mitochondrial information processing system” (MIPS; [1,39,43]). 
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Mitochondria function in MIPS with the same formal logic as electronic circuit elements, though with 

greater sophistication and dimensionality.    

The totality of the MIPS story is well beyond the scope of this review (see [1] for a detailed 

review). The important detail here is that mitochondria form networks with one another and with 

diverse additional organelles to create circuits designed to integrate information (Figure 1), thereby 

making and implementing decisions analogously to electronic or neurological circuits [1,43–45]. 

In this review, we will focus on one specific component of the MIPS, redox signaling, both for 

information processing/decision making and for decision implementation/execution [1,38,44–52] . 

More specifically, we will argue that evolved redox-dependent cellular decision-making serves 

to organize and execute wound healing. It has long been recognized that carcinomas are “wounds 

that do not heal” (reviewed [53–55]). Elements of the same MIPS activities that control normal 

cytodevelopment are also implicated in wound healing. As discussed in detail in section V, there is 

extensive, diverse evidence that this wound healing MIPS function is illicitly mis- and over-activated 

to produce cancer. Moreover, it is highly plausible that elements of this pathological MIPS function 

evolve to be further hyper-activated to produce most or all cases of advanced, treatment-resistant 

carcinoma.  

Among useful data supporting this general picture are the following (see additional examples 

in IV. and V.). For example, mitochondrial formation of extensive networks that lead to substantial 

changes in ROS signaling (hyperfusion) is associated with the activation of the integrated stress 

response (ISR; [56,57]). The cause/effect relationships between hyperfusion and other known ISR 

regulatory elements, including GCN2 and PERK, remain ambiguous. For example, PERK activation 

and hyperfusion could represent elements of a positive feedback loop. Nonetheless, further 

clarification of the relationship between MIPS decision making and ISR activation would be fruitful. 

An additional example of the role of MIPS in cancer is illuminating in this regard. The 

TSC/mTORC1 pathway makes an apparently binary decision between grow and do-not-grow and is 

directly implicated in diverse cancers [58,59]. Moreover, this machinery senses levels of amino acids 

to make these decisions with the grow decision driven by elevated amino acid levels (op cit.). This 

process occurs in the context of mTORC1 association with lysosomes and lysosomes form 

informational contacts with mitochondria [60,61](Figure 1). This is a property expected of a system 

one of whose main goals is contributing to the wound scab (die and contribute matrix for wound 

healing) versus cellular scar (live, divide, develop, heal wound) decision (see VIa. for more detail). 

The well characterized behavior/role of the TSC/mTORC1 in malignancy is consistent with mis-

setting of the system to grow, thus contributing to the decision to be malignant [58,59]. 

The participation of the lysosomal system in apparently feeding information to mitochondria 

illustrates the general principles of how MIPS works. Specifically, the mitochondria/lysosome contact 

sites allow interorganellar signaling, including transmission from lysosome to mitochondrion down 

the strong interorganellar Ca++ and H+ concentration gradients [62,63]. Further, mTORC1-mediated 

transfer of cholesterol signals to synapsed mitochondria contributes to aflatoxin-induced cell death 

[64].  

Thus, the mitochondrial/lysosomal synapse behaves as expected of an element of the MIPS 

circuitry, in this case controlling cell growth and death. Given that mitochondria directly detect 

oxygen levels, including in healing wounds, these phenomena look like an element of mitochondrial 

integration of information to determine circuit set/change, in turn, to control cell state. As noted, 

malfunction of this system is implicated in cancer (V. and VI.). 

Our understanding of MIPS is now substantial and continues to grow robustly [1]. Cells have an 

extensive, diverse array of processes for generating reactive oxygen species and a complete discussion 

of these processes is beyond our scope here (reviewed in detail in [43]). We will primarily focus here 

on mitochondrial generation of and response to H2O2.  Additional general insight into decision-

making based on redox signals can be found in [65,66].  

III. Crucial Details of the Mitochondrial ROS Production Response 
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In following sections we will repeatedly encounter ROS production under conditions where it 

exerts (or appears to) a causal regulatory role. In some cases, the intracellular source of that ROS will 

be unknown or unreported. In other cases, extramitochondrial sources will be implicated as 

(potentially) causal, including cytosolic or plasma membrane NADPH oxidases (NOXs) [66–69]; see 

especially Fukai and Ushio-Fukai [70]. It is crucial to recognize that mitochondria are likely to also be 

involved in all these cases. Several details are germane. 

First, mitochondria themselves behave as a ROS-based communication circuits, including 

amplifying received ROS signals. For example, this process can be seen in cases referred to as ROS-

induced ROS release (RIRR)[49–52,71]. 

