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Preface

In this special volume of Current Topics in Microbiology and Immunology (CTMI),
the scientific chapters are focused on current research developments in the fields to
which Peter Vogt made preeminent contributions: viruses, genes, and cancer.
Several chapters specifically highlight virus-host interactions, the role of infectious
agents in human cancer, or HIV-host interactions relevant to pathogenesis and cure.
Other chapters review the pivotal role of oncogenes and tumor suppressor genes as
major cancer drivers—such as MYC, RAF, PI3K, or TP53—or explore the
emerging role of microRNAs in tumorigenesis and cancer therapeutics.

Peter Vogt was born on March 10, 1932, in Broumov, a town with a large
German-speaking population at that time, located in a region of the former state of
Czechoslovakia that is now part of the Czech Republic. In 1950, Peter crossed the
border from East to West Germany and moved to the City of Würzburg, where he
received a B.S. in biology from the University of Würzburg in 1955. It was in this
city that he also took classes with the painter Josef Versl. In 1955, he joined the
Max-Planck-Institute for Virus Research (now: MPI for Developmental Biology) in
Tübingen for graduate studies, and obtained a Ph.D. degree from the University of
Tübingen in 1959. Peter then moved to the United States, to work as a Damon
Runyon Cancer Research Fellow in the laboratory of Harry Rubin at the University
of California in Berkeley from 1959 through 1962. Peter was Assistant and
Associate Professor of Pathology at the University of Colorado School of Medicine
at Denver from 1962 to 1967, and Associate Professor and Professor of
Microbiology at the University of Washington School of Medicine in Seattle from
1967 to 1971. He then moved to Los Angeles to become Hastings Distinguished
Professor of Microbiology and Chairman of the Department of Microbiology at the
University of Southern California School of Medicine. Peter has been a Professor in
the Department of Molecular and Experimental Medicine (now: Department of
Molecular Medicine), The Scripps Research Institute, in La Jolla since 1993,
serving as Executive Vice President for Scientific Affairs at this institution from
2012 through 2015. He is a member of several prestigious academies, including the
US National Academy of Sciences and the German National Academy of Sciences
Leopoldina. He has received numerous awards and prizes, including the Ernst Jung
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Prize for Medicine, the Paul-Ehrlich and Ludwig-Darmstaedter Prize, the Pezcoller
Foundation-AACR International Award for Cancer Research, and the IHV Lifetime
Achievement Award for Scientific Contributions.

Throughout his scientific career, Peter has continued to make outstanding con-
tributions to virology and cancer research. In his early work, he studied mechanisms
of virus-host interactions, specifically avian retroviral cell entry, leading to a
comprehensive definition of host range determinants. His focus then shifted to the
genetics of retroviruses and the mechanisms of virus-induced cell transformation.
This work culminated in the determination of the genetic map of Rous sarcoma
virus (RSV), in the isolation of temperature-sensitive mutants of RSV, and in the
first physical identification of a cancer gene, the oncogenic principle (v-src) of
RSV, reported together with Peter Duesberg from the University of California at
Berkeley in a seminal 1970 PNAS paper. The search for the origin of v-src led to
the landmark discovery of the cellular origin of retroviral oncogenes by Harold
Varmus and Mike Bishop from the University of California at San Francisco, in
cooperation with Peter, recalled in the accompanying essay. Work in Peter’s lab led
to the identification of several retroviral oncogenes whose human cellular homologs
(proto-oncogenes) are now recognized as major cancer driver genes, including
MYC, JUN, and PI3K. Recent work in Peter’s lab is focused on human cancer
genetics, including the definition of tumor-specific mutations in cancer driver genes.
Peter’s research is also aimed at the isolation of inhibitors of oncogene protein
products, such as MYC, eventually leading to the development of drugs suitable for
pharmacological cancer treatment.

