
Chapter 11

Mitochondria: The Ultimate
Tumor Suppressor

MITOCHONDRIAL SUPPRESSION
OF TUMORIGENICITY

According to Warburg’s theory, respiratory insufficiency is the origin of cancer. All
other characteristics of cancer arise either directly or indirectly from insufficient
respiration. Up to this point, I have amassed substantial evidence from a variety
of fields that strongly supports the theory. It is also clear that genomic instability
and the vast numbers of gene and chromosome defects seen in tumor cells can
arise as secondary consequences of protracted respiratory insufficiency. Genome
instability is linked to mitochondrial dysfunction through the retrograde signaling
system. If all cancer arises from mitochondrial dysfunction, then replacement of
damaged mitochondria with normal mitochondria should prevent cancer. In other
words, mitochondria producing sufficient respiration should suppress tumor growth
regardless of the numbers and types of mutations or aneuploidy present.

Energy derived from substrate level phosphorylation (including the Warburg
effect and amino acid fermentation) will persist in the presence of insufficient
respiration. Up-regulation of oncogenes and down regulation of tumor suppres-
sor genes is necessary to maintain fermentation when mitochondria fail to pro-
duce sufficient energy through respiration. While the mutator phenotype of can-
cer can be linked to impaired mitochondrial function as I described in the last
chapter, substantial evidence also exists showing that normal mitochondrial func-
tion suppresses tumorigenesis. Further support for the Warburg theory would come
from evidence showing that normal mitochondria can suppress malignant growth
in tumor cells. If respiratory insufficiency is the origin of cancer, then tumor
nuclei should not induce malignancy when placed in cytoplasm containing respi-
ration competent normal mitochondria. Alternatively, if mitochondrial dysfunction
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is the origin of cancer, normal nuclei should be unable to prevent tumorigenesis
when placed into the tumor cytoplasm. I refer to these types of experiments as
nuclear–cytoplasm transfer studies . What is the evidence from these types of stud-
ies that support the metabolic origin of cancer?

NORMAL MITOCHONDRIA SUPPRESS
TUMORIGENESIS IN CYBRIDS

It is well documented that tumorigenicity can be suppressed when cytoplasm from
enucleated normal cells is fused with nucleated tumor cells to form cybrids. Cybrids
contain a single nucleus and mixtures of cytoplasm from two different cells. To
examine the effect of cytoplasm on the expression of tumorigenicity in cybrids,
Koura formed fusions between intact B16 mouse melanoma cancer cells with cyto-
plasts (absent nucleus) from nontumorigenic rat myoblasts (1). The reconstituted
clones and cybrids showed unique morphology and cellular arrangements. Tumori-
genicity was suppressed in all the reconstituted clones and cybrids soon after their
isolation, but tumorigenicity reappeared in some clones after prolonged cultivation
of the cells. The adverse effects of the cell culture environment on mitochondrial
respiration could account in part for the tumorigenic reversion of some clones (2).
Koura’s findings showed that cytoplasm containing normal mitochondria could sup-
press the malignant phenotype of tumor cells. Unfortunately, Koura did not link
these observations to the Warburg theory of cancer.

In a more extensive series of experiments, Israel and Schaeffer showed that
suppression of the malignant state could reach 100% in cybrids containing nor-
mal cytoplasm and tumorigenic nuclei (3). The unique aspect of their study was
that all of the cells utilized, both normal and transformed, were derived from an
original cloned progenitor (4). They also showed that nuclear/cytoplasmic hybrids
derived by fusion of cytoplasts from malignant cells (nucleus absent) with kary-
oplasts from normal cells (nucleus present) produced tumors in 97% of the animals
injected. These findings showed that normal cell nuclei could not suppress tumori-
genesis when placed in tumor cell cytoplasm . In other words, normal nuclear gene
expression was unable to suppress malignancy. These findings showed that it was
the cytoplasm, rather than the nucleus, that dictated the malignant state of the cells.
Although these investigators did not define the molecular basis for the cytoplasmic
mediation of tumorigenesis, they suggested that epigenetic alterations of nuclear
gene expression might be responsible. It is clear that the findings of Israel and
Schaeffer strongly supported the concepts of Warburg’s theory. However, these
investigators also did not link their observations to Warburg’s theory.