Secondly, extra-mitochondrial H2O2 can readily enter the mitochondrial matrix, presumably by 

diffusion [72]. However, strikingly, H2O2 produced in the matrix apparently cannot readily escape 

the mitochondrion by simple diffusion (op cit.). This unexpected observation suggests that  ROS 

transfer from the mitochondrial matrix to external targets may require specialized connections 

between the mitochondria and the target. These cases include  inter-organelle contacts such as 

between mitochondria and nuclei [73,74]. Moreover, there is evidence for specialized mitochondrial 

interaction with individual target molecules, including the PTEN regulator [74a-c.] and, plausibly, 

other oncogenes and tumor suppressors we will discuss below (Vc.). Thus, mitochondria are efficient 

detectors of external ROS signals and, apparently selective transmitters/amplifiers of ROS signals, 

including during RIRR-like processes.  

An illustrative initial example of this relationship is cell layer delamination, a central wound-

healing-like process that occurs at various points during development. In one case of this process 

mitochondrial ROS is causally implicated, though NOX is not excluded [75]. In a second analysis of 

the same case NOX ROS is causally implicated, though mitochondrial ROS is not excluded [76].  

Again, mitochondrial ROS generation in response to exogenous ROS appears to be universal; 

thus, MIPS is apparently inevitably engaged by any cellular ROS signaling process. Even ROS 

signaling cascades initiated outside mitochondria, apparently generally rapidly engage the MIPS 

machinery. MIPS is commonly ultimately responsible for making and implementing decisions (IV. 

and V.). Thus, when ROS regulated cellular processes are implicated, we will generally operate on 

the working hypothesis that MIPS is causally engaged.  

Finally, there is a consistent pattern in diverse studies indicating that elevated mitochondrial 

ROS is responsible for the transition from stem cells (quiescent) to progenitor cells (actively growing). 

This results in extensive cell division before differentiation in normal tissues or indefinite replication 

without extensive differentiation in malignant cells (Figure 2; text below). This is observed in 

mammals, zebra fish, and Drosophila (flies), indicating an ancient conserved system. This pattern is 

observed in both normal development and wound healing [43,67,75,77–81].  

These processes include diverse feedback loops between ROS and oncogene activation, a logic 

expected of decision-making systems (op. cit.; Figure 1 and section V.).  

IV. Evidence for MIPS ROS-Dependent Decision Making: Animal Development 

As we discuss in detail in section Vb., the presumptively MIPS-regulated processes most central 

in considering the cancer problem are those involving stem and progenitor cells in wound healing. 

However, superficially more macroscopic developmental decision making presumptively controlled 

by the MIPS helps us develop a clearer, more confident grasp of the behavior of this control circuitry. 

Examples of currently understood redox control of animal development will give us this view 

(reviewed in detail in [82]). We will pay particular attention to the powerful Drosophila genetic 

system with emphasis on the evidence that these regulatory systems are ancient, conserved and 

shared with mammals (V.). 

As we consider these cases, recall that robust ROS signals are always likely to engage MIPS (III.). 

Petrova, et al., [31] show that the transition from quiescent egg to developmentally active 

embryo in Drosophila correlates with and is dependent on a massive wave of oxidation of protein 

cysteines. This indicates that initiation of development is managed by systemic redox signaling. 
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These authors also review evidence that similar processes are involved in early mammalian 

development. 

Owusu-Ansah [88] provide compelling evidence that mitochondrial ROS controls the G1-S cell 

cycle checkpoint throughout Drosophila development.  

Sing, et al. [84] show that specialized cadherins, mediating cell-cell interactions and adhesion in 

Drosophila, undergo proteolytic cleavage to release a peptide fragment that enters the mitochondrion 

to interact with and control electron transport system complex 1 (ETC-CI). This control process, in 

turn, manages mitochondrial functions, presumably including ROS generation. Mutational 

inactivation of this cadherin engenders systemic anatomical abnormalities.  

As reviewed in Oswald, et al. [85] and Percio, et al. [32] there is an extensive body of evidence 

in mammals, arthropods, and nematodes, that major developmental events shaping the properties of 

neurons are regulated by ROS, generated by both NADPH oxidases (NOX) and mitochondrial 

sources.  

Coffman, et al. [86] show that the establishment of the oral/anal axis in the sea urchin embryo is 

determined by differential local distribution of mitochondria and the redox gradient thereby 

produced. Similar phenomenology is seen in diverse additional embryonic developmental cases [87–

92] .  

Amblard, et al.[93] show that local ROS values pattern the developing zebra fish brain, at least 

in part, by controlling Engrailed protein expression.  

Kiss et al. [95] and Paffenholz. et al. [94] show that development of the mouse inner ear balance 

organ requires ROS signaling. 

Chartier, et al. [96] show that the Crumbs regulatory gene manages epithelial polarity in both 

mammals and arthropods through control of ROS generation.   

In summary, redox signaling, frequently or always ultimately involving mitochondrial ROS, is 

remarkably pervasive throughout metazoan development. In the following section we will focus 

particularly on analogous developmental processes directly germane to understanding cancer 

emergence and progression. These processes will be those involved in individual stem and 

progenitor cells executing the specialized use of developmental machinery for wound healing. We 

will find there, again, that ROS regulation of these processes is pervasive. In section VI. Below, we 

will turn to how these insights might allow us to begin to build a clear, universal theory of the origin 

and behavior of advanced, treatment-resistant cancers.  