We are honored to act as volume editors for this very special issue of CTMI in
appreciation of Peter Vogt, an eminent virologist and cancer researcher, and
long-time editor of this series. Both of us had the privilege to work as post-doctoral
fellows in Peter’s lab in Los Angeles in the nineteen seventies, and we actually
overlapped for some time. We vividly recall the exciting spirit, the collaborative
atmosphere, and the scientific rigor of the lab at that time. Peter led by example and
was at the microscope most mornings reviewing the results of experiments he had
planned for that week. Lab meetings held at his home up on the Pasadena Hills
were a time for stimulating scientific discussions, great food prepared by Peter, and
an introduction to wonderful German wines! We also gladly remember the informal
but tremendously stimulating West Coast Meetings of the Vogt, Bishop/Varmus,
and Duesberg labs, held alternately in L.A. or San Francisco. Having worked with
Peter was formative for our scientific careers, and we are very grateful. He has been
a wonderful mentor and friend over the years. We also thank all authors of this
volume for their great contributions.

Atlanta, USA Eric Hunter
Innsbruck, Austria Klaus Bister
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A Brief Homage to Peter Vogt

This volume celebrates Peter Vogt’s remarkable service as an editor of Current
Topics in Microbiology and Immunology. An astounding feature of his tenure is its
length. We have known Peter well for a very long time—over forty-five years—yet
he was already half a decade into his editorial duties at CTMI by the time we were
introduced to him in the early 1970s.

That introduction came about in the best possible way: through mutual interests
in combining different kinds of information and methods to do experiments that
would probably otherwise not be done. The two of us and our colleague Warren
Levinson first wrote to Peter in 1971, in a rather formal letter on UCSF letterhead,
to ask for biological materials that might allow us to understand some peculiar
features of the reassociation kinetics of the in vitro products of reverse transcription
by Rous sarcoma virus (RSV). About the same time, two of Peter’s senior
post-doctoral fellows, Robin Weiss and Robert Friis, had written to ask if we’d be
willing to use molecular probes to seek endogenous RSV-related proviruses in
DNA from unusual birds.

From these simple (and initially not particularly productive) beginnings, our
research team in San Francisco developed a long-standing relationship with Peter
and his trainees (who had just moved from Seattle to Los Angeles)—a relationship
that proved to be essential to much of our own later success and was from the start
both scientifically stimulating and socially enjoyable. At the time, it was also
recognized as unusual. Now we can see that it was an important forerunner of the
kinds of “team science” and “multi-disciplinary” projects that are widely embraced
today.

What was at first an occasional meeting between Peter’s laboratory at the
University of Southern California and ours at UCSF expanded gradually over the
next decade to include many other RNA tumor virologists and their students and
fellows—at first, from UC Berkeley; later from Cal Tech, UC Irvine, the Salk
Institute, UC San Diego, and occasionally the Fred Hutchison Cancer Center.
Regionally constrained by the lack of today’s digital technology and dependent on a
willingness to travel regularly to California campuses (fostered by miniscule fares
on the slightly louche and long-since deceased airline PSA), this loose consortium,
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now remembered as the West Coast Tumor Virus Cooperative, evolved over the
ensuing decade to think together about virtually any aspect of RNA tumor virology.
Focused initially on RSV, the topics eventually spanned a wide variety of retro-
viruses and exploited experimental tools that ranged from biological and genetic
assays in cell culture to electron microscopy and molecular dissection of viral
genomes. The discussions were unusual, even at that time, and particularly useful
because the participants were generally willing, even eager, to share raw data not
yet in manuscript form.

Peter provided the intellectual cornerstone of these meetings, even as the
subjects and methods diversified, because he was the person most securely
grounded in the foundations of our field. As emphasized elsewhere in this volume
(in a brief biography by Klaus Bister and Eric Hunter), Peter grew up intellectually
at a time—in part, during his training with Harry Rubin in Berkeley; in part,
through his own labors in Seattle—when quantitative biological assays for
replication and transformation by RSV and its cousins were being developed. These
fundamental methods made the genetics and the molecular biology of tumor viruses
not just possible but meaningful. Those of us who trained by studying other
problems—and had an orientation that ran the risk of valuing the molecular over the
biological—came to depend upon Peter’s familiarity with the history of retroviruses
and their biological properties in the design of our own work. Such lore is essential
for experimental success, and it can be learned more easily from generous practi-
tioners than from published work. For this reason, some of the moments we most
vividly remember from the meetings of our research collective occurred during
Peter’s expositions on the genealogy, phenotypic effects, and genetics of RSV. His
ability to draw simple messages from a decade or two of papers peppered with
arcane terminology encouraged clear thinking and inspired all of us to conceive
more meaningful experiments.