The findings and conclusions of Israel and Schaeffer that cytoplasmic factors
suppress tumorigenicity were also strongly supported by the findings of Shay
and Werbin (5, 6). These investigators also discussed the various factors that
could influence the success or failure of cybrid experiments designed to uncover
cytoplasmic suppressors of tumorigenicity. These factors included, (i) the relative
amounts of tumorigenic and nontumorigenic cytoplasm in cybrids; (ii) the time
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interval that cybrids are passaged prior to testing their tumorigenicity; (iii) whether
mutagenesis with carcinogens was used to introduce genetic markers on the cells;
and (iv) the specific cell combinations used. They were not surprised that some
investigators could obtain varying results if the various factors were not monitored
carefully. Nevertheless, their results with mouse tumor cells were consistent with
the conclusion of the Israel and Schaeffer experiments mentioned above. While
Shay and Werbin discussed the role of the mitochondria in the suppressive effects
of the cytoplasm on tumorigenesis, they did not discuss their results in light of
Warburg’s theory.

Howell and Sager (7), however, were cognizant of the relationship between
Warburg’s theory and the findings from the various cybrid studies. These
investigators knew that analysis of cybrids could help distinguish whether it was
the nucleus or the cytoplasm that determined tumorigenicity. Their results showed
that cytoplasm from nontumorigenic normal cells suppressed the rate and extent
of tumor formation in nude mice when fused with their nucleated tumorigenic
counterparts. They concluded “if tumor cell mitochondria are defective, as Warburg
postulated, then suppression could result from the introduction of mitochondria
from normal cells into cybrids” (7). These findings like those of Koura, Israel and
Schaeffer, and Shay and Werbin supported Warburg’s theory. How was it possible
that so many investigators in the cancer field failed to link their findings to those
of Warburg’s theory?

Jonasson and Harris conducted one of the more interesting studies in human
mouse hybrids to evaluate the role of cytoplasm and the nucleus in the control of
malignancy. They evaluated in vivo tumor malignancy in a range of hybrid clones
derived from fusions of diploid human fibroblasts and lymphocytes with the cells of
a malignant mouse melanoma (8). They showed that the human diploid cells were
as effective as mouse diploid cells in suppressing the malignancy of the mouse
melanoma cells even though human chromosomes were preferentially eliminated
in the hybrid clones. Malignancy was also suppressed in a hybrid clone in which
a single human X chromosome was present. They went on to show that this clone
continued to produce few tumors even after back selection was used to eliminate
this remaining X chromosome. It was clear that no human nuclear genetic material
was responsible for suppression.

They also made hybrids between the melanoma cells and diploid human fibrob-
lasts that were irradiated before cell fusion. Interestingly, the incidence of tumor
take was substantially higher in crosses between the mouse melanoma cells and
the irradiated human fibroblasts than in crosses between the melanoma cells and
the unirradiated human fibroblasts (8). They concluded that the suppression of
malignancy involves the activity of a radiosensitive extrachromosomal element.

The findings from the Jonasson and Harris study were remarkable for sev-
eral reasons. First, their findings were consistent with those of many other cybrid
studies indicating that something in normal cytoplasm suppresses tumorigenicity
in malignant cells. Second, no human chromosome or nuclear genetic material was
responsible for the suppressive effect. Finally, radiation could destroy the cyto-
plasmic factor responsible for tumor suppression. This last fact is consistent with
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Warburg findings that radiation destroys mitochondrial respiration. Surprisingly,
Jonasson and Harris (8) excluded a mitochondrial origin in preference to a centro-
some origin for the suppression effect. This decision was based on the findings of
others who showed that no human mitochondrial DNA or proteins were found in
human mouse cybrids. However, new studies in transmissible cancers show that
tumor mitochondria can integrate with normal mitochondria in some tumors (9).
I suggest that this integration could reduce or correct in part the respiratory dam-
age in the tumor cell mitochondria thus suppressing the malignant phenotype. This
possibility is also supported further from the work of King and Attardi (10, 11),
showing that exogenous mtDNA enhances respiration in cells lacking functional
mtDNA. Such a possibility would be consistent with Warburg’s original theory.