V. Evidence for MIPS ROS-Dependent Decision-Making When Stem/Progenitor 

Cells and Wound Healing Machinery Are Modified Specifically to Produce 

Advanced, Treatment-Resistant Carcinoma 

a). Overview of  Important General Features 

While the cases in the preceding section contribute to our confidence in the central regulatory 

role of the MIPS machinery, there is a particular feature of animal development that is more directly 

relevant to the cancer problem. There is a large body of histological evidence that carcinomas are 

complex tissues reminiscent of the granulation stage of normal wound healing. However, in 

carcinomas this stage does not progress efficiently to maturation, differentiation, and resolution 

phases [53–55]. Thus, carcinomas are “wounds that do not heal.” Tumors appear to reflect permanent 

arrest in a state that is only transient in normal wound healing. 

Before deeper examination of details, several broader issues will prove valuable.  Relatively 

robust redox (ROS) signaling is a feature of cancers and its strength generally increases with 

progression, including mitochondrial ROS (reviewed in [23,25]). This can be assessed directly or 

through expression of mitochondrial ROS-regulated processes (reviewed in [97]), including HIF [23], 

Akt [98], and Nrf2 [23,99]. These ROS increases can also be scored by corresponding, compensatory 

levels of anti-oxidant defense responses, also elevated in advanced cancers [19,97,100]. Again, recall 

that robust cellular ROS signals are always likely to engage or derive directly from MIPS (III.). 
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Studying ROS signaling during normal solid tissue terminal differentiation is relatively difficult. 

Thus, our best knowledge in this domain is in lymphocyte development, especially B cell maturation 

into differentiated plasma cells [101]. While changes in ROS generation as differentiation progresses 

suggest somewhat elevated production, coordinated upregulation of antioxidant systems (including 

the Nrf2 machinery) suggests that onset of differentiation may be signaled by reduced net ROS levels 

[101,102]. Though our ignorance in this area remains rather pervasive, a viable hypothesis is that 

progenitor-like carcinoma cells are prevented from entering differentiation as a byproduct of 

permanently elevated and/or reconfigured ROS signaling in these cells.  

A recent discovery supports the hypothesis that mitochondrial ROS signals driving the onset of 

progenitor cell differentiation require ROS release from mitochondria complex III (CIII) of the 

electron transport system [103]. These experiments were done in Drosophila, but it is likely that this 

behavior is universal in all animals (ibid.). ROS released from CIII can emerge directly to the exterior 

of the inner mitochondrial membrane [104,105]; whereas most mitochondrial ROS is formed within 

the matrix [106], requiring different modes/spatial targets of export [72]. Thus, it is plausible that 

terminal differentiation requires a transition in the details of mitochondria ROS signaling which 

could be forestalled at the set point of the MIPS signaling sustaining tumor progenitor cell growth.  

b) Fundamentals of Cytological Structure of Carcinomas 

As this section unfolds, we will explore additional details of the cytodevelopmental machinery 

that is deployed for wound healing. Specifically, cytological histogenesis hardware is central to 

wound healing. Universally, in every tissue, this wound healing machinery consists of largely 

quiescent stem cells that can be mobilized to divide to spin off progenitor cells in response to 

wounding. Progenitor cells are capable of extensive rounds of replication producing a large 

population of cells that can then make the decision to undergo cytodifferentiation replacing damaged 

tissue in wound healing [107]. 

In view of this, we can be more specific about advanced cancers. Their bulk is made up 

substantially or primarily of tumor versions of progenitor cells which progress to differentiation 

inefficiently and defectively (see discussion of [101] immediately above; [108–110]). One strong piece 

of evidence for the majority of cancer bulk consisting of cells locked in the dividing progenitor state 

is the common tumor expression of high levels of Myc. In normal adult tissues Myc is always 

expressed in progenitor cells and virtually exclusively in these cells [111–114]. 

Tumors also contain small populations of stem-like cells, indicating that tumor cells may 

occasionally oscillate between stem-like and progenitor-like cells [27,115]. Cancers appear to be able 

to arise from either stem or progenitor populations and to retain the capacity to reciprocally change 

state between stem and progenitor status [116–120].  

It will also be important to the discussion below to be aware of an extensive literature indicating 

that the behavior of stem and progenitor cells is regulated by ROS signaling, with increased ROS 

commonly driving emergence of the proliferative progenitor state [121–128]. This apparently 

universal picture is consistent with involvement of MIPS signaling in specifying stem and progenitor-

like cancer cell states.  

Tumor stem cells grow slowly and are hard to kill therapeutically, possibly because of their 

developmental commitment to maintain low ROS levels (immediately above and scab/scar decision 

making in VIa.). Thus, targeting stem cells therapeutically is challenging. However, because these 

cells are such small populations and grow so slowly, if clinicians could permanently, recurrently kill 

replicating progenitor-like cells it should be possible to achieve stable clinical management.  

