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Abstract

I want to make it very clear at the beginning of this communication; this is a controversial opinion
review. However, I believe it is time to rethink our approach to cancer research and therapy. Many
cancer researchers, especially those involved in cancer genomic research will disagree. I welcome
the disagreement and hope it will stimulate an honest debate and dialog between all disciplines of
cancer research and treatment. I am convinced that a vast disconnection exists between those in-
volved in basic research and those in the clinical arena that treat this disease. Cancer researchers
in all areas should not ignore the role of cancer metabolism in tumorigenesis, progression and
metastasis.
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1. Introduction (Why This Review?)

After being involved in cancer research and treating breast cancer patients for over 40 years, | believe that we
seriously need to reconsider how we approach and treat the disease. We need to revisit the past and the marvel-
ous work of Otto Warburg. After reviewing the past, | suggest you fast forward to now and study the tremen-
dous work of Thomas Seyfried. He and Shelton have published a great paper on cancer as a metabolic disease
[1], and recently Seyfried had his book on cancer as a Metabolic Disease released by Wiley [2]. The reason we
must rethink our approach is because we have not significantly improved the survival of Stage 1V cancer pa-
tients since President Richard M. Nixon declared war on cancer over 40 years ago.
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Cancer is an extremely complex disease, similar but different in each host. There is no solid tumor that is to-
tally homogeneous in regard to tumor biology or genomic mutations. In fact, | believe that we have made a
complex disease more complicated by the emphasis on the vast number of genetic mutations discovered in tu-
mors. Though these genomic discoveries are interesting and will assist in some personalized specific therapies, it
will in my opinion not be the final answer. Therefore, in order to cure cancer, we need to know exactly what is
common to all tumors; not how many genetic mutations are present. Mutations can be numerous and even dif-
ferent from cell to cell in the same tumor. Attacking the predominant mutation may eliminate those cells but al-
low cells to lack that mutation to remain, grow, metastasize and ultimately kill the patient.

Another important factor ignored in clinical oncology is host immunity. Oncologists treat the disease (tumor
biology, mutations, stage) and ignore the immunity of the host harboring that disease. Oncologist must be more
aware of the importance of host immunity in cancer. The routine cancer therapy is the “Big Three”: 1) surgery, 2)
chemotherapy and 3) radiation—all three of which damage and depress host specific immunity. However, with
proper specific individual immunotherapy the “Big Three” can actually be partners in supporting host immunity.
Regardless of the type of cancer treatment, host immunity cannot be ignored [3].

There is now definitely emerging evidence that the main characteristic of nearly all cancers is impaired cellu-
lar energy metabolism regardless of cellular or tissue of origin. Normal cells derive their useable energy from
oxidative phosphorylation, while most cancer cells become dependent on substrate level phosphorylation for
energy demands.

In the 1930s, Otto Warburg described a link between mitochondrial dysfunction and tumorigenesis. He ob-
served a significant increase in glycolysis and lactate production in the presence of oxygen without an increase
and an occasional decrease in oxidative phosphorylation [4] [5]. This became known as aerobic fermentation or
the “Warburg Effect” and is well documented in tumor cells. Aerobic fermentation causes a marked increase in
glucose uptake by cancer cells with an increased lactic acid production. This “Warburg Effect” is the basis for
positron emission tomography (PET SCAN) which uses a radioactive labeled glucose analog for tumor imaging.

Hanahan and Weinberg described six essential alterations in cell physiology that might underlie malignant
cell growth [6]. These six alterations were described as the hallmarks of cancer. These six alterations were: 1)
self-sufficiency in growth signals, 2) insensitivity to inhibitory growth signals, 3) evasion of apoptosis, 4) limit-
less replicative potential, 5) sustained vascularity (angiogenesis), and 6) tissue invasion and metastasis. Seyfried,
others and | believe that in addition to these six recognized hallmarks of cancer, the “Warburg Effect” or aerobic
fermentation is also a very robust metabolic hallmark of most tumors [7]-[12].

Another abnormal metabolic defect common to all cancers is dysfunction in tumor cellular iron metabolism. |
discussed this in detail in a recent article [12] and will address it again later in this communication. | am con-
vinced that mitochondrial dysfunction (impaired cellular respiration) leading to aerobic fermentation is also re-
lated to tumor iron metabolism and stabilization of the transcription factor Hypoxia Inducible factor-lalpha
(HIF1-a), which plays a major role in both.

