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Abstract: LINE-1 (Long Interspersed Nuclear Elements) and HERVs (Human
Endogenous Retroviruses) are two families of autonomously replicating retrotransposons
that together account for about 28% of the human genome. Genes harbored within LINE-1
and HERV retrotransposons, particularly those encoding the reverse transcriptase (RT)
enzyme, are generally expressed at low levels in differentiated cells, but their expression is
upregulated in transformed cells and embryonic tissues. Here we discuss a recently
discovered RT-dependent mechanism that operates in tumorigenesis and reversibly
modulates phenotypic and functional variations associated with tumor progression.
Downregulation of active LINE-1 elements drastically reduces the tumorigenic potential of
cancer cells, paralleled by reduced proliferation and increased differentiation.
Pharmacological RT inhibitors (e.g., nevirapine and efavirenz) exert similar effects on
tumorigenic cell lines, both in culture and in animal models. The HERV-K family play a
distinct complementary role in stress-dependent transition of melanoma cells from an
adherent, non-aggressive, to a non-adherent, highly malignant, growth phenotype. In
synthesis, the retrotransposon-encoded RT is increasingly emerging as a key regulator of
tumor progression and a promising target in a novel anti-cancer therapy.
Keywords: tumorigenesis; endogenous reverse transcriptase; reverse transcriptase inhibitors;
early embryonic development
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1. The Complexity of the Cancer Genomic Landscape
Historically, the concept that the genome plays a central role in cancer has been proposed since the
early 20th century, when Boveri first identified chromosome alterations as characteristic features of
dividing cancer cells. That view has been progressively strengthened with the discoveries that DNA
represents the chemical basis for heredity [1], that DNA-damaging agents cause cancer [2] and that
chromosome aberrations correlate with hematological malignancies [3]. Some time later, in an ideal
continuity with those early findings, tumor suppressor genes [4] and oncogenes [5] were discovered,
the transforming potential of which can be triggered by single base substitutions. The general view
was established that cancer is the pathological consequence of the sequential accumulation of DNA
mutations in relevant genes. Consistent with this view, a central objective in cancer research in the last
decades has been the search for common recurrent mutations, shared by the genomes of a variety of
tumors, that may provide key “signatures” of tumorigenic phenotypes [6].
Recent technological advances, such as next-generation genome sequencing [7] and DNA-based
array analysis [8], have boosted that search, speeding up and empowering the ability to detect
alterations (including copy number variation, indels of various sizes and single base substitutions) in
the DNA of cancer cells. These efforts ultimately aimed to produce a catalog of the complete
collection of “driver” somatic DNA mutations that could confer selective growth advantage and
facilitate the clonal expansion of cancer cells in a Darwinian evolutionary view, as opposed to neutral
“passenger” mutations accidentally caused by repair mechanisms [6,9]. The characterization of driver
mutations and the identification of cancer-relevant genes targeted by these mutations were expected to be
key to define the structure of the “cancer genome”, permissive for cancer onset, growth and propagation.
Despite the enormous amount of sequence information and microarray data accumulated in the last
few years, however, these expectations have not been fulfilled. Shared or recurrent mutations that may
potentially cause cancer have not been recognized as a predominant feature in large panels of tumors,
but only in few specific cases [10–12]. In addition, the number of “cancer genes” is continuously
growing in parallel with the expansion of the genome screening power [13]. In even sharper contrast
with expectations, these efforts are unexpectedly revealing that genomes of any tumor type exhibit, in
fact, remarkable heterogeneity with infrequent driver mutations or rearrangements [14,15].
The trend emerging from these studies is heavily influencing clinical oncology and the design of
therapeutic approaches. There currently is an effort towards profiling individual cancer genomes,
identifying new genes and accurately dissecting mutation-harboring networks within tumors at the
individual patient level in an attempt to define promising grounds for the design and improved
outcome of therapy [16]. These findings, on the one hand, contribute to expand our knowledge of
cancer genetics; on the other hand, they raise more questions than they can answer. A major
unanswered question is whether a unifying meaning can be derived from such a flood of sequence
data, given the failure to identify “universal” driver mutations or key targeted genes in the onset and
progression of cancer. Another puzzling question is how the recurrent biological and clinical patterns
characterizing most, if not all, cancers (uncontrolled proliferation, loss of differentiation, loss of
contact inhibition, invasiveness) can be reconciled with the genetic heterogeneity of potential causative
mutational events.
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It is important to note that large-scale genomic studies have focussed on protein-coding genes, which
account for a mere 1.2% of the human genome [17]. The non-coding portion, which constitutes the vast
majority of the genome and presumably harbors a higher amount of mutations, has tended to be
excluded. That portion of the genome has long been dismissed as selfish [18,19] or ‘junk’ DNA. It has
only being “rehabilitated” in recent studies that have disclosed global regulatory roles for small RNA
families [20], non-coding RNA (ncRNAs) [21,22], ultra conserved regions (UCRs) [23,24] and
retroelements [25,26]. These studies are revolutionizing current views on genome function and are
disclosing unexpected implications for tumorigenesis [27–30].
In this framework, our own studies in the last few years have pinpointed a role played by an
endogenous reverse transcriptase (RT) encoded by LINE-1 (Long Interspersed Nuclear Elements)
retrotransposons in loss of differentiation of cancer cells and tumor progression. That work stemmed
from earlier findings that spermatozoa and early embryos are endowed with an endogenous RT
activity that is essential for embryo development. What follows is an account of research on the
genome-shaping roles of RT from gametes through embryos to tumor cells.
2. Retrotransposon-Encoded RT in Spermatozoa, Early Embryos and Transformed Cells
RT-encoding genes are abundantly represented in eukaryotic genomes and are harbored within two
large families of autonomously replicating retroelements, LINE-1 and HERV (Human Endogenous
Retroviruses). Together with the non-autonomous Alu and SINE retrotransposon families,
retroelements account for an amazing 45% of the human genome [17,31] and constitute the bulk of the
genome portion that was historically called “junk DNA” [18,19]. The RT enzyme operates a
fundamental step in the amplification of retrotransposons and thus constitutes the main driving force for
their accumulation throughout evolution. Due to this predominant role, RT has not been traditionally
thought of as a candidate for any other physiological function of any potential interest to cell life.
Our unexpected finding that mouse spermatozoa are endowed with an endogenous RT activity [32]
changed that view and provided the first hint that this enzyme may play other roles. Surprisingly, we
found that RT localizes in mature sperm heads, where fertilizing functions reside. That finding raised
the intriguing question of whether RT is involved in early embryonic development. Indeed, we found
that mouse early embryos at the one-, two- and four-cell stages contain an endogenous RT activity able to
reverse transcribe exogenous RNA molecules into cDNA copies [33]. Importantly, inhibition of that RT
activity, induced either by a non-nucleoside RT inhibitor [33], (nevirapine, used in AIDS therapy, [34]), or
by down-regulating RT-encoding gene expression via antisense oligonucleotide microinjection into
zygotes [35], arrested development drastically and irreversibly at the two- and four-cell stages. Thus,
the embryonic RT, far from being a useless evolutionary remnant encoded by “parasitic” genetic
elements, is an essential player in preimplantation development. That work also identified the major
source of functional embryonic RT activity in a specific LINE-1 retrotransposon family [35],
previously characterized as highly active in mouse cells [36].
Several studies have expanded the notion that retrotransposition is an ongoing process in human
cells, whose genome is continuously being reshaped [30,37,38]. Among hundred of thousands of
LINE-1 elements present in the human genome, only a few are full-length and retrotranspositionally
competent. These elements constitute an active subpopulation responsible for the vast majority of all
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LINE-1-mediated retrotransposition events [39]. LINE-1 retrotransposition has been shown to actively
occur essentially in embryos [40], in good agreement with our own data.
It is a long-standing notion, dating back to the middle of 19th century, that embryogenesis and
tumorigenesis share common functional features [41] and that the process of tumor growth reflects in
some case the reactivation of embryonic programs [42]. In this light, it was relevant to establish
whether tumor cells are endowed with RT activity, similarly to embryos. We therefore extended the
search for this activity to a variety of murine and human tumorigenic cell lines using the same
functional assay we had used with embryos. We found that, regardless of the type or histological
origin of tumors, all analyzed cell lines contained appreciable levels of RT activity [43]. Importantly,
preincubation of cell lysates with nevirapine drastically reduced their ability to reverse-transcribe RNA
templates in vitro, suggesting that the RT of tumorigenic cells is sensitive to pharmacological RT
inhibitors. The latter finding provided us with a tool to assess the role of the endogenous RT in the
genesis and progression of human tumors.
3. Reverse Transcriptase Plays a Causative Role in Tumorigenesis
RT inhibitory drugs such as nevirapine and efavirenz (another nonnucleoside RT inhibitor
employed in AIDS therapy [44]) induce three major effects in tumor cell lines and ex vivo
patient-derived tumor cells: (i). reduced rate of proliferation; (ii). induction of cell differentiation; and
(iii). global reprogramming of gene expression. These effects are induced rapidly (after only a short
treatment with RT inhibitors for a few days) and are not restricted to specific cell lines, but are very
widespread among transformed cell types [43].
In-depth studies of cell lines representative of different tumor types are summarized in Table 1: RT
inhibition consistently triggered their differentiation, revealed by changes in cellular morphology and
restored expression of typical differentiation markers of the healthy counterpart of the tumors.
Table 1. Differentiation of human tumorigenic cell lines by reverse transcriptase (RT) inhibitors.
Cell line
NB40,
HL60
HL60
A-375
PC3
ARO, FRO