This targeting of progenitor-like cells is the implicit goal of essentially all current standards of 

care. The practical problem is that these progenitor-like tumor cells rapidly evolve resistance (VIa.) 

so that perennial treatment quickly becomes futile. In the last section of this review, we will discuss 

how this technical barrier might be overcome. To define the context and background to this goal we 

first need to understand more about the MIPS control of stem and progenitor cell behavior. Wound 
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healing is a uniquely opportune way to achieve this. Mitochondrial ROS (presumptive MIPS 

involvement) and mitochondrial morphological changes are features of wound healing [80]. 

c) Oncogenes and ROS Signaling Engage MIPS Decision Making in Wound Healing and Carcinoma 

Studying the molecular details of wound healing in mammals is cumbersome and our 

knowledge is relatively fragmentary. However, there is now extensive evidence that the wound 

healing machinery/process is ancient and highly conserved throughout metazoans so that we are free 

to choose more suitable experimental systems.  

Studies with diverse metazoan experimental systems identify genes involved in wound healing 

in vertebrates, worms, and flies. Strikingly and importantly, these genes commonly turn out to be 

what are traditionally referred to as oncogenes and tumor suppressors as a result of their earlier 

identified roles in mammalian cancer. These observations constitute strong direct molecular evidence 

for the wounds-that-do-not-heal hypothesis for carcinomas. Equivalently, these data strongly suggest 

the hypothesis that cancer arises from malfunction of wound healing hardware. Further consistent 

with this hypothesis is the long-recognized causal connection between recurrent wounding and 

cancer origins, for example, chronic asbestos micro-wounding of lung epithelium correlates with 

mesotheliomas [128a-c]. The following are examples of additional empirical evidence supporting this 

view. 

First, src homologs in Drosophila are essential for wound healing processes, including healing 

of wounded embryonic epithelium [129], controlling cell polarity in embryonic wound healing [79], 

and transduction of wounding signals [130,131].  

Second, ras homologs in Drosophila contribute to wound healing in imaginal discs [132].  

Both src and ras are generalized information transducers, of course; however, one of the central 

processes in which they participate is control of cell growth decisions (see, for example, [129,132]). 

The next crucial step here is to explore the role of ROS signaling in oncogene participation in 

wound healing, in preparation for understanding ROS signaling in tumorigenesis. It is universally 

observed in all tested metazoan systems that a strong ROS signal is locally mounted at wound sites 

and is essential for successful healing. Examples of data supporting this insight are as follows. 

First, Xenopus tail amputation is immediately followed by a robust, sustained ROS signal at the 

point of transection. Moreover, interfering with this ROS signal chemically or genetically interferes 

with tail regeneration (wound healing). Wnt and Notch, also having oncogene activity, are essential 

to this wound healing process. Moreover, the Wnt signal in this process is ROS induced [133]. 

Second, several studies of wound healing in Drosphila show ROS production at the wound site 

[75,134,135]. 

Third, robust ROS signals are also induced at wound sites in Caenorhabditis (worms) [77,136]. 

It is also important here that oncogenes involved in wound healing can act as ROS 

receptors/responders as follows. 

First, src signaling can be activated by ROS in Drosophila [79,130] and in mammals [137,138]. 

Second, all ras family members require activation by ROS oxidation of highly conserved 

sulfhydryl groups on these proteins [139–141]. 

Third, rhoG oncogene protein signaling molecule is ROS activated in Drosophila wound healing 

[142,143]. The rhoA molecule is ROS activated in mammals [144] 

Fourth, there is evidence that oncogenic FoxO transcription factor both responds to ROS and 

controls ROS levels, consistent with this being a feedback loop [145,146]. We will see other 

oncogene/ROS feedback loops immediately below. 

Fifth, in mammals p53 can be activated by ROS and, reciprocally, control ROS levels [147], 

another likely oncogene/ROS feedback loop.  

Sixth, oncogene EGFR receptor tyrosine kinase can be activated by ROS [148]. 

As noted, there is substantial evidence that oncogenes are not only activated by ROS but also 

drive ROS production, constructing potential positive feedback loops (Figure 1)[149]. Such loops are 

expected to be essential components of MIPS decision making, including their cooptation for 
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emergence and progression of cancer to which we will return below (Figure 1). The following are 

examples of oncogene driving ROS production. Also see Raimondi, et al. [150] for a general review 

of these phenomena. Note that oncogene-driven ROS elevation in cancer commonly results from 

upregulation of oncogene expression levels and/or mutational activation of oncogenes. Such 

mutations are expected to initiate circuit resetting through MIPS feedback elements (Figure 1; 

references below). 