x A Brief Homage to Peter Vogt



Meetings of the West Coast Tumor Virus Cooperative were occasions devoted to
two principal purposes: to exchange new findings with other members and to
discuss collaborative experiments. Our relationship with Peter and his group began
with some immature ideas about joint projects, and the ideas deepened and pro-
liferated over the ensuing decade. The best-remembered parts of our work together
will inevitably be those that led to what is generally viewed as the most important
outcome: the discovery of the first proto-oncogene, c-src. A fundamental feature of
those experiments was Peter’s provision of the ideal genetic reagents for them:
clones of wild type RSV, fully competent for replication and transformation, from
the Bratislava 77 strain and non-conditional, transformation-defective deletion
mutants derived from those clones. These mutant/wild type pairs allowed our group
to prepare molecular probes that proved to be nearly perfect representations of the
viral transforming gene, v-src. Thus they were ideal for seeking the gene’s cellular
progenitor. Furthermore, in the era that preceded molecular cloning, they were
essential for experimental success. There was never any doubt that Peter would be a
coauthor of the publication that announced the discovery of c-src.

In the years before the discovery of c-src, Peter had also taught us about the
value of working with birds other than chickens as hosts for replication of RSV—
especially ducks and quail, from which useful cells and DNA could be abundantly
prepared and assayed without any confusion with the RSV-related proviruses found
endogenously in most chickens. Thinking about those avian species, and yet other
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birds and other animals, prompted our early studies of the conservation of the c-src
gene, efforts that were critical to interpretation of our first findings at a time when
molecular evolution was still in its infancy. Peter’s work with cells from various
species, including rodents, as hosts for RSV also allowed us to study important
steps in the RSV life cycle—especially DNA synthesis during infection, proviral
integration, several aspects of gene expression, and virus entry—revealing the
influences of host cells on viral gene expression and virus production.

We look back with pleasure and take pride in the dozen or so papers that Peter
co-authored with one or (more typically) both of us between 1972 and the
mid-1980’s, a collaborative effort that has been only rarely equaled for its persis-
tence and productivity. Still, as is often true of collaborations that require investi-
gators to overcome the barriers that separate different institutions and places, we
eventually went in different directions scientifically.

But our affection and admiration for Peter have been lasting, in part because his
laser-like focus on research belies a broader cast of mind, and our relationships have
come to depend as much on cultural as on scientific commonalities of interest. He is
an accomplished water colorist and pains-taking student of the visual arts, to the
point of using opera glasses to examine the fine detail of brush work in paintings;
one can only imagine how he views the current mania for accumulating
smart-phone photographs of museum displays without so much as a glance at the
real thing. As his career began to take him to far-flung places, he fell
head-over-heels for the culture of Japan—its people (one of whom he eventually
married), traditions, cuisine, arts, and crafts. His pursuit of this passion has been
characterized by the depth of scholarship, meticulous attention to detail and
appreciation of history that have distinguished his career as a scientist.

Peter’s celebratory watercolors inscribed to us and dispatched to our homes on
October 9th, 1989 (see illustrations) remain among the most generous and mean-
ingful tributes that we received after our Nobel Prize was announced on that day. So
it is gratifying for us to be able to reciprocate now by offering this belated (and less
colorful!) tribute to Peter on the occasion of the golden anniversary of his dedi-
cation to scholarship as an editor of CTMI.