Tumor derivation

Differentiation markers

acute promyelocytic leukemia
CD15 myeoloid marker, NBT assay a
acute myelocytic leukemia
CD15 myeoloid marker, NBT assay a
melanoma
E-cadherin
prostate carcinoma
PS-A, androgen receptor
thyroid anaplastic carcinoma
thyroglobulin, thyroglobulin receptor
a
Nitroblue tetrazolium (NBT) dye reduction assay.

Reference
[43]
[43]
[45]
[45]
[46]

Recent microarray-based analyses of A-375 melanoma cells before and after exposure to RT
inhibitors suggest that reprogramming is not restricted to just a few markers but has a global impact,
involving three large classes of nuclear transcripts: Protein-encoding mRNAs, micro RNA
(miRNAs) and RNA transcribed from ultraconserved regions (UCRs). Importantly, all observed
effects (reduced proliferation, morphological changes, induction of markers and gene expression
reprogramming) are reversible on discontinuation of the RT-inhibitory treatment [45]: thus, the
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RT-dependent changes are not constitutively inherited through cell division, but are maintained as
long as the RT is under continuous inhibition. This suggests that RT operates in an epigenetic nature.
These findings opened up the perspective of employing RT inhibition in anti-cancer therapy. To
validate this idea, in vivo assays were carried out in murine models. Human tumorigenic cells
(A-375 melanoma, PC3 prostate carcinoma, H69 small cell lung carcinoma and HT29 colon
carcinoma) were inoculated in nude mice; one week later the RT-inhibitory treatment started.
Consistent with the in vitro results, RT inhibition antagonized the progression of all four tumors [45].
Tumor progression was, however, quickly resumed on discontinuation of the treatment, confirming
the epigenetic nature of the RT-dependent mechanism. An important conclusion emerging from that
work is that prolonged RT inhibition does not eradicate the tumor, but rather maintains it in a
repressed, non-invasive, state.
Conclusive evidence that tumors rely on high RT activity, and their treatment is truly due to RT
inhibition, still required that non-specific off-target effects of efavirenz be ruled out. Work from
Haig Kazazian’s laboratory had identified and characterized a full-length, transcriptionally active
and retrotransposition-competent LINE-1 family [39]; that family is regarded as the main source of
RT activity and accounts for most of the retrotransposition activity occurring in human cells. Based
on this identification, we performed RNA interference (RNAi) to down-regulate the expression of
that particular LINE-1 family in A-375 cells. In a first set of experiments, we induced transient
acute down-regulation of the highly active LINE-1 family by transfecting small interfering
oligonucleotides (siRNA) [45]; in a second set, we infected A-375 cells with a retroviral vector
stably expressing LINE-1-interfering construct [47]. Both approaches induced phenotypic changes
in melanoma cells, i.e. reduced proliferation and differentiated morphology, consistent with those
induced by pharmacological RT inhibitors. Furthermore, LINE-1-specific interference drastically
reduced the tumorigenic potential of melanoma cells inoculated in nude mice [47]. These results
confirm the essential role of LINE-1-encoded RT in tumorigenesis.
The correlation between retrotransposon activation and cancer is a long-standing notion,
empirically established in several cancers (summarized in Table 2; also see [48–50]).
Table 2. Activation of retrotransposons in cancer.
Tumor Type
Testicular tumor
Urothelial bladder carcinoma
Prostate carcinoma
Hepatocellular carcinoma
Chronic lymphocytic leukemia
Chronic myeloid leukemia

Reference
[51]
[52,53]
[53]
[54]
[55]
[56]