First, ras-driven ROS enables malignant proliferation in mammalian systems and plays a similar 

role in normal zebra fish development [151]. In view of ROS activation of ras (above) this likely 

represents a positive feedback loop suitable for circuit setting, including through MIPS. Similarly, 

Kras activation drives a ROS signal in human tumor cells [139,152–154]. 

Second, the PI3K/Akt pathway is very frequently mutationally activated in cancer. This 

activation is commonly driven by ROS inactivation of PTEN, functioning normally as a tumor 

suppressor [155,156]. PI3K/Akt activation, in turn, drives ROS production [157,158]) Again, this is a 

likely feedback loop. 

Third, Myc expression can drive elevated ROS levels possibly through its manipulation of 

mitochondrial metabolic control [159,160]. 

It is also notable in this context that some tumor suppressor genes are, likewise, implicated in 

wound healing. This aspect of tumor suppressors is less well studied. Cases that have been examined 

support the larger view here that cancer production/suppression machinery actually evolved to be 

wound healing machinery, including the following.  

First, as noted above, p53 (which sometimes acts as a tumor suppressor) is implicated in 

management of wound healing and ROS signaling [78,81,161]. 

Second, grainyhead-like transcription factors (GRHLs) behave as tumor suppressors and control 

cytodifferentiation processes, including wound healing (see [162] and references therein). Notably, 

ROS levels are influenced by GRHL expression [163]. 

Third, gastrokines act as tumor suppressors and control wound healing in GI tract epithelium 

[164]. Gastrokines regulate ROS levels [165].  

Fourth, Tenascin-X (TNX) is implicated in both wound healing and as a tumor suppressor [166]. 

Fifth, the PTEN gene acts as a tumor suppressor and controls wound healing [167]. As noted 

above, PTEN both controls ROS production (through Akt) and responds to ROS signals.  

Sixth, FOXO1 is implicated both in wound healing and as a tumor suppressor [168]. FOXO1 is 

both activated by ROS and implicated in ROS control [169,170], once again a likely feedback loop. 

Seventh, Kruppel-like factor 6 (KLF6) behaves as a tumor suppressor and regulates wound 

healing [171,172]. KLF6 is both activated by ROS and implicated in control of ROS levels [173,174]. 

Eighth, SIRT1 can act as a tumor suppressor and is implicated in ROS control [175–177]. SIRT1 

is well known to participate in wound healing [178].  

Nineth and more generally, the epithelial-mesenchymal transition (EMT) is central to 

tumorigenesis and to wound healing. Genetic analysis of EMT control strongly supports the 

hypothesis that genes controlling this process are also commonly oncogene-like and/or tumor 

suppressor-like [179]. 

An additional attractive hypothesis for how mitochondrial ROS output might be modulated is 

as follows. The alpha-ketoglutarate dehydrogenase (KGDH or OGDH) enzyme complex is a key, 

rate-limiting, regulatory step in the TCA cycle. KGDH also acts as a context-dependent tumor 

suppressor (reviewed in [180]). Notably, there is significant circumstantial evidence that electrons 

produced by KGDH are differentially partitioned into ATP synthesis (with ancillary ROS production) 

or NADPH (supporting ROS elimination, antioxidation) (op cit. and [181]). This property allows 

KGDH to control net mitochondrial ROS levels. Such control of net ROS could, for example, be 

determined by differential KGDH association in metabolons also containing ETC-CI (ROS) or the 

mitochondrial transhydrogenase (NNT; [182,183]), perhaps in response to posttranslational 

modification of the enzyme [184,185]. Moreover, KGDH both produces ROS and responds to ROS in 

an autoregulatory feedback circuit [186,187].  In overview, KGDH is likely to be a central hub 
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controlling net mitochondrial ROS output and future investigation of details of this process, 

especially in healing wounds and cancer cells, will be of especially high importance. Further 

consistent with this view, KGDH behavior is implicated in malignancy, though in incompletely 

understood ways which could include antioxidant/NADPH production [188–196]. 

d) Tying Threads Together 

Our knowledge of oncogenes and tumor suppressors is not exhaustive; nor is our 

understanding of the MIPS decision making system. Nonetheless, the cases we have reviewed 

immediately above support a simple, clear overall working hypothesis. These data illustrate the 

pervasiveness of empirical support for this updated form of the wounds-that-do-not-heal hypothesis 

for carcinomas. Very strikingly, most or all oncogenes and tumor suppressors normally function to 

control wound healing at the cytological level. This machinery is modified and/or redeployed to 

produce the malignant state, apparently universally. Moreover, the nuclear genetic machinery 

components apparently universally consist of proteins that normally control stem and progenitor cell 

behavior exploiting circuits that usually (or always) involve ROS signaling feedback loops. These 

ROS signals commonly involve mitochondrial ROS, though are sometimes apparently initially 

triggered by extramitochondrial sources (III.). The role of mitochondrial genome mutations 

engendering oncogene-produced ROS and acting as casual agents in cancer (above; see, for example, 

[8,11,12]) also strongly supports this hypothesis.  