Paul Saxon and colleagues showed that the microcell transfer of chromosome
11 could suppress tumorigenicity in HeLa cells (12). They conclude that chromo-
some 11 contained a tumor suppressor gene. These findings are interesting and also
suggest an interaction between chromosome 11 and the mitochondria. It is possible
that a gene on chromosome 11 facilitates mitochondrial respiration thus suppressing
tumorigenicity in the HeLa cells. It is also interesting that neuroblastoma and Wilms
tumor are associated with defects on chromosome 11. Further studies are needed to
determine if tumorigenic suppression involves specific interactions between chro-
mosome 11-encoded genes and mitochondrial respiration efficiency.

EVIDENCE FROM rho0 CELLS

Singh and coworkers also provided evidence for the role of mitochondria in the
suppression of tumorigenicity by showing that exogenous transfer of wild-type
mitochondria to cells with depleted mitochondria DNA (rho0 cells) could reverse
the altered expression of the APE1 DNA repair protein and the tumorigenic phe-
notype (13). The efficiency of APE1-mediated DNA repair is dependent on the
sufficiency of mitochondrial respiration. The rho0 cells have deficient respiration
because they lack mtDNA, which is necessary for normal respiration. Consequently,
transfer of normal mtDNA to rho0 cells will restore respiration, turn off the RTG
response, and prevent genomic instability. Again, it is the integrity of mitochon-
drial respiration that prevents cancer. Cancer arises from respiratory insufficiency
just as Warburg predicted.

Further support for the importance of respiration in the origin of cancer comes
from the findings of Petros, Wallace, and colleagues with prostate cancer. To deter-
mine whether mutant pancreatic tumors had increased ROS and tumor growth rates,
these investigators introduced the T8993G pathogenic mtDNA mutation into PC3
prostate cancer cells through cybrid transfer. They then tested the cells for tumor
growth in nude mice. The resulting T8993G mutant cybrids generated tumors that
were seven times larger than those seen in the wild-type cybrids. Moreover, the
wild-type cybrids barely grew in the mice. The tumors derived from T8993G mutant
cybrids also generated significantly more ROS than tumors without this mutation.
ROS generated in mitochondria damages respiration thus producing genomic insta-
bility (14). Additional experiments showed that introduction of mtDNA mutations
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could reverse the antitumorigenic effect of normal mitochondria in cybrids (15).
The authors concluded that mtDNA mutations play an important role in the etiology
of prostate cancer and that cancer can be best defined as a type of mitochondrial
disease. These findings provide direct support for Warburg’s theory.

NORMAL MITOCHONDRIA SUPPRESS
TUMORIGENESIS IN VIVO

It is also well documented that nuclei from cancer cells can be reprogrammed to
form normal tissues when transplanted into normal cytoplasm despite the continued
presence of the tumor-associated genomic defects in the cells of the derived tissues.
Dramatic evidence for this fact was obtained from studies in neoplastic tissue from
frogs and mice. McKinnell et al. (16) provided some of the first evidence showing
that tumor cell nuclei could direct normal vertebrate development following trans-
plantation of the tumor cell nucleus into an enucleated normal egg cell. Triploid
nuclei isolated from Lucke frog renal cell tumors were surgically implanted into
fertilized enucleated eggs from normal diploid frogs (Fig. 11.1 from their study
shows a large rapidly growing tumor on the left kidney of a Lucke frog). All
cells of the tumor were triploid in containing three copies of all chromosomes.
Triploid tadpoles developed from the triploid tumor cell nuclei. Remarkably, the
living triploid tadpoles revealed functional tissues of many types.