It was not clear, however, if the functional awakening of these elements is the consequence or
the cause of cell transformation and tumor onset. The evidence summarized above suggest a
causative role for LINE-1-encoded RT in tumor onset and progression, because LINE-1 inhibition
is sufficient to revert transformed cells to a differentiated condition and to antagonize tumor growth.
This conclusion fits well with earlier groundbreaking findings that have indicated a major role for
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genomic hypomethylation in tumor formation [57]. Alterations in DNA methylation patterns occur
early in the process of transformation [58] and follow non-random, tumor-type–specific patterns [59];
they usually entail an overall decreased level of 5-methylcytosine contrasting with the
hypermethylation of specific genes [50,60]. Relevant to the central argument of this review, DNA
hypomethylation of cancer genomes largely affects repeated sequences and transposable elements;
it is associated with heterochromatin decondensation and retrotransposon activation, including
increased LINE-1 expression. This is seen as a route towards chromosomal instability and increased
chromosomal recombination, and hence increased mutation rates. These studies, from a completely
different angle, are therefore consistent with the view that retrotranposon activation is an early
event in tumorigenesis.
How are the resumption of retroelement function and reactivation of RT-encoding gene
expression initiated in somatic cells? Among possible initiators, cellular stress plays an important
role. Retrotransposons are indeed DNA elements with a distinct sensitivity to environmental
changes, which effectively promote their activation [61]. Growing evidence points to an ability of
environmental stresses (e.g., oxidative and genotoxic stress, UV light, ionizing radiations,
environmental hydrocarbons, infection and injury) to modulate non-coding RNAs, DNA
methylation, histone modifications and chromatin remodeling, which ultimately determine the
global cell fate and function [62,63]. Stress signals, therefore, can orchestrate global and mutually
interplaying responses, entailing an overall hypomethylated genome status and histone acetylation
at particular domains, which lead to the activation of retroelements [61,64,65].
Active retrotransposons contribute in turn to heterochromatin formation and modulate the overall
organization of large chromosomal domains, thus modulating the expression of host genes at both
the genetic and epigenetic level [25,26,66]. This role is well documented in studies of highly
regulated processes during development. Transcriptional interference exemplifies a powerful
epigenetic mechanism for RT-dependent control of gene expression [67]. Transcriptional
interference indicates the interference exerted by active retroelements on neighboring genes in a
mosaic pattern, depending on the expression level of the retroelement. The murine agouti gene is a
typical case: expression of this locus is modulated by an LTR-containing a IAP (intracisternal A
particle) retrotranposon element placed 100 kb upstream. When the IAP is silent, the agouti locus is
expressed, but when IAP is active the expression of agouti is abrogated or proportionally
down-modulated: thus, the IAP exerts a cis-acting control on a heterologous locus in a distance- and
expression-dependent manner. Retrotransposon activity also modulates large-scale silencing
processes, as in X chromosome inactivation in female cells [68]. In that case, a LINE-1-dependent
mechanism directs the assembly and spreading of heterochromatin domains, with the ensuing
creation of nuclear compartments into which genes are silenced. In cancer cells, therefore, interplay
between retrotransposition and overall genome organization can be initiated in response to stress
and determines changes in the global expression pattern and fate of the cells. In this light,
retroelements can be viewed as “molecular rheostats” that can sense environmental stimuli and
modulate gene expression profiles in response, thus determining the emergence of altered
phenotypes and pathologies including cancer.
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The very same ability of retrotransposons to be part of genome-reshaping mechanisms in
response to external stimuli renders their mobilization a potential continuous threat to genome
function. In evolutionary terms, cells have developed a variety of repressive mechanisms to restrict
or abrogate their undesired mobilization and minimize their potentially adverse effects [69,70].
First, DNA hypermethylation was the first discovered epigenetic mechanism in suppression of
retroelement activity [71]. Second, retrotransposition can be mutationally inactivated via cytosine
deamination (C to U transition) operated by members of the APOBEC (apolipoprotein B mRNAediting enzyme catalytic polypeptide 3, APOBEC3) family [72–74]. APOBEC proteins exert indeed
a repressive effect on a broad spectrum of elements during their retrotransposition cycle. Third,
another powerful level of control is mediated by RNA interference (RNAi)-related mechanisms that
regulate retrotransposon repression, ultimately controlling DNA methylation of retroelements and
heterochromatin formation [70]. An interesting mechanism has recently been identified in mice, in
which RNAi functions at a post-transcriptional level and ultimately determines LINE-1 mRNA
degradation using naturally occurring siRNAs that are processed from bidirectional sense-antisense
transcripts [75].
The data on the requirement for retransposon activity in embryogenesis, and the detrimental
effects of their uncontrolled activity in differentiated somatic cells, have important implications.
They suggest that retrotransposition repressive mechanisms, however diversified at the mechanistic
level, have windows in which they are collectively active or inactive: (i). physiologically, they do
not operate in early embryogenesis; (ii). they are fully active in normal somatic tissues; and (iii). are
lost or deregulated in cancer cells. The body of data summarized thus implicate the loss of these
repressive mechanisms as an important step in tumorigenesis, though still much progress remains to
be made to fully elucidate the underlying mechanisms at the molecular level.
4. LINE-1- and HERV-K-Encoded Reverse Transcriptases Play Differential Roles in Tumor
Progression
The implication of LINE-1-encoded RT in tumorigenesis raises the question of whether the RT
encoded by HERVs, the other large retrotransposon family, has similar roles. In our laboratory we
have addressed that question using a similar RNAi approach to that used for LINE-1 elements: we
infected A-375 cells with a retroviral vector expressing HERV-K-specific interfering RNAs to
stably down-regulate the expression of HERV-K, which is highly expressed in melanoma [76,77].
In sharp contrast with the effects of LINE-1 interference, down-regulation of HERV-K had no
obvious consequence on cell proliferation or differentiation, leaving the interfered cells functionally
and morphologically undistinguishable from non-interfered controls [47]. In synthesis, therefore,
the data point out that LINE-1-encoded RT: (i). has a central and unique role in human
tumorigenesis; (ii). cannot be replaced by RT encoded by other retroelement families; (iii). in
particular, is not functionally equivalent to the RT enzyme encoded by HERV-K retroviruses
in melanoma.
While HERV-K is not directly involved in melanoma tumor growth, a functional role has
emerged in modulating the plasticity of tumor cells [78]. Briefly, we have characterized a cell line
established from a human melanoma (TVM-A12 cell line [79]) that undergoes a spontaneous
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transition from an adherent to a non-adherent growth phenotype. This transition can be regarded as
representative of melanoma progression to a more aggressive stage: it is accompanied by an
increased proliferation potential, decreased expression of HLA class I molecules as well as
Melan-A/MART-1 antigen and increased colony-forming potential in soft agar. These features are
suggestive of increased malignancy, increased metastatic potential and ability to evade the immune
system. This transition can be experimentally induced by culturing the cells in starving (low-serum)
conditions. Interestingly, these changes are strictly dependent on HERV-K expression and related to
massive production of HERV-K-related viral-like particles. Indeed, HERV-K-specific RNAi
abolished the phenotypic change potential of melanoma cells and inhibited their transition from