San Francisco, USA J. Michael Bishop
New York, USA Harold E. Varmus
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Exchange of Genetic Sequences Between
Viruses and Hosts

Robin A. Weiss

Abstract Although genetic transfer between viruses and vertebrate hosts occurs
less frequently than gene flow between bacteriophages and prokaryotes, it is
extensive and has affected the evolution of both parties. With retroviruses, the
integration of proviral DNA into chromosomal DNA can result in the activation of
adjacent host gene expression and in the transduction of host transcripts into
retroviral genomes as oncogenes. Yet in contrast to lysogenic phage, there is little
evidence that viral oncogenes persist in a chain of natural transmission or that
retroviral transduction is a significant driver of the horizontal spread of host genes.
Conversely, integration of proviruses into the host germ line has generated
endogenous retroviral genomes (ERV) in all vertebrate genomes sequenced to date.
Some of these genomes retain potential infectivity and upon reactivation may
transmit to other host species. During mammalian evolution, sequences of retroviral
origin have been repurposed to serve host functions, such as the viral envelope
glycoproteins crucial to the development of the placenta. Beyond retroviruses,
DNA viruses with complex genomes have acquired numerous genes of host origin
which influence replication, pathogenesis and immune evasion, while host species
have accumulated germline sequences of both DNA and RNA viruses. A codicil is
added on lateral transmission of cancer cells between hosts and on migration of host
mitochondria into cancer cells.

R.A. Weiss (&)
Division of Infection and Immunity, University College London,
Gower Street, London WC1E 6BT, UK
e-mail: r.weiss@ucl.ac.uk

Current Topics in Microbiology and Immunology (2017) 407:1–29
DOI 10.1007/82_2017_21
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1 A Year of Virological Anniversaries

In addition to Peter Vogt’s 50 years on the Editorial Board of this journal, 2017 is a
year to acknowledge several remarkable anniversaries in virology and mobile
genetic elements. Exactly 300 years ago, the Western world was introduced to
immunization against smallpox by Lady Mary Wortley Montagu and 40 years ago,
total eradication of this scourge was achieved (Weiss and Esparza 2015). One
hundred years ago, Félix d’Hérelle isolated and propagated bacteriophage
(d’Herelle 1917). Fifty years ago, Lynn Margulis (Sagan 1967) postulated that
eukaryotic cells evolved by inclusion into the host cell of a number of previously
independent microbes that became self-replicating endosymbionts which I shall
discuss at the end of this article. This year also marks a personal 50th anniversary
since I published my first virological paper (Weiss 1967) with a finding that was
simultaneously observed by Peter Vogt (1967), and which led to the discovery of
endogenous retroviruses. Three years later, I joined Peter Vogt’s laboratory for
21 months which I regard as the most formative period in my career. Thus it is a
great privilege for me to contribute to this volume honoring Peter’s immense
contributions.
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1.1 Bacteriophage and Prokaryote Transduction

Bacteriophage lysis was first observed in 1915 by the British microbiologist (Twort
1915) as a filterable anti-bacterial factor. Twort’s findings were not conclusive and
the Nobel laureate, Jules Bordet, considered that the lytic effect was due to an
enzyme rather than a transmissible agent (Bordet and Ciuca 1922; Summers 1999).
However, while investigating dysentery among the allied troops, the
French-Canadian microbiologist at Institut Pasteur, Félix d’Hérelle, observed lysis
of Shigella dysenteriae by a replicating filterable agent (d’Herelle 1917). Whether
d’Hérelle was aware of Twort’s report is not known but he did not cite it. D’Hérelle
was the first to establish multi-passage phage cultures and to quantitatively measure
the extraordinary high titers of infection. He coined the terms bacteriophage for the
agent and plaque for the clear areas of lysis in the bacterial films on the sloping agar
plates of his cultures. He was convinced that bacteriophage could be used to cure
sepsis and exaggerated his success in so doing (Summers 1999). Owing to the
difficulties other investigators had in attempts to treat infection (not least because
the host bacteria tended to become resistant), the use of bacteriophage to treat
infections fell out of fashion in the West, although it continued to be promoted in
the Soviet Union. Today, phage therapy is experiencing a renaissance (Cisek et al.
2017).