The transplantation of nuclei from triploid tumor cells into an enucleated eggs
makes it possible to distinguish development initiated by the transplanted nucleus
from that guided by an inadvertently retained maternal diploid nucleus (16). The
investigators noted that ciliated epithelium propelled the tadpoles in the culture
dishes. The tadpoles swam when stimulated. The tadpoles had functional receptors,
nerve tissue, and striated muscle necessary for swimming. Cardiac muscle pumped
blood cells through the gills. Suckers secreted abundant mucus. Clearly seen were a
pronephric ridge, eye anlage, nasal pit, and open mouth, as was the differentiation
of the head, body, and the tail. The tail fin regenerated after being clipped for
chromosome study. Moreover, sections of embryos developed from transplanted
triploid tumor nuclei revealed apparent normal development of brain, spinal cord,
optic cup with lens, auditory vesicle, somites, pronephric tubules, pharynx, midgut,
and notochord. These findings indicate that nuclei derived from tumor cells can
direct normal developmental processes.

It is difficult to reconcile these observations based on the somatic mutation
theory of cancer, but the findings are consistent with the tenets of the Warburg
theory that cancer is a disease of respiration. Normal mitochondria derived from
the fertilized egg suppress tumorigenesis because their OxPhos is sufficient for
maintaining energy homeostasis. Later studies suggested that the loss of tumori-
genicity was associated with the loss of Lucke tumor herpes virus. This virus was
considered the etiological agent for the origin of this tumor (18). As I discussed
in Chapter 9, however, herpes virus can interfere with mitochondrial function to
induce tumorigenesis (19). Indeed, herpes viruses have an intimate attachment with
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Figure 11.1 Brain tumor nucleus can support normal mouse embryonic development. (a) An E-7.5
mouse embryo derived from a transplanted medulloblastoma nucleus stained with H&E. (b) A higher
magnification of the boxed area in (a) to show the three distinguishable germ layers: pla,
ecto-placental cone; end, embryonic endoderm; mes, embryonic mesoderm; ect, embryonic ectoderm.
Normal mitochondria will be present in the cytoplasm. Scale bar, 20 μm. The results show that a
nucleus from a brain tumor implanted into normal cytoplasm can direct normal embryonic
development. Source: Reprinted with permission from Reference 17. To see this figure in color please
go to ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.

mitochondria that causes dysfunctional respiration (20). Hence, the suppression of
tumorigenesis in the Lucke frog tumor is likely due to the replacement of virus-
damaged mitochondria with normal mitochondria. These results are similar to those
described above with cell cybrids.

NORMAL MOUSE CYTOPLASM SUPPRESSES
TUMORIGENIC PHENOTYPES

Results similar to those with the Lucke frog tumor were also obtained follow-
ing nuclear transfer in mouse tumors. Morgan and colleagues also showed that
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nuclei from mouse medulloblastoma (a brain tumor thought to arise from cerebellar
granule cells) could direct normal development when transplanted into enucleated
somatic cells (17). Figure 11.1 shows that normal embryonic tissue and germ
cell layers were formed from medulloblastoma nuclei. These investigators con-
cluded that somatic nuclear transfer into normal cytoplasm suppressed the tumori-
genic phenotype (17). Moreover transplanted medulloblastoma nuclei gave rise to
postimplantation embryos that underwent tissue differentiation and early stages of
organogenesis. Remarkably, no malignancies were observed in any of the recipient
mice, and normal proliferation control was observed in cultured blastocysts (17).

These investigators went on to suggest that the tumorigenic mutations causing
medulloblastoma must act within the context of the cerebellar granule cell lineage,
and these changes did not support malignant cell proliferation. Although an epi-
genetic reprogramming of medulloblastoma nuclei was offered as an explanation
for their findings, it is more likely that their findings resulted from the replacement
of abnormal mitochondria with normal mitochondria similar to that seen with the
Lucke frog experiments. The findings also supported the earlier work of Mintz and
Illmensee (21) showing that normal mice could be produced from tumor cells and
that structural mutations in the nuclear genome could not be responsible for tumor
formation . Considered together, these findings indicate that nuclear gene mutations
alone cannot account for the origin of cancer and further highlight the dynamic
role of mitochondria in the epigenetic origin of carcinogenesis.