growth in monolayer to growth in suspension even in low serum conditions [78]. Building up on that
evidence, recent work suggests that environmental stimuli can trigger a HERV-K-dependent
process through which TVM-A12 melanoma cells undergo differential morphological fates. The
differentiating features are again not acquired permanently, and cells revert to their original
phenotype when returned to culture in standard medium. This ample cellular plasticity is suggestive
of an intrinsic stemness quality in this melanoma cell line; we have recently observed that
down-regulation of HERV-K expression in TVM-A12 cells abrogates their stem potential.
It emerges from these data that LINE-1 and HERV families play distinct and complementary
roles: LINE-1 has a master function in global control of the developmental program and in
establishing the state and fate of cells (i.e., normal differentiated, embryonic undifferentiated or
tumorigenic de-differentiated). This control involves genome-wide phenomena and a global
resetting of gene expression profiles. HERVs act in more specific pathways responsible for
localized cell morphological and functional variations modulatable by environmental signals and
stimuli. Consistent with this complementarity of functions, LINE-1 has a characteristic “polarized”
expression pattern, with high expression in undifferentiated tissues and low or no activity in
differentiated cells ([80] and references herein). In contrast, HERV families show tissue-specific
expression: specific families are differentially expressed in different tissue types, yet tend to be
expressed in all stages of differentiation in the tissue in which they are active [81–83], with
proposed roles in ontogenesis and organ differentiation [84].
5. RT Inhibition in Anti-Cancer Differentiation Therapy
The advent of the highly active antiretroviral therapy (HAART) [85], a combination of reverse
transcriptase and HIV-protease inhibitors, has had tremendous positive impact not only on treatment
of AIDS infection but also on the incidence of AIDS-related tumors. Epidemiological reports show
that the incidence of AIDS-related cancers (Kaposi sarcoma, non-Hodgkin lymphoma and invasive
cervical cancer) is significantly reduced in HAART-treated patients (see [86,87] and references therein).
As recalled above, our own studies provide evidence, both in vitro and in vivo in murine models,
that non-nucleoside RT inhibitors nevirapine and efavirenz have powerful anti-proliferative and
differentiating effects of potential use in a novel cancer therapy. In addition to our own pre-clinical
data, recent case reports provide novel proof of concept: indeed, nevirapine treatment of a patient
with dedifferentiated metastatic thyroid carcinoma restored thyroglobulin expression and
radioiodine uptake and also caused the regression of metastatic lesions [88,89].
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The results obtained in AIDS treatment highlight the potential of antiretroviral drugs as attractive
and potentially productive tools in the development of new cancer therapeutic drugs. Other HAART
components, including nucleoside RT inhibitors and HIV protease inhibitors, have also been tested
for cancer therapeutics with variable success [90]. Some of them, particularly protease inhibitors,
exert anti-cancer effects independent of the immune reconstitution, confirming the inherent
anti-cancer potential of these molecules.
Current cytotoxic therapies to treat cancer have severe secondary effects and non-specific
toxicity. Nonnucleoside RT inhibitors may offer a non-toxic or less toxic approach to cancer
treatment aimed at inducing cancer cell differentiation and inhibiting metastatic growth. Therapies
of this type, termed ‘differentiation therapy’ [91], are based on the assumption that neoplastic cells
exhibit altered differentiation features and that treatment with RT inhibitors can trigger their
reprogramming, characterized by loss of proliferative capacity and induction of terminal differentiation.
6. An RT-Dependent Mechanism in the Genesis and Progression of Cancer
In the continuing search for cancer ethiological causes and effective therapies, cancer has been
viewed at various times as a genetic [92–94], genomic [95,96], epigenetic [97,98],
evolutionary [99,100] and differentiative [101] disease. These definitions reflect the perspectives
under which cancer aspects were being examined. At present, it is difficult to draw a clear-cut
conclusion: Cancer emerges as a complex disease in which all these aspects are at work, albeit to a
different extent.
The studies summarized here suggest a new model, in which tumorigenesis arises in
consequence of the erroneous activation of an RT-dependent mechanism that generates genome-wide
chromatin alterations and a global reprogramming of gene expression profiles. In the model, LINE-1
retrotransposons and possibly other retroelement families, including HERV-K, constitute the
building blocks of genome-wide regulatory circuits. These circuits would build up during early
preimplantation embryonic development and include batteries of coding and non-coding genes.
LINE-1 elements are the main source of RT activity in embryos, where their activity is required for
early embryo cell division and developmental progression. Physiologically, the endogenous RT is
activated at fertilization, continues to operate in early embryogenesis, and is silenced in adult
non-pathological tissues. When erroneously reactivated in somatic cells of adult tissues, LINE-1
and the RT activity which they encode become causative agents of tumor onset and progression,
promoting de-differentiation and increasing the proliferation potential of cells, paralleled by a
global reprogramming of gene expression, in which the “adult” expression profile reverts back to an
“embryo-like” profile. This is a crucial aspect of the RT-dependent mechanism, in keeping with the
notion that tumor growth reflects the reactivation of embryonic genetic programs.
It is worth stressing that the historical prediction that an embryonic-like transcription “mode” is
reactivated in tumor cells [41,42] has recently found ample experimental support. Indeed, numerous
embryonic genes are re-expressed in cancer cells; among those, to mention but a few, are OCT4 and
other typical preimplantation genes [102], “classical” developmental genes such as Homeobox and
Twist family members ([103–106] and references therein), and several genes active in the
ontogenesis of organs and tissues [107,108]. Furthermore, studies in a mouse model based on a
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broad array analysis suggest that transcription in tumors strikingly recapitulates embryonic
developmental patterns [109]. As recalled above, the RT-dependent machinery acts at the genomewide level and introduces non-random structural changes within the nuclear architecture during
pathological (tumorigenesis) and physiological (embryogenesis) growth: these changes shape gene
expression programs that drive embryo development or tumorigenesis.
The retrotransposon-encoded RT machinery, in our view, integrates two long-standing
predictions of regulatory models: first, McClintock’s first visionary hypothesis of “controlling
elements”, i.e., mobile transposons as key modulators of gene expression [110]; at a later stage,
Britten and Davidson suggested that repetitive DNA sequences scattered in the genome form
networks exerting regulatory functions on batteries of coding genes [111,112]. Both models evoke
an initial genetic level of control (e.g., via insertion of particular elements at specific genomic sites,
triggering the ensuing activation of specific gene profiles). Once established, the functional control
of these circuits relies entirely on epigenetic mechanisms. Exposure of tumorigenic cells to nonnucleoside RT inhibitors would block this process, restore the “adult-like” gene expression profile
and reset the differentiated cell phenotype.
This model is in contrast with the view that cancer is the consequence of highly individualized
gene alterations. Rather, it suggests that the genesis of most tumors is caused by the ectopic
reactivation of a genome-wide-operating embryonic machinery. The evidence that this machinery is
constituted by retroelements points out the increasingly recognized relevant role of the non-coding
portion of the genome in the genesis and progression of cancer [113].
Acknowledgements
We would like to acknowledge the skilful technical assistance of Enrico Cardarelli in the
experiments discussed in this review. Work in our laboratory was supported by grants of the Italian
Ministry of Health 7OCF/6 and Q5F to C.S.
References
1.