Thus, it seems plausible to define the wounds-that-do-not-heal hypothesis for cancer more 

precisely as emerging from mis-deployment of wound healing machinery in a very specific sequence 

of events. It is fruitful to begin with normal wound healing. Wounding activates oncogenes (src, for 

example, [13,197]), thereby initiating oncogene/ROS feedback loops. Such loops will also feed ROS 

into mitochondria. If this wounding signal is robust enough, stable ROS-based feedback loops 

involving active oncogenes and MIPS will initiate the wound healing process. Initiating this stable 

loop system represents a developmental decision-making event of the sort MIPS is designed for.  

Alternatively, carcinomas can result from the mis-activation of the normal MIPS circuit setting-

dependent wound healing feedback loops. More specifically, such pathological, tumorigenic redox 

signals initially arise from a variety of nuclear genetic/epigenetic triggering of oncogene/ROS 

feedback loops and/or initial mutational elevation of mitochondrial ROS production. ROS from these 

sources/loops activates elevates sustained mitochondrial ROS production. Persistence of this signal 

includes self-activation through RIRR-like processes [48–50]. See Figures 1 and 2. 

The implication of this view is that all carcinomas will share and depend on the same 

fundamental underlying processes. Indeed, as noted, remarkably, oncogenes/tumor suppressors and 

their ROS feedback loops are substantially, perhaps entirely, coextensive with genes controlling 

wound healing. As we come to understand these processes more thoroughly, we can expect to gain 

clinical efficacy. We will propose a more detailed version of this picture immediately below and 

explore how these refinements might lead to improved clinical approaches.  
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Figure 2. Diagrammed is the development of normal wound healing cells (top) -  stem cells, to progenitor cells, 

to ultimately mature, terminally differentiated cells. The progenitor-like subpopulation of tumor cells (bottom), 

which retain their progenitor-like, perpetual growth status, based on current evidence, is crucial to clinical 

lethality (text). Progenitor-like MIPS circuit set point (Figure 1; text) drives the tumor cell subpopulation 

permanently locked in the progenitor-like state [108–110]. The differences in capacity for differentiation result 

from genetic/epigenetic changes in MIPS-centered cell state decision making. The tumor progenitor state lock is 

plausibly hypothesized to be produced by genetic/epigenetic changes in oncogene/ROS and mitochondrial ROS 

feedback loops (Figure 1 and text). While most differentiated normal cells contain modest numbers of lipid 

droplets [228], advanced, treatment-resistant tumor cells commonly have much larger numbers of lipid droplets 
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([215]; reviewed in [204]). There is strong evidence that elevated lipid levels are responsible for treatment 

resistance [204,215], most likely through its capacity to drive powerful antioxidant synthesis as discussed in 

detail in the text. 

VI. Dealing with Advanced, Treatment-Resistant Cancer: Exemplar of a Working 

Theory for the Role of ROS in MIPS Signaling in the Presence of the Elevated 

Lipid Levels Characteristic/Causal of Treatment Resistance 

a) Context and Fundamentals of a Working Theory 

We reviewed above the extensive, diverse body of evidence that carcinomas result from mal-

deployment of the cytodevelopmental machinery evolved for normal wound healing. Moreover, key 

features of these cytodevelopmental processes are likely controlled by the MIPS-centered redox 

regulatory machinery (Figure 1). It remains unclear why the progenitor-like carcinoma cells generally 

advance poorly through differentiation. However, incompletely understood elements of redox 

signaling are likely to be implicated in blocking the MIPS regulatory circuit setting necessary to 

permit differentiation (see [198] and references therein). See immediately below for further 

discussion. 

The emerging new level of insight generated by the community, in turn, provides a foundation 

to begin building more specific and general theories of advanced, metastatic, treatment-resistant 

malignancy. Traditionally, treatment resistance was thought to arise from changes in drug target sites 

and/or increased ability to export xenobiotic drugs [199,200]. However, there is emerging evidence 

that common or universal changes in lipid metabolism are also essential for advanced resistance. 

Before discussing what the form of such a theory might be, we must clarify additional functional 

features of advanced disease (again, apparently controlled by/emerging from MIPS regulation). 

Available evidence strongly supports the hypothesis that all clinical standards of care resulting 

in debulking of advanced tumors do so by triggering progenitor-like cell death through driving a 

large increase in mitochondrial ROS and triggering the scab cell death response. This feature includes 

chemotherapy [201], radiotherapy [115] and immunotherapy [202].  Consistent with this view, 

endogenous reducing potential is required for treatment resistance [203]. Moreover, the evidence that 

strong additional elevation in ROS levels is causal for therapy-induced cell death is diverse 

[115,201,202].  