The findings from the Lucke frog and mouse medulloblastoma experiments
were further supported from the work of Konrad Hochedlinger, Rudy Jaenisch
and colleagues at MIT (22). These investigators showed that the nuclei of many
cancer cells including pancreatic cancer and melanoma were able to support preim-
plantation mouse development into normal-appearing blastocysts without signs of
abnormal proliferation (Fig. 11.2). They also showed that normal blastocysts could
be formed from p53 –/– breast cancer cells, and that normal blastocysts and
embryonic cell lines could be formed from melanoma nuclei. These investiga-
tors concluded that the oocyte environment suppressed the malignant phenotype
of the various tumor types and that tumor nuclei could direct normal development
in early mouse embryos. The oocyte cytoplasm would, of course, contain nor-
mal mitochondria. It is the respiratory competent normal mitochondria that would
suppress tumorigenicity. The tumor nuclei direct normal development as long as
normal mitochondria are present in the cytoplasm.

These studies also showed that embryonic stem (ES) cells derived from one
of the cloned melanoma cells were able to differentiate into most if not all somatic
cell lineages in chimeras including fibroblasts, lymphocytes, and melanocytes (22).
Remarkably, normal development occurred despite the persistence of severe chromo-
somal changes and mutations documented by array-comparative genome hybridiza-
tion (CHG). The investigators went on to conclude that secondary chromosomal
changes associated with malignancy do not necessarily interfere with preimplanta-
tion development; ES cell derivation, and a broad nuclear differentiation potential
(22). Nevertheless, these observations indicate that nuclear gene mutations cannot
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Figure 11.2 Cancer nuclei can support mouse development. (a) Analysis of the developmental
potential of embryonic stem cell with melanoma nucleus. A hatching blastocyst derived from a breast
cancer cell by nuclear transfer shows a blastocoel cavity, trophectoderm layer, and an inner cell mass.
(b and c) H&E staining of teratoma sections produced from R545-1 ES cells shows differentiation
into mature neurons, mesenchymal cells, and squamous epithelium (b), and columnar epithelium,
chondrocytes, and adipocytes (c). The results show that nuclei from various tumor cells can direct
normal mouse development when placed into normal cytoplasm containing normal mitochondria.
Source: Reprinted with permission from Reference 22. To see this figure in color please go to
ftp://ftp.wiley.com/public/sci_tech_med/cancer_metabolic_disease.

account for the origin of cancer and further highlight the dynamic role of mitochon-
dria in the epigenetic regulation of carcinogenesis. Unfortunately, Hochedlinger
et al. did not link their findings to the Warburg theory despite showing strong
evidence supporting this theory.

ENHANCED DIFFERENTIATION AND SUPPRESSED
TUMORIGENICITY IN THE LIVER
MICROENVIRONMENT

Grisham and colleagues reported that two aneuploid liver tumor cell lines, which
formed aggressive tumors when grown subcutaneously, did not form tumors when
grown in the liver (23). The tumors became morphologically differentiated when
they were transplanted and grown in liver. The authors concluded that close cell
contact or factors in the liver microenvironment suppressed tumorigenicity. It is
well documented, however, that cell–cell fusion is a common physiological process
in murine liver (24). I suggest that fusion between normal liver cells and neoplastic
liver cells in the unique liver microenvironment would suppress tumorigenicity in a
manner similar to that seen in the cybrid experiments mentioned above. It is likely
the normal mitochondria in the fused cell hybrids are responsible for enhanced
differentiation and suppressed tumorigenicity.