2.
3.
4.

Avery, O.T.; MacLeod, C.M.; McCarthy, M. Studies on the chimica nature of the substance
introducing transformation of Pneumococcal types: Induction of transformation by a
desoxyribonucleic acid fraction isolated from Pneumococcus type III. J. Exp. Med. 1944, 79,
137–158.
Loeb, L.A.; Harris, C.C. Advances in chimica carcinogenesis: A historical review and
prospective. Cancer Res. 2008, 68, 6863–6872.
Nowell, P.C.; Hungerford, D.A. A minute chromosome in human chronic granulocytic
leukemia. Science 1960, 132, 1497.
Friend, S.H.; Bernards, R.; Rogelj, S.; Weinberg, R.A.; Rapaport, J.M.; Albert, D.M.; Dryja,
T.P. A human DNA segment with properties of the gene that predisposes to retinoblastoma and
osteosarcoma. Nature 1986, 323, 643–646.

Cancers 2011, 3
5.

6.
7.
8.
9.
10.

11.

12.

13.

14.

15.

16.
17.
18.
19.
20.
21.
22.
23.

1151

Tabin, C.J.; Bradley, S.M.; Bargmann, C.I.; Weinberg, R.A.; Papageorge, A.G.; Scolnick,
E.M.; Dhar, R.; Lowy, D.R.; Chang, E.H. Mechanism of activation of a human oncogene.
Nature 1982, 300, 143–149.
Bell, D.W. Our changing view of the genomic landscape of cancer. J. Pathol. 2010, 220, 231–243.
Ansorge, W.J. Next-generation DNA sequencing techniques. Nat. Biotechnol. 2009, 25, 195–203.
Carter, N.P. Methods and strategies for analyzing copy number variation using DNA
microarrays. Nat. Genet. 2007, 39, S16–S21.
Stratton, M.R.; Campbell, P.J.; Futreal, P.A. The cancer genome. Nature 2009, 458, 719–724.
Sjoblom, T.; Jones, S.; Wood, L.D.; Parsons, D.W.; Lin, J.; Barber, T.D.; Mandelker, D.;
Leary, R.J.; Ptak, J.; Silliman, N.; et al. The consensus coding sequences of human breast and
colorectal cancers. Science 2006, 314, 268–274.
Parsons, D.W.; Jones, S.; Zhang, X.; Lin, J.C.; Leary, R.J.; Angenendt, P.; Mankoo, P.; Carter,
H.; Siu, I.-M.; Gallia, G.L.; et al. An integrated genomic analysis of human glioblastoma
multiforme. Science 2008, 321, 1807–1812.
Mardis, E.R.; Ding, L.; Dooling, D.J.; Larson, D.E.; McLellan, M.D.; Chen, K.; Koboldt, D.C.;
Fulton, R.S.; Delehaunty, K.D.; McGrath, S.D.; et al. Recurring mutations found by
sequencing an acute myeloid leukemia genome. N. Engl. J. Med. 2009, 361, 1058–1066.
Ley, T.J.; Mardis, E.R.; Ding, L.; Fulton, B.; McLellan, M.D.; Chen, K.; Dooling, D. DNA
sequencing of a cytogenetically normal acute myeloid leukaemia genome. Nature 2008, 456,
66–72.
Greenman, C.; Stephens, P.; Smith, R.; Dalgliesh, G.L.; Hunter, C.; Bignell, G.; Davies, H.;
Teague, J.; Butler, A.; Stevens, C.; et al. Patterns of somatic mutation in human cancer
genome. Nature 2007, 446, 153–158.
Stephens, P.J.; McBride, D.J.; Lin, M.L.; Varela, I.; Pleasance, E.D.; Simpson, J.T.; Stebbings,
L.A.; Leroy, C.; Edkins, S.; Mudie, L.J.; et al. Complex landscapes of somatic rearrangement
in human breast cancer genomes. Nature 2010, 462, 1005–1010.
Cowin, P.A.; Anglesio, M.; Etemadmoghadam, D.; Bowtell, D.D.L. Profiling the cancer
genome. Annu. Rev. Genomics Hum. Genet. 2010, 11, 133–159.
International Human Genome Consortium. Initial sequencing and analysis of the human
genome. Nature 2001, 409, 860–921.
Doolittle, W.F.; Sapienza, C. Selfish genes, the phenotype paradigm and genome evolution.
Nature 1980, 284, 601–603.
Orgel, L.E.; Crick, F.H. Selfish DNA: The ultimate parasite. Nature 1980, 284, 604–607.
Kloosterman, W.P.; Plaster, R.H.A. The diverse functions of MicroRNAs in animal development
and disease. Dev. Cell 2006, 11, 441–450.
Amaral, P.P.; Dinger, M.E.; Mercer, T.R.; Mattick, J.S. The eukaryotic genome as an RNA
machine. Science 2008, 319, 1787–1789.
Mercer, T.R.; Dinger, M.E.; Mattick, J.S. Long non-coding RNAs: insights into functions.
Nat. Rev. Genet. 2009, 10, 155–159.
Bejerano, G.; Pheasant, M.; Makunin, I.; Stephen, S.; Kent, W.J.; Mattick, J.S.; Haussler, D.
Ultraconserved elements in the human genome. Science 2004, 304, 1321–1325.