D’Hérelle’s discovery 100 years ago eventually opened the field of molecular
genetics following World War II, led by Max Delbrück and called the Phage Group
(Cairns et al. 2007; Summers 1999). Lysogeny was not a particular focus of the
Phage Group but was later investigated at the Institute Pasteur led by André Lwoff,
whose discovery of transduction of host genes mediated by lysogenic phage (Lwoff
1953) not only became a useful tool in molecular genetics and gene regulation
(Ptashne 2004), but together with plasmid transfer was also revealed to be a major
means of exchange of host sequences among prokaryotes (Lane 2015). In the
40 years since the discovery of the Archaea (Woese and Fox 1977), the mono-
phyletic origin of life forms on this planet have been confirmed for the evolutionary
roots of prokaryotes, but the enormous extent of horizontal exchange confounds
attempts to draw accurate phylogenetic trees with linear pedigrees within the major
realms of Archea and Bacteria (Choi and Kim 2007; Martin 2011; Lane 2015).

Phage studies continue to be of great relevance to modern molecular biology.
They serve as models for evolutionary theory and real-time experiments (Stern and
Sorek 2011; Refardt et al. 2013). The discovery of DNA restriction enzymes came
out of host range restriction of phage (Loenen et al. 2014), and the CRSPR-Cas9
mechanism of gene editing also has its origins in the natural control of invading
phage by bacterial cells (Hartmann 2017).

Exchange of Genetic Sequences Between Viruses and Hosts 3



1.2 The Debt of Tumor Virus Research to Phage Genetics

The linear pedigree of tumor virus research is much clearer than that of prokaryote
evolution referred to above! At Caltech in the 1950s, Renato Dulbecco adapted the
bacterial lawn culture practices of the Phage Group to the recently established
technique of animal cell monolayers. He developed plaque assays for lytic viruses
(Dulbecco 1952) and transformation assays for DNA tumor viruses (Vogt and
Dulbecco 1960). His associate, Harry Rubin investigated Rous sarcoma virus
(RSV) research and with his student, Howard Temin, developed a quantitative
transformation assay for RSV (Temin and Rubin 1958). After Rubin moved to
Berkeley, Peter Vogt joined his laboratory and detected a non-transforming,
replication-competent Rous associated virus (RAV) in stocks of RSV (Rubin and
Vogt 1962).

Temin (1960) observed variants of Rous transformed cells which had an elon-
gated, fusiform morphology which bred true according to the variant of RSV used
to infect them (Fig. 1) and were later shown to carry mutations within the
C-terminus of the src gene (Rohrschneider and Reynolds 1985). This finding led
Temin (1962) further noted a distinction between cell transformation and viral
replication. He proposed that there was genetic information carried by the virus
which persisted in the host cells and affected their phenotype, which he compared to
lysogenic prophage (Sankaran 2014). In the same year, Jan Svoboda (who sadly
died earlier this year) observed that rats non-productively inoculated at birth with
RSV still contained the virus in adult tumors which lent support to the persistence
of a latent genome (Svoboda 1960). One year later, however, Crawford and
Crawford (1961) demonstrated that the genome of RSV was composed of RNA, not
DNA. Temin went on to postulate his provirus hypothesis, proposing that RSV

Fig. 1 Scanning electron micrographs of cells transformed by Rous sarcoma virus. a Wild-type
round morphology cells; b Mutant fusiform cells (reproduced from Weiss RA, 1969 PhD Thesis,
University of London)

4 R.A. Weiss



forms a DNA copy of the genome in the infected cell which integrates into the host
genome (Temin 1964). Although indirect evidence supported the provirus
hypothesis, it remained speculative until the discovery of reverse transcriptase by
Temin and Mizutani (1970) and Baltimore (1970).