The suppressive effect of normal mitochondria on tumorigenesis links mito-
chondrial respiration to the long-standing controversy on cellular differentiation and
tumorigenicity (25–27). Respiration is required for the emergence and maintenance
of differentiation, while loss of respiration leads to glycolysis, dedifferentiation, and
unbridled proliferation (28, 29). These observations are consistent with the gen-
eral hypothesis presented here, that prolonged impairment of mitochondrial energy
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metabolism underlies carcinogenesis. This would represent an epigenetic origin of
the disease in the classic sense (30, 31). Replacement of damaged mitochondria
with normal mitochondria, which will produce sufficient energy through respiration,
restores the differentiated state. Hello! Is anyone listening?

SUMMARY OF NUCLEAR-CYTOPLASMIC
TRANSFER EXPERIMENTS

Viewed collectively, these findings provide compelling evidence showing that nor-
mal mitochondria can suppress tumorigenicity. The evidence reviewed supports the
Warburg theory of cancer as a disease of respiratory insufficiency. Normal mito-
chondria will reverse the Warburg effect because this effect is due to insufficient
respiration. Statements about a “reverse Warburg effect,” which do not involve
restored respiration, are hard to reconcile in light of the information presented
here (32). Normal mitochondria suppress respiratory dysfunction and tumorigenic-
ity, whereas abnormal mitochondria cannot suppress respiratory dysfunction or
tumorigenicity.

According to Warburg’s theory, it would be expected that the presence of nor-
mal mitochondria in tumor cells would restore the cellular redox status, turn off
the mitochondrial stress response, and reduce or eliminate the need for fermenta-
tion to maintain viability. In rephrasing, normal mitochondrial function maintains

(a) Normal cell

Normal cells Normal cellsTumor cells Tumor cells/death

(b) Tumor cell (c) Normal cytoplasm +
    tumor nucleus

(d) Tumor cytoplasm
    + normal nucleus

Figure 11.3 Summary of nuclear/cytoplasmic transfer experiments and the origin of tumors. This
image summarizes the experimental evidence presented in this chapter. Normal cells are depicted in
lighter shade with mitochondrial and nuclear morphology indicative of normal respiration and nuclear
gene expression, respectively. Tumor cells are depicted in darker shade with abnormal mitochondrial
and nuclear morphology indicative of abnormal respiration and genomic instability. (a) Normal cells
beget normal cells. (b) Tumor cells beget tumor cells. (c) Delivery of a tumor cell nucleus into a
normal cell cytoplasm begets normal cells despite the persistence of tumor-associated genomic
abnormalities. (d) Delivery of a normal cell nucleus into a tumor cell cytoplasm begets tumor cells or
dead cells, but not normal cells. The results show that nuclear genomic defects alone cannot cause
tumors and that normal mitochondria can suppress tumorigenesis. Source: Original diagram from
Jeffrey Ling and Thomas N. Seyfried, with permission. See color insert.



204 Chapter 11 Mitochondria: The Ultimate Tumor Suppressor

the differentiated state thereby suppressing carcinogenesis, whereas dysfunctional
mitochondria can enhance dedifferentiation thereby facilitating carcinogenesis . The
biochemical studies of Cuezva and Ristow also indicate that normal mitochondrial
respiration suppresses tumorigenesis (33–35). The evidence for the mitochondrial
origin of cancer is supported from a broad range of experimental data. Figure 11.3
summarizes the phenomenon.

In summary, the origin of carcinogenesis resides with the mitochondria in
the cytoplasm, not with the genome in the nucleus. How is it possible that so
many in the cancer field seem unaware of the evidence supporting this concept?
How is it possible that so many in the cancer field have ignored these findings
while embracing the flawed gene theory? Perhaps Payton Rous was correct when
he mentioned “the somatic mutation theory acts like a tranquilizer on those who
believe in it” (36). I attribute the absence of any real progress in the war on cancer
over the last 40 years to the flawed concepts of the somatic mutation theory,
and to the failure in recognizing mitochondrial dysfunction as a credible scientific
explanation for the origin of the disease. This failure is an inexcusable tragedy
ultimately responsible for the deaths of millions of cancer patients.
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