Cancers 2011, 3

1152

24. Visel, A.; Prabhakar, S.; Akiyama, J.A.; Shoukry, M.; Lewis, K.D.; Holt, A.; Plajzer-Frick, I.;
Afzal, V.; Rubin, E.M.; Pennacchio, L.A. Ultraconservation identifies a small subset of
extremely constrained developmental enhancers. Nat. Genet. 2008, 40, 158–160.
25. Feschotte, C. Transposable elements and the evolution of regulatory networks. Nat. Rev.
Genet. 2008, 9, 397–405.
26. Goodier, J.L.; Kazazian, H.H. Retrotransposons revisited: the restraint and rehabilitation of
parasites. Cell 2008, 135, 23–35.
27. Calin, G.A.; Liu, C.; Ferracin, M.; Hyslop, T.; Spizzo, R.; Sevignani, C.; Fabbri, M.; Cimmino,
A.; Lee, E.G.; Wojcik, S.E.; et al. Ultraconserved regions encoding ncRNAs are altered in
human leukemias and carcinomas. Cancer Cell 2007, 12, 215–229.
28. Croce, C.M. Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet.
2009, 10, 704–714.
29. Kota, S.K.; Balasubramanian, S. Cancer therapy via modulation of micro RNA levels: A
promising future. Drug Dis. Today 2010, 15, 733–740.
30. Iskow, R.C.; McCabe, M.T.; Mills, R.E.; Torene, S.; Pittard, W.S.; Neuwald, A.F.; Van Meir,
E.G.; Vertino, P.M., Devine, S.E. Natural mutagenesis of human genomes by endogenous
retrotransposons. Cell 2010, 141, 1253–1261.
31. Cordaux, R.; Batzer, M.A. The impact of retrotransposons on human genome evolution.
Nat. Rev. Genet. 2009, 10, 693–703.
32. Giordano, R.; Magnano, A.R.; Zaccagnini, G.; Pittoggi, C.; Moscufo, N.; Lorenzini, R.;
Spadafora, C. Reverse transcriptase activity in mature spermatozoa of mouse. J. Cell Biol.
2000, 148, 1107–1113.
33. Pittoggi, C.; Sciamanna, I.; Mattei, E.; Beraldi, R.; Lobascio, A.M.; Mai, A.; Quaglia, M.G.;
Lorenzini, R.; Spadafora, C. A role of endogenous reverse transcriptase in murine early
embryo development. Mol. Reprod. Dev. 2003, 66, 225–236.
34. Di Marzo-Veronese, F.; Copeland, T.D.; De Vico, A.L.; Rahman, R.; Oroszlan, S.; Gallo,
R.C.; Sarngadharan, M.G. Characterization of highly immunogenic p66/p51 as the reverse
transcriptase of HTLV-III/LAV. Science 1986, 231, 1289–129.
35. Beraldi, R.; Pittoggi, C.; Sciamanna, I.; Mattei, E.; Spadafora, C. Expression of LINE-1
retroposons is essential for murine preimplantation development. Mol. Reprod. Dev. 2006, 73,
279–287.
36. Naas, T.P.; DeBerardinis, R.J.; Moran, J.V.; Ostertag, E.M.; Kingsmore, S.F.; Seldin, M.F.;
Hayashizaki, Y.; Martin, S.L; Kazazian, H.H. An actively retrotransposing, novel subfamily of
mouse L1 elements. EMBO J. 1998, 17, 590–597.
37. Beck, C.R.; Collier, P.; Macfarlane, C.; Malig, M.; Kidd, J.M.; Eichler, E.E.; Badge, R.M.; Moran,
J.V. LINE-1 Retrotransposition activity in human genomes. Cell 2010, 141, 1159–1170.
38. Huang, C.R.L.; Schneider, A.M.; Lu, Y.; Niranjan, T.; Shen, P.; Robinson, M.A.; Steranka,
J.P.; Valle, D.; Civin, C.I.; Wang, T.; et al. Mobile interspersed repeats are major structural
variants in the human genome. Cell 2010, 141, 1171–1182.

Cancers 2011, 3

1153

39. Brouha, B.; Schustak, J.; Badge, R.M.; Lutz-Prigge, S.; Farley, A.H.; Moran, J.V.; Kazazian,
H.H., Jr. Hot L1s account for the bulk of retrotransposition in the human population.
Proc. Natl. Acad. Sci. USA 2003, 100, 5280–5285.
40. Kano, H.; Godoy, I.; Courtney, C.; Vetter, M.R.; Gerton, G.L.; Ostertag, E.M.; Kazazian, H.H., Jr.
L1 retrotransposition occurs mainly in embryogenesis and creates somatic mosaicism. Genes
Dev. 2009, 23, 1303–1312.
41. Virchow, R.L.K. Cellular Pathology 1859; special ed.; John Churchill: London, UK, 1978;
pp. 204–207.
42. Bailey, P.; Cushing, H. Medulloblastoma cerbelli: A common type of midcerebellar glioma of
childhood. Arch. Neurol. Psychiatry 1925, 14, 192–223.
43. Mangiacasale, R.; Pittoggi, C.; Sciamanna, I.; Careddu, A.; Mattei, E.; Lorenzini, R.;
Travaglini, L.; Landriscina, M.; Barone, C.; Nervi, C.; Lavia, P.; Spadafora, C. Exposure of
normal and transformed cells to nevirapine, a Reverse Transcriptase inhibitor, reduces cell
growth and promotes differentiation. Oncogene 2003, 22, 2750–2761.
44. Ren, J.; Nichols, C.; Bird, L.; Chambelain, P.; Weaver, K.; Short, S.; Stuart, D.I.; Stammers,
D.K. Structural mechanisms of drug resistance for mutations of codons 181 and 188 in HIV-1
reverse transcriptase improve resiliance of second generation non-nucleoside inhibitors.
J. Mol. Biol. 2001, 312, 795–805.
45. Sciamanna, I.; Landriscina, M.; Pittoggi, C.; Quirino, M.; Mearelli, C.; Beraldi, R.; Mattei, E.;
Serafino, A.; Cassano, A.; Sinibaldi-Vallebona, P.; Garaci, E.; Barone, C.; Spadafora, C.
Inhibition of endogenous Reverse Transcriptase antagonizes human tumor growth. Oncogene
2005, 24, 3923–3931.
46. Landriscina, M.; Fabiano, A.; Altamura, S.; Bagalà, C.; Piscazzi, A.; Cassano, A.; Spadafora,
C.; Giorgino, F.; Barone, C.; Cignarelli, M. Reverse transcriptase inhibitors down-regulate cell
proliferation in vitro and in vivo and restore thyrotropin signaling and iodine uptake in human
thyroid anaplastic carcinoma. J. Clin. Endocrinol. Metab. 2005, 90, 5663–5671.
47. Oricchio, E.; Sciamanna, I.; Beraldi, R.; Tolstonog, G.V.; Schumann, G.G.; Spadafora, C.
Distinct roles for LINE-1 and HERV-K retroelements in cell proliferation, differentiation and
tumor progression. Oncogene 2007, 26, 4226–4233.
48. Schulz, W.A. L1 retrotransposons in human cancers. J. Biomed. Biotech. 2006, 1–12.
49. Ruprecht, K.; Mayer, J.; Sauter, M.; Roemer, K.; Mueller-Lantzsch, N. Endogenous
retroviruses and cancer. Cell. Mol. Life Sci. 2008, 65, 3366–3382.
50. Belancio, V.P.; Roy-Engel, A.M. Deininger, P.L. All y’all need to know ’bout retroelements in
cancer. Semin. Cancer Biol. 2010, 20, 200–210.
51. Bratthauer, G.L.; Fanning, T.G. Active LINE-1 retrotransposons in human testicular cancer.
Oncogene 1992, 7, 507–510.
52. Florl, A.R.; Lower, R.; Schmitz-Drager, B.J.; Schulz, W.A. DNA methylation and expression
of LINE-1 and HERV-K provirus sequences in urothelial and renal cell carcinomas. Br. J.
Cancer 1999, 80, 1312–1321.
53. Santourlidis, S.; Florl, A.; Ackermann, R.; Wirtz, H.C.; Schulz, W.A. High frequency of
alterations in DNA methylation in adenocarcinoma of the prostate. Prostate 1999, 39, 166–174.