1.3 Fifty-Five Years of Peter Vogt’s Contributions
to Retroviruses and Oncogenes

Although Peyton Rous discovered his eponymous virus over 100 years ago (Rous
1911) and the transforming function could be titrated on the chorioallantoic
membrane of chick eggs (Keogh 1938), it was not until the quantitative virus assay
in vitro was established by Temin and Rubin (1958) that RNA tumor research really
blossomed (Weiss and Vogt 2011). Peter’s first paper on RSV showed that the
Bryan high titer strain of RSV virus used at that time in the USA actually comprised
two components, a virus that transformed chick embryo fibroblasts and also an
avian leukosis virus (Rubin and Vogt 1962). This finding led directly to the dis-
covery that this strain of RSV was defective for replication, missing the gene env
encoding the envelope glycoproteins (Hanafusa et al. 1963). These glycoproteins
were provided by the accompanying leukosis virus or ‘helper’ virus (Hanafusa et al.
1963) which determined the specificity of antibody neutralization (Ishizaki and
Vogt 1966) and of host range through the use of different cell surface receptors
(Vogt and Ishizaki 1965). However, strains of RSV used in European laboratories
were non-defective, possessing the src gene in addition to replication genes. The
B77, Carr-Zilber, Prague, and Schmidt-Ruppin strains were derived from RSV that
had been used to induce non-productive tumors in rats and rescued by inoculation
into chickens or co-cultivation with permissive chicken cells (Svoboda 1966). The
genome structures (Vogt and Hu 1977) were later depicted as:

Replication-competent leukosis virus: LTR-gag-pol-env-LTR
Replication-defective RSV: LTR-gag-pol-src-LTR
Replication-competent RSV: LTR-gag-pol-env-src-LTR

From these seminal studies, the distinction between replication genes and
oncogenes came to light (Toyoshima and Vogt 1969; Duesberg and Vogt 1970;
Martin 1970) culminating in the demonstration of the host origin of oncogenes
(Stehelin et al. 1976), and the identification of the Src protein (Brugge and Erikson
1977) as the first example of a tyrosine kinase (Hunter and Sefton 1980). Other
retroviral oncogenes similarly have a cellular origin. This fascinating story has been
reviewed by Steven Martin (2004), Peter Vogt (2012), Klaus Bister (2015), and the
recent memoir on tumor viruses and cancer cell biology by Harold Varmus (2017).

In the same year that Peter Vogt was appointed to the Editorial Board of CTMI, I
published my first virological paper on the release of infectious RSV particles
possessing novel envelope properties in the apparent absence of a helper virus
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(Weiss 1967). To my surprise but gratification, a similar paper was published by
Peter a month later Vogt (1967). I was still a doctoral student of Michael
Abercombie who discovered contact inhibition but was not a virologist, and my
mentor in Abercrombie’s laboratory, Warren Levinson, had returned to San
Francisco. I felt rather nervous that my findings seemed to contradict what was
known about the defectiveness of RSV and Peter’s paper helped me to gain con-
fidence in my own findings. Moreover, Peter’s was the more elegant study because
he showed that the virus which he called RSV(0) more readily infected Japanese
quail cells rather than chick cells. It represented the first demonstration of what later
became known for murine leukemia viruses as xenotropism (Levy 1978). Our 1967
papers provided the first step in evidence that led to the elucidation of endogenous
retroviruses, a story I have told elsewhere (Weiss 2006).

2 Acquisition of Host Genes by Viruses

2.1 Oncogenesis by Simple Retroviruses and Transduction
of Oncogenes

Leukemogenic retroviruses lacking oncogenes integrate at near-random sites mainly
in ‘open’ regions of host chromosomal DNA. Among the millions of cells infected,
some proviruses integrate next to host proto-oncogenes and activate their expression
through promoter and enhancer sequences in the retroviral long terminal repeat. The
first to be defined was c-myc in avian lymphoid leukosis (Hayward et al. 1981). The
transduction of cellular oncogenes begins in this way (Vogt 2012; Varmus 2017).