These data predict two important things. First is that treatment-resistant tumors are expected to 

have elevated capacity for antioxidant generation, especially through NADPH-driven systems. In 

fact, there is a large body of evidence that resistant tumors usually or almost always have strikingly 

elevated levels of lipid stores (recently reviewed in [204]; also see [205]). Lipids can provide robust 

flows of NADPH through NNT use of mitochondrial electron flux from lipid oxidative metabolism 

(reviewed in [182,183]). As expected, lipids are well known to act as in vivo antioxidants (reviewed 

in [206]). 

Primary tumors differ dramatically in the morphology of their mitochondria, including 

fragmented versus elongated [207,208], reviewed in [209]. This is consistent with altered regulation 

of mitochondrial ROS production. In general, the dependence of treatment-resistant tumor cells on 

expanded lipid catabolism will drive mitochondrial specialization for elevated oxphos, as observed 

(reviewed in [209]). It is especially notable here that mitochondria in advanced tumor cells commonly 

form direct contacts with lipid droplets, facilitating efficient lipid catabolism [208,210]. 

Second, as noted, it is likely the ROS-induced tumor cell death is produced by a conserved 

decision-making system designed to allow normal cells in a healing wound to survive and actively 

participate in wound healing (scar) or undergo cell death to contribute to the matrix for wound 

healing (scab) [211].   

The scab/scar decision by individual stem/progenitor cells is expected to be made through the 

MIPS machinery in view of its properties discussed above. Diverse cell death decisions are well 

known to be controlled by mitochondria, consistent with this view [212]. Mitochondrial control of 
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cell death by ferroptosis [213] will prove to be particularly important to us below. It is reasonable to 

hypothesize that the logic of this machinery is as follows.  

Cells in wounds will generally produce ROS in response to oxygen-deprivation; it appears that 

at limiting oxygen levels oxygen is preferentially diverted to ROS production [38,214]. Survival of 

cells in wounds (scar decision) is expected to depend on sufficient nutrient access to produce enough 

anti-oxidant capacity to forestall the scab decision driven by elevated ROS [211]. Thus, it is reasonable 

to predict that nutrient-dense lipid stores would be a primary feature supporting wound/tumor 

progenitor cell survival (make scar decision). [Lipid accumulation in healing wounds is poorly 

studied and this is an urgent future research priority.]  This picture predicts a rationale for the 

necessity of the observed pattern of strong lipid accumulation in treatment-resistant tumors [204,215].  

In a related speculation, at low lipid levels characteristic of early tumors there is expected to be 

insufficient mitochondrial antioxidant formation [182,183] to prevent redox inhibition of the highly 

redox-sensitive aconitase TCA cycle enzyme [206,216]. Aconitase inhibition drives glucose and 

glutamine carbon into citrate exported from mitochondria for lipogenesis. This, in turn, drives fatty 

acid synthesis, including high production of the intermediate malonyl-CoA. Malonyl-CoA also 

serves as an inhibitor of CPT1 and, thus, limits mitochondrial fatty acid uptake [217]. Collectively, 

these processes drive accelerating steady state lipid accumulation.  

As this process drives increasing levels of fat deposits in lipid droplets (LDs), mass action is 

expected to ultimately drive sufficient antioxidant production to relieve aconitase inhibition. This, in 

turn, will engender reduced malonyl-CoA and derepression of CPI1, establishing a higher lipid 

consumption regime. 

Thus, the steady state levels of lipids maintained by these processes will be determined by 

currently uncharacterized regulatory set points. Nonetheless, it is plausible to hypothesize that these 

set points in advanced, treatment-resistant cancers drive accumulation of the observed high levels of 

lipid stores in these tumors [215] (reviewed in [204]). This state also allows lipid catabolism in support 

of NADPH production. Thus, these enhanced lipid stores are expected to support sufficiently robust 

antioxidant generation to manage the robust mitochondrial redox response to most therapeutic 

agents [206], thereby engendering treatment resistance.  

In view of this relatively clear, plausible mechanistic picture, it follows that lipid accumulation 

is likely to be MIPS-controlled. While our direct knowledge of this issue remains poor, we do know 

that elevated mitochondrial ROS drives pathways that, in turn, induce enhanced lipogenesis and 

lipid import, including HIF-1 and, possibly, Nrf2 [218–220]. We also know that Akt activation drives 

lipogenesis [221,222]. Moreover, inhibitors of tyrosine kinase upstream of Akt inhibit the lipid 

catabolism necessary for resistance [215], indicating multifarious control of lipid 

accumulation/metabolism. As noted, much more work remains to be done to understand the 

mechanistic details underlying lipid accumulation and catabolism, presumably including for 

antioxidant generation.    

Thus, the doubly elevated ROS levels in advanced cancer likely arise from oxygen deprivation, 

from intrinsic ROS elevation in progenitor-like tumor cells, and from activated oncogene-driven ROS 

generation (discussed in Vc. above). Collectively, these effects are plausibly expected to drive the 

observed exceptionally elevated lipid levels in advanced, treatment-resistant tumors (reviewed in 

[204,223]). We are now positioned to discuss a plausible framework for a general theory of advanced, 

treatment-resistant carcinoma with the following elements. 