Cancers 2011, 3

1154

54. Lin, C.H.; Hsieh, S.Y.; Sheen, I.S.; Lee, W.C.; Chen, T.C.; Shyu, W.C.; Liaw, Y.F. Genomewide hypomethylation in hepatocellular carcinogenesis. Cancer Res. 2001, 61, 4238–4243.
55. Dante, R.; Dante-Paire, J.; Rigal, D.; Roizes, G. Methylation patterns of long interspersed
repeated DNA and alphoid repetitive DNA from human cell lines and tumors. Anticancer Res.
1992, 12, 559–563.
56. Roman-Gomez, J.; Jimenez-Velasco, A.; Agirre, X.; Cervantes, F.; Sanchez, J.; Garate, L.;
Barrios, M.; Castillejo, J.A.; Navarro, G.; Colomer, D.; et al. Promoter hypomethylation of the
LINE-1 retrotransposable elements activates sense/antisense transcription and marks the
progression of chronic myeloid leukemia. Oncogene 2005, 24, 7213–7223.
57. Gaudet, F.; Hodgson, J.; Eden, A.; Jackson-Grusby, L.; Dausman, J.; Gray, J.W.; Leonhardt,
H.; Jaenisch, R. Induction of tumors in mice by genomic hypomethylation. Science 2003, 300,
489–492.
58. Kanai, Y. Genome-wide DNA methylation profiles in precancerous conditions and cancers.
Cancer Sci. 2009, 101, 36–45.
59. Costello, J.F.; Frühwald, M.C.; Smiraglia, D.J.; Rush, L.J.; Robertson, G.P.; Gao, X.; Wright,
F.A.; Feramisco, J.D.; Peltomäki, P.; Lang, J.C.; et al. Aberrant CpG-island methylation has
non-random and tumour-type-specific patterns. Nat. Genet. 2000, 25, 132–138.
60. Wilson, A.S.; Power, B.E.; Molloy, P.L. DNA hypomethylation and human diseases. Biochim.
Biophys. Acta 2007, 1775, 138–162.
61. Hagan, C.R.; Rudin, C.M. Mobile genetic element activation and genotoxic cancer therapy
potential clinical implications. Am. J. Pharm. 2002, 2, 25-35
62. Franco, R.; Schoneveld, O.; Georgakilas, A.G.; Panayiotidis, M.I. Oxidative stress, DNA
methylation and carcinogenesis. Cancer Lett. 2008, 266, 6-11
63. Bonasio, R.; Tu, S.; Reinberg, D. Molecular signals of epigenetic states. Science 2010, 330,
612–616.
64. Stribinskis, V.; Ramos, K.S. Activation of human long interspersed nuclear element 1
retrotransposition by benzo(a)pyrene, an ubiquitous environmental carcinogen. Cancer Res.
2006, 66, 2616–2620.
65. Cho, K.; Lee, Y.; Greenhalgh, D.G. Endogenous retroviruses in systemic response to stress
signals. Shock 2008, 30, 105–116.
66. Tomilin, N.V. Regulation of mammalian gene expression by retroelements and non-coding
tandem repeats. BioEssays 2008, 30, 338–348.
67. Whitelaw, E.; Martin, D.I.K. Retrotransposons as epigenetic mediators of phenotypic variation
in mammals. Nat. Genet. 2001, 27, 361–365.
68. Chow, J.C.; Ciaudo, C.; Fazzari, M.J.; Mise, N.; Servant, N.; Glass, J.L.; Attreed, M.; Avner,
P.; Wutz, A.; Barillot, E.; et al. LINE-1 activity in facultative heterochromatin formation
during X chromosome inactivation. Cell 2010, 141, 956–969.
69. Maksakova, I.A.; Mager, D.L.; Reiss, D. Keeping active endogenous retroviral-like elements in
check: the epigenetic perspective. Cell. Mol. Life Sci. 2008, 65, 3329–3347.

Cancers 2011, 3

1155

70. Schumann, G.G.; Gogvadze, E.V.; Osanai-Futahashi, M.; Kuroki, A.; Muenk, C.; Fujiwara, H.;
Ivics, Z.; Buzdi, A.A. Unique functions of repetitive transcriptomes. Int. Rev. Cell Mol. Biol.
2010, 285, 115–188.
71. Yoder, J.A.; Walsh, C.P.; Bestor, T.H. Cytosine methylation and the ecology of intragenomic
parasites. Trends Genet. 1997, 13, 335–340.
72. Esnault, C.; Heidmann, O.; Delebecque, F.; Dewannieux, M.; Ribet, D.; Hance, A.J.;
Heidmann, T.; Schwartz, O. APOBEC3G cytidine deaminase inhibits retrotransposition of
endogenous retroviruses. Nature 2005, 433, 430–433.
73. Esnault, C.; Millet, J.; Schwartz, O.; Heidmann, T. Dual inhibitory effects of APOBEC family
proteins on retrotransposition of mammalian endogenous retroviruses. Nucl. Acid. Res. 2006,
34, 1522–1531.
74. Schumann, G.G. APOBEC3 proteins: major players in intracellular defence against 42
LINE-1-mediated retrotransposition. Biochem. Soc. Trans. 2007, 35, 637–642.
75. Yang, N.; Kazazian, H.H. L1 retrotransposition is suppressed by endogenously encoded small
interfering RNAs in human cultured cells. Nat. Struc. Mol. Biol. 2006, 13, 763–771.
76. Muster, T.; Waltenberger, A.; Grassauer, A.; Hirschl, S.; Caucig, P.; Romirer, I.; Foedinger,
D.; Seppele, H.; Schanab, O.; Magin-Lachmann, C.; et al. An endogenous retrovirus derived
from human melanoma cells. Cancer Res. 2003, 63, 8735–8741.
77. Humer, J.; Waltenberger, A.; Grassauer, A.; Kurz, M.; Valencak, J.; Rapberger, R.
Identification of a melanoma marker derived from melanoma-associated endogenous
retroviruses. Cancer Res. 2006, 66, 1658–1663.
78. Serafino, A.; Balestrieri, E.; Pierimarchi, P.; Matteucci, C.; Moroni, G.; Oricchio, E.; Rasi, G.;
Mastino, A.; Spadafora, C.; Garaci, E.; Sinibaldi-Vallebona, P. The activation of human
endogenous retrovirus K(HERV-K) is implicated in melanoma cell malignant transformation.
Exp. Cell Res. 2009, 315, 849–862.
79. Melino, G.; Sinibaldi-Vallebona, P.; D’Altri, S.; Annichiarico-Petruzzelli, M.; Rasi, G.; Catani,
M.V.; Tartaglia, R.L.; Vernole, P.; Spagnoli, L.G.; Finazzi-Agrò, A.; Garaci, E.
Characterization of three melanoma cell lines (TVM-A12, TVM-A197, TVM-BO) sensivity to
lysis and effect of retinoic acid. Clin. Chem. Enzym. Comms. 1993, 6, 105–119.
80. Spadafora, C. Endogenous reverse transcriptase: A mediator of cell proliferation and
differentiation. Cytogen. Gen. Res. 2004, 105, 346–350.
81. Stauffer, Y.; Theiler, G.; Sperisen, P.; Lebedev, Y., Jongeneel, C.V. Digital expression profiles
of human endogenous retroviral families in normal and cancerous tissues. Cancer Immun.
2004, 4, 2.
82. Okahara, G.; Matsubara, S.; Oda, T.; Sugimoto, J.; Jinno, Y.; Kanaya, F. Expression analysis
of human endogenous retroviruses HERVs: Tissue-specific and developmental stage-dependent
expression of HERVs. Genomics 2004, 84, 982–990.
83. Seifarth, W.; Frank, O.; Zeilfelder, U.; Spiess, B.; Greenwood, A.D.; Hehlmann, R.;
Leib-Moesch, C. Comprehensive analysis of human endogenous retroviruses transcriptional
activity in human tissues with a retrovirus-specific microarray. J. Virol. 2005, 79, 341–352.