2. Warburg Effect in Tumor Cells

This review is to emphasize the point that cancer is a metabolic disease rather than the now popular belief that it
is genetic. For those readers interested in more science and detail on the subject, | highly recommend Seyfried’s
book “Cancer as a Metabolic Disease (on the origin, management, and prevention of cancer)” [2]. | will attempt
to discuss and summarize some of his very important points supporting cancer as a metabolic disease. However,
I will not get into the hard science and mechanisms of the abnormal metabolic defects. It is stated that there are
no specific gene mutations or chromosomal abnormality common to all cancers [13]-[15], but nearly all cancers
regardless of their cellular or tissue of origin express aerobic fermentation. This means that cancer cells have in-
creased glucose uptake with increased lactic acid production in the presence of oxygen. The majority of cancers
overexpress the genes for glycolysis [7]-[18].

There is no doubt that the origin of the Warburg effect in cancer cells is controversial. Warburg himself pur-
posed that aerobic fermentation was a manifestation of a problem in cancer cell physiology, which was impaired
cellular respiration [5] [19]. Seyfried [1] points out that only those body cells able to increase glycolysis during
intermittent respiratory damage are capable of promoting tumorigenesis. The cells unable to induce glycolysis in
response to respiratory damage will perish due to energy failure. Therefore, a most common phenotype found in
cancer is aerobic fermentation, arising from damaged respiration.
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After reviewing the metabolic data collected from many human and animal samples, Warburg postulated with
confident certainty that irreversible respiratory damage was the main cause of cancer [5] [19] [20]. However, the
scientific community attacked Warburg’s theory as too simplistic and not explaining the evidence of apparent
normal respiration in some cancer cells [21]-[29]. They stated that his theory did not address the role of tumor-
associated mutations or the progression of metastasis. They complained that it also did not link the molecular
mechanisms of uninhibited cell growth directly to damaged respiration. Therefore, the concept of cancer as a
metabolic disease was replaced with the view that cancer was a genetic disease. The concept that cancer is a ge-
netic disease has dominated cancer research for the past several decades. The genomic researchers though aware
of the metabolic defects felt these defects in cancer cells arose primarily from genomic mutability during tumor
progression [30]-[33]. There is now much emerging evidence that questions the genetic origin of cancer and
supports data that cancer is a metabolic disease. Our recent paper on transplantation of isolated normal mito-
chondria to cancer cells support the evidence that cancer is probably a metabolic disease caused by mitochon-
drial dysfunction [34]. This study demonstrated that isolated normal mammary mitochondria easily enter breast
cancer cells. This organelle transplantation into cancer cells inhibits proliferation, increases drug sensitivity and
decreases the expression of glucose transporter 111 (Glut I11) (Figures 1-4).

Figure 1. Fluorescent micrograph of MCF-7 cells co-cul-
tured with isolated JC-1 stained MCF-12A mitochondria.

Mitochondria from MCF-12A Cells Inhibit the
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Figure 2. Graph of how the mitochondria of MCF-
12A inhibit the proliferation when added to the cancer
cell lines MCF-7 and NCI/ADR-Res.
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Mitochondria from MCF-12A Cells Increase the Cytotoxicity of
Doxorubicin to MCF-7 Breast Cancer Cells
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Figure 3. Graph depicting the addition of MCF-12A mitochondria to the
MCF-7 breast cancer cell line and the resulting increase in the cytotoxic-
ity of doxorubicin.
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Figure 4. Effect of exogenous mitochondria of MCF-
12A cells on Mrna expression of glucose transporter 3
in breast cancer MCF-7 cells (RT-PCR).