A MIPS set point with elevated mitochondrial ROS arises in one of two general ways, under 

active selection for survival and growth in the competitive tumor environment (reviewed in [224]) as 

follows. On the one hand, mitochondrial mutations resulting in elevated ROS production through 

mutant oxphos machinery, is often seen in advanced cancers (see, for example, [8,13–15]). This 

mitochondrial ROS elevation can be produced by and drive oncogene activation through any of the 

various ROS/oncogene feedback loops discussed above (Figure 1) [35,74,145,147,157,169,170,173–

177]. On the other hand, genetic/epigenetic oncogene activation or tumor suppressor inactivation 

(ibid.) can equally well activate any of various oncogene/ROS positive feedback loops (ibid.). It 
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follows that activation of the MIPS lipid control process discussed immediately above is, thereby, 

expected to be further intensified in advanced, treatment-resistant tumors. 

Thus, these processes may begin at relatively mild degrees with tumor initiation. With knock-

on genetic/epigenetic changes enhancing the aggressiveness of this MIPS circuit setting, in turn, 

drives changes in tumor cell state. We will address immediately below how this picture helps us 

think about general clinical approaches with likely improved and, plausibly, universal potency. But 

first, it is useful to note that there is more direct evidence for this hypothesis as follows. 

A compelling experimental study by the Bonini group [74] supports and further enriches this 

picture. Their work showed that elevated src expression drove substantially enhanced mitochondrial 

ROS generation, producing a robustly drug-resistant malignant phenotype. Remarkably, these 

investigators also showed that this mitochondrial ROS elevation directly drove epigenetic 

reprogramming of wound healing/malignancy genetic programs (through redox effects on chromatin 

structure), including EMT-driving gene products. As src can be activated by ROS [138] it is quite 

conceivable that a feedback loop driven by a ROS-increasing mitochondrial mutations [79] or 

mutational activation of src would initiate a stable clone of MIPS-controlled treatment-resistant 

disease through an extension of this experimentally validated event sequence.  

b) Using This Theoretical Picture to Design Potentially Powerful, General Attack Strategies Against 

Advanced, Treatment-Resistant Carcinomas 

The large lipid accumulation in treatment-resistant cancers has relevant features in addition to 

driving antioxidant/NADPH synthesis. Specifically, just as oxygen-deprived tumors (and 

presumably healing wounds) dump excess metabolic NADH reducing potential through reduction 

of pyruvate to lactate, they also use an exotic lipid desaturase enzyme class to accomplish the same 

effect [225]. Therefore, the large lipid stores in treatment-resistant, hypoxic cancers have a relatively 

high level of polyunsaturated fatty acids (PUFAs). This is important because PUFAs are the targets 

of cascade peroxidation that, in turn, triggers cell death by ferroptosis. This cascade is commonly 

initiated by mitochondrial ROS [205,213,223,226]. 

In view of these features, the therapeutic goal in attacking treatment-resistant tumors is to 

generate enough mitochondrial ROS to breach the antioxidant defense threshold and trigger the 

runaway lipid peroxidation initiating ferroptotic death (ibid.). This can be achieved by some 

combination of further elevating tumor mitochondrial ROS and interfering with tumor antioxidant 

defenses. One element of the antioxidant response that can protect from ferroptotic death includes 

glutathione system elements whose synthesis, in turn, can be targeted with small molecule drugs, 

including sulfasalazine which is FDA approved for other purposes [226]. However, sulfasalazine is 

not tumor specific in its effects and, thus, tolerable doses are limited, in turn, constraining clinical 

efficacy. Analogously, current standards of care agents for cancer are, likewise, not very tumor 

specific and, thus, have side-effect limitations on their ability to induce mitochondrial ROS. 

Therefore, we need agents that will attenuate antioxidant defenses and enhance mitochondrial 

ROS tumor specifically. We developed a drug family that is able to induce robust tumor-specific 

mitochondrial ROS signals, CPI-613, thus having limited side effects [187,227]. Resistance to this drug 

is dependent on very high levels of cellular lipid accumulation and this resistance can be substantially 

reduced by inhibition of fatty acid catabolism [215], though these inhibitors also face the lack of tumor 

selectivity. This is consistent with the picture that fatty acid driven NADPH (antioxidant) production 

[182,183] is essential to resistance. We and others are looking for tumor-specific inhibitors of anti-

oxidant capability to couple with tumor specific ROS effects of the form of CPI-613. As far as we are 

aware, there is no approach, other than combinations of agents of this form, that will allow successful 

attack on the main group of treatment-resistant cancers. If such a combination were to become 

available, it is expected to be pan-carcinomic in clinical effectiveness for the reasons discussed 

immediately above. 

In summary, the vast body of insight from the research community has allowed progress toward 

a plausible theory of a general approach to targeting treatment-resistant cancers. The challenges now 
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are to further test and refine such theories and, in turn, to practically implement the approaches they 

allow.    
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