Cancers 2011, 3

1156

84. Andersson, A.C.; Venables, P.J.W.; Tonjes, R.R.; Scherer, J.; Eriksson, L.; Larsson, E.
Developmental expression of HERV-R (ERV3) and HERV-K in human tissues. Virology
2002, 297, 220–225.
85. Esté, J.A.; Cihlar, T. Current status and challenges of antiretroviral research and therapy.
Antiviral Res. 2010, 85, 25–33.
86. Tirelli, U.; Bernardi, D.; Spina, M.; Vaccher, E. AIDS-related tumors: integrating antiviral and
anticancer therapy. Critic. Rev. Oncol./Hemat. 2002, 41 299–315.
87. Monini, P.; Sgadari, C.; Toschi, E.; Barillari, G.; Ensoli, B. Antitumour effects of antiretroviral
therapy. Nat. Rev. Cancer 2004, 4, 861–875.
88. Landriscina, M.; Modoni, S.; Fabiano, A.; Fersini, A.; Barone, C.; Ambrosi, A.; Cignarelli, M.
Cell diﬀerentiation and iodine-131 uptake in poorly diﬀerentiated thyroid tumour in response
to nevirapine. Lancet Oncol. 2006, 7, 877–879.
89. Modoni, S.; Landriscina, M.; Fabiano, A.; Fersini, A.; Urbano, N.; Ambrosi, A.; Cignarelli, M.
Reinduction of cell differentiation and 131I uptake in a poorly differentiated thyroid tumor in
response to the reverse transcriptase (RT) inhibitor nevirapine. Cancer Biother. Radiopharm.
2007, 22, 289–295.
90. Chow, W.A.; Jiang, C.; Guan, M. Anti-HIV drugs for cancer therapeutics: Back to the future?
Lancet Oncol. 2009, 10, 61–71.
91. Leszczyniecka, M.; Roberts, T.; Dent, P.; Grant, S.; Fisher, P.B. Differentiation therapy of
human cancer: basic science and clinical applications. Pharmacol. Ther. 2001, 90, 105–156.
92. Hahn, W.C.; Weinberg, R.A. Modeling the molecular circuitry of cancer. Nat. Rev. Cancer
2002, 2, 331–341.
93. Vogelstein, B.; Kinzler, K.W. Cancer genes and the pathways they control. Nat. Med. 2004,
10, 789–799.
94. Wood, L.D.; Parsons, D.W.; Jones, S.; Lin, J.; Sjoblom, T.; Leary, R.J.; Shen, D.; Boca, S.M.;
Barber, T.; Ptak, J.; et al. The genomic landscapes of human breast and colorectal cancers.
Science 2007, 318, 1108–1113.
95. Duesberg, P. Does aneuploidy or mutation start cancer? Science 2005, 307, 41.
96. Heng, H.H. The genome-centric concept: resynthesis of evolutionary theory. Bioessays 2009,
31, 512–525.
97. Jones, P.A.; Baylin, S.B. The epigenomics of cancer. Cell 2007, 128, 683–692.
98. Feinberg, A.P.; Ohlsson, R.; Henikoff, S. The epigenetic progenitor origin of human cancer.
Nat. Rev. Genet. 2006, 7, 21–33.
99. Merlo, L.M.F.; Pepper, J.W.; Reid, B.J.; Maley, C.C. Cancer as an evolutionary and ecological
process. Nat. Rev. Cancer 2006, 6, 924–935.
100. Domazet-Lošo, T.; Tautz, D. Phylostratigraphic tracking of cancer genes suggests a link to the
emergence of multicellularity in metazoa. BMC Biol. 2010, 8, 66.
101. Sell, S. Stem cell origin of cancer and differentiation therapy. Crit. Rev. Oncol./Hematol. 2004,
51, 1–28.
102. Monk, M.; Holding, C. Human embryonic genes re-expressed in cancer cells. Oncogene 2001,
20, 8085–8091.

Cancers 2011, 3

1157

103. Cillo, C.; Faiella, A.; Cantile, M.; Boncinelli, E. Homeobox genes and cancer. Exp. Cell Res.
1999, 248, 1–9.
104. Owens, B.M.; Hawley, R.G. HOX and non-HOX homeobox genes in leukemic hematopoiesis.
Stem Cells 2002, 20, 364–379.
105. Samuel, S.; Naora, H. Homeobox gene expression in cancer: insights from developmental
regulation and deregulation. Eur. J. Cancer 2005, 41, 2428–2437.
106. Ansieau, S.; Bastid, J.; Doreau, A.; Morel, A.P.; Bouchet, B.P.; Thomas, C.; Fauvet, F.;
Puisieux, I.; Doglioni, C.; Piccinin, S.; et al. Induction of EMT by Twist proteins as a collateral
effect of tumor promoting inactivation of premature senescence. Cancer Cell 2008, 14, 79–89.
107. Boutet, A.; Esteban, M.A.; Maxwell, P.H.; Nieto, M.A. Reactivation of Snail genes in renal
fibrosis and carcinomas. Cell Cycle 2007, 66, 638–642.
108. Schaeffer, E.M.; Marchionni, L.; Huang, Z.; Simons, B.; Blackman, A.; Yu, W.; Parmigiani,
G., Barman, D.M. Androgen induced programs for prostate epithelial growth and invasion
arise in embryogenesis and are reactivated in cancer. Oncogene 2008, 27, 7180–7191.
109. Kaiser, S.; Park, Y.K.; Franklin, J.L.; Halberg, L.B.; Yu, M.; Jessen, W.J.; Freudenberg, J.;
Chen, X.; Haigis, K.; Jegga, A.G.; et al. Transcriptional recapitulation and subversion of
embryonic colon development by mouse colon tumor models and human colon cancer.
Genome Biol. 2007, 8, R131.
110. McClintock, B. Controlling elements and the gene. Cold Spring Harb. Symp. Quant. Biol.
1956, 21, 197–216.
111. Britten, R.J.; Davidson, E.H. Gene regulation for higher cells: A theory. Science 1969, 165,
349–357.
112. Britten, R.J.; Davidson, E.H. Repetitive and non-repetitive DNA sequences and a speculation
on the origins of evolutionary novelties. Rev. Biol. 1971, 46, 111–138.
113. Wilkins, A.S. The enemy within: An epigenetic role of retrotransposons in cancer initiation.
Bioessays 2010, 32, 856–865.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