A recent paper by Sebastian, Zwaans, Silberman and Gymrek et al. supports the concept that cancer is a me-
tabolic disease [35]. They present strong evidence that the Histone Deacetylase SIRT6 is a tumor suppressor that
controls metabolism. SIRT6 deficient cells are tumorigenic and SIRT6 immortalized knockout (KO) mouse em-
bryonic fibroblast (MEFs) showed increased glucose uptake and lactate production (aerobic glycolysis). They
performed experiments in SIRT6 (KO) and wild type (WT) (MEFs) and confirmed that tumorigenesis in SIRT6
(KO) cells is oncogene independent. Pyruvate dehyrogenase kinase (PDK)-1 and lactate dehydrogenase (LDH)-
A protein levels are upregulated in SIRT6 (KO) cells showing that these cells are highly glycolytic. They con-
cluded that the enhanced glycolysis rather than oncogene activation was probably the driving force for tumori-
genesis in SIRT6 deficient cells. Their work is just more evidence that genomic instability is downstream of the
metabolic changes in cancer cells, such as, aerobic fermentation (the glycolytic phenotype) [35].
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Seyfried’s goal is to resolve the conflict and provide evidence that genomic mutability and the hallmarks of
cancer, including the Warburg effect (aerobic fermentation) can be linked to energy metabolism and damaged
respiration. He believes that impaired cellular respiration precedes the genome instability that is associated with
tumorigenesis. The genome instability that is associated with tumorigenesis is downstream of impaired cellular
respiration and mitochondrial dysfunction. The genome instability contributes to further respiratory damage, in-
creased genome mutability and tumor progression (effects become causes). Seyfried bases his hypothesis on
evidence that nuclear genome integrity is mostly dependent on homeostasis of mitochondrial energy and that all
cells require a continuous level of useable energy to maintain viability. | believe Warburg was definitely correct,
though he did not link his effect to what we now recognize as the hallmarks of cancer. Seyfried does a great job
reviewing the evidence and making the connection and expanding Warburg’s ideas of how impaired energy me-
tabolism might be exploited for tumor therapy and prevention. | believe that Warburg and Seyfried are correct,
and that Cancer is a Metabolic Disease. ARE YOU HERE? IF NOT WAKE UP!

3. Tumor and Mitochondrial Iron Metabolism

Now | am going to discuss briefly tumor and mitochondrial iron metabolism. | believe that some type of defect
in iron sulfur (FeS) cluster biosynthesis in the mitochondria might be the defect that initiates mitochondrial res-
piratory damage and abnormal energy production. In other words, it might be the promoter of aerobic fermenta-
tion. We have been working on tumor iron metabolism for over 30 years. Hopefully, this discussion of tumor
and mitochondrial iron metabolism will stimulate great researchers like Seyfried to attempt to link it to aerobic
fermentation and cancer metabolism.

4. Tumor Iron Metabolism

Abnormal iron metabolism could be the main culprit in tumorigenesis as it is involved in tumor metabolism,
mitochondrial dysfunction and tumor immuno-suppression [12]. Iron (Fe) is an essential metal vital for living
cells [36]-[38]. It is required by heme and—heme enzymes and proteins, which are essential for oxygen trans-
port and oxidative phosphorylation [39]. Iron is a cofactor for ribonucleotide reductase, an enzyme that converts
ribonucleotides to deoxyribonucelotides, and thus a key enzyme in DNA synthesis. This requires a continuous
supply of iron for ribonucleotide reductase to maintain its activity [40] [41]. Therefore, iron is directly associ-
ated with cell proliferation.

Transferrin (TF), a bilobed glycoprotein is the chief iron transport protein in mammalian blood. It transports
iron from sites of absorption and storage to sites of iron utilization [42]. Cancer cells markedly overexpress on
their cell surface transferrin receptors. Iron bound (TF) specifically interacts with the cell surface transferrin re-
ceptor (TFR1) that promotes the transport of iron across the cell membrane by endocytosis. The entire
(TF-TFR1) complex is internalized and the pH within the endosome decreases due to a proton pump in the en-
dosomal membrane. The acidic environment allows ferric (Fe**) atoms to release from the complex [43]. The
ferric is reduced to the ferrous state by a ferrireductase and then transported out of the endosome into the cytop-
lasm by the divalent metal transporter (DMT1). The (apo-TF-TFR1) complex is then recycled to the cell surface
and apotransferrin is released into the bloodstream [44].

In 1993, we reported on the role of iron metabolism in breast carcinoma [45]. This was an extensive cyto-
chemical, tissue culture, and ultrastructural study. It demonstrated that the iron storage protein ferritin was in-
creased and located in the cytoplasm. It also confirmed that transferrin could be used as a carrier to target toxic
therapy selectively to tumor tissue. We had previously reported preliminary evaluation of a platinum transferrin
complex (MPTC-63) as a potential nontoxic therapy for breast cancer [46]. It is undeniable that iron plays a sig-
nificant role in the proliferation, growth and progression of cancer. Mitochondrial iron metabolism is the cradle
of all iron metabolism and now we will briefly address mitochondrial iron metabolism.

5. Mitochondrial Iron Metabolism

Mitochondria are essential for iron metabolism and a site for iron sulfur (FeS) cluster biosynthesis and the only
site of heme synthesis. Richardson, Lane and Becker et al, have done a great job reporting on mitochondrial iron
trafficking and the integration of iron metabolism between the mitochondrion and the cytosol [47]. It is some-
where in the integration of iron metabolism between the mitochondrion and the cytosol that | believe a defect
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takes place that initiates respiratory damage contributing to aerobic fermentation and tumorigenesis. Why might
I think that; because the mitochondrion is well known for its key role in energy production, electron transport,
oxygen transport, deoxynucleotide synthesis, reactive oxygen species, and apoptosis. However, little is appre-
ciated that it is a focal point of iron metabolism. There is very little known about the regulation of iron uptake by
the mitochondrion and how this is merged with iron metabolism in other organelles and the cytosol. The discov-
ery of proteins involved in mitochondrial iron transport (mitoferrin 1 and 2) and storage (mitochondrial ferritin)
has revealed a definite communication between iron metabolism in the mitochondrion and the cytosol [47]. | be-
lieve that any minor defect in the communication of iron between the mitochondrion and the cytosol, mitochon-
drial iron import and iron metabolism could lead to mitochondrial respiratory damage and genomic instability
and thus contribute to tumorigenesis.

A great paper by Veatch, McMurray, Nelson and Gottschling support this concept [48]. They showed that
mitochondrial dysfunction leads to nuclear genome instability via an iron an iron-sulphur (FeS) cluster defect.
The loss of mtDNA leads to nuclear genome instability which causes a cellular crisis. The crisis is not mediated
by absence of respiration, but correlates with a reduction in the mitochondrial membrane potential. They identi-
fied a defect in (FeS) cluster biogenesis in cells undergoing this crisis. Therefore, genomic instability (mutations)
arises as a downstream epiphenomenon of disturbed iron metabolism in mitochondria. Their results suggest mi-
tochondrial dysfunction stimulates nuclear genome instability by inhibiting the production of (FeS) cluster—
containing proteins, which are required for maintenance of nuclear genome integrity [48].

A possible problem is a probable defect involving the protein Frataxin, which is a vital protein highly ex-
pressed in tissues rich in mitochondria. Frataxin is an inner mitochondrial membrane and mitochondrial matrix
protein that is involved in (FeS) cluster and heme biogenesis as well as iron storage [47]. Mitochondrial iron
metabolism is extremely complicated and there is much more to learn from future important needed research.

6. Conclusions

The first point to make in this conclusion is that | highly recommend that the readers study the marvelous work
of Seyfried [1] [2] especially his book on cancer metabolism published by Wiley. For non-believers it will be
difficult to refute. The evidence supports a general hypothesis that cancer is a disease of energy metabolism.
Seyfried and | believe that all of the hallmarks of cancer can be linked to impaired mitochondrial function. To
maintain viability, cancer cells transition to substrate level phosphorylation uses glucose and glutamine as en-
ergy substrates.

The road traveled on this review has convinced me that Warburg was remarkably correct about the role of
mitochondrial dysfunction in malignancy. The evidence is accumulating every day, thanks to the work of re-
searchers like Seyfried. We hope to soon contribute more evidence by the work we are doing on mitochondrial
organelle transplantation of isolated normal mammary mitochondria into breast cancer cell lines [34]. We are
presently designing an in vivo model.

The future discoveries will only make even more remarkable the contributions of Warburg especially in the
era he worked. This communication is a humble tribute to his great research and observations. | honor him and
now Seyfried for their tremendous contributions. Hopefully, this review will stimulate more debate and work in
this area to improve therapy for this dreaded disease. However, | believe that all systemic therapy for cancer
should be complemented with support of the host immune system, and an adjunctive metabolic approach. All
large cancer centers should have a metabolic unit. The next few years will breed more controversy, heated de-
bate and interesting results; but I believe that cancer as a metabolic disease will win the war.
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