With avian lymphoid leukosis, activation of c-myc appears to be sufficient for
leukemogenesis of B cells in the bursa of Fabricius. However, with
gamma-retroviruses such as murine and feline leukemia viruses, the emergence of
transformed leukemic cells requires more complex recombination events between
infectiously transmitted retroviruses and related endogenous genomes before the
recombinant retrovirus activates cellular oncogenes (Rosenberg and Jolicoer 1997).
For example, in cats, feline leukaemia virus subtype A (FeLV-A) is the major
transmissible agent, but in most cats that develops leukemia, recombination with an
endogenous retroviral genome encoding a subtype B env must occur (Roy-Burman
1995). Multiple interactions occur between exogenous and endogenous LTRs and
env regions giving rise to variants with different pathogenic attributes (Neil et al.
1991; Bolin and Levy 2011; Stewart et al. 2011).

The various types of retroviral oncogenes show no structural similarities and
they act at many sites in cell signaling and regulation, including the transcriptional
regulators myc and jun studied by Peter Vogt (Stefan and Bister 2017). Thus the
transduction of oncogenes by retroviruses does not depend on sequence homology
but rather on read-through transcription and packaging of RNA transcripts into
virus particles, followed by reverse transcription and integration into the next
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infected cell via normal replicative events (Vogt 2012). Apart from the European
strains of RSV passed through mammals referred to above, oncogene-bearing
retroviruses appear to be replication-defective and have been rescued through
aberrant splicing. All that is required in the transcript is for the virion packaging
signal the 5′ end of gag to be contiguous with the host sequence.

There appears to be little selective advantage to the virus to carry oncogenes,
other than that tumor cells tend to be more permissive to retrovirus replication. In
fact, there is scant evidence that onc-bearing viruses are naturally transmitted from
host to host unless they come to the attention of pathologists and virologists who
deliberately propagate them. The exception is the cyclin oncogene of
replication-competent epsilon-retroviruses in fish, but it is probably not of host
origin (Rovnak and Quackenbush 2010). Oncogene transduction appears to be
restricted to the ‘simple’ retroviruses, alpha- and gamma-retroviruses. It remains a
puzzle why cellular gene incorporation into and beta-, delta-, spuma- and
lenti-viruses has not been found to date.

Host oncogenes have been transduced by retroviruses in many species including
primates (Thielen et al. 1971). Outbred animals such as cats and chickens as well as
inbred strains of mice give rise to onc-bearing viruses. Towards the end of my
period in Peter Vogt’s laboratory, I spent two weeks at a chicken abattoir harvesting
solid tumors that the veterinary inspectors identified along the processing line.
Approximately one tumor per 400 chickens was found, a high number considering
that they were broiler fowl less than six months old. My time with Peter came to an
end before I was able to establish what proportion of the tumor-bearing chickens
were infected with avian leukosis and whether the tumors had acquired transduced
oncogenes. Indeed, there is little quantitative evidence to this day on oncogene
transduction in any animal species although Miles and Robinson (1985) detected
frequent transduction of the c-erbB oncogene in chicks with erythroblastosis fol-
lowing experimental inoculation of RAV-1. Further novel oncogenes came to light
in avian sarcomas, not least Peter’s discovery of jun (Cavalieri et al. 1985; Maki
et al. 1987), a key player in transcriptional regulation (Vogt 2002). Overall, the
study of retroviral oncogenes had an immense impact because so many oncogenes
found in human cancer were first identified in animal retroviruses (Varmus 2017).

2.2 Why Is Retroviral Transduction not a Major Driver
of Virus or Host Evolution?

It is clear that retroviruses are equipped both to transduce host genes and to infect
the germ lines of the same and foreign species. It is therefore germane to ask why
retroviruses have not become generalized transducing agents by horizontal transfer
to new hosts. Since alpha- and gamma-retroviruses readily acquire diverse onco-
genes, they must surely pick up other gene transcripts even though they will not be
detected through the clonal expansion of tumor cells. If lysogenic bacteriophages
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are a driving force in prokaryotic evolution, why don’t retroviruses serve a similar
function in vertebrate evolution?

The first consideration is that almost all oncogene-bearing retroviruses of birds
and mammals are replication-defective and therefore need helper viruses to con-
tinue successive rounds of replication. However, the defective retroviruses should
be able to propagate in vivo and spread to new hosts if the concentration of helper
virus is sufficient. After all, infection by hepatitis delta virus and adeno-associated
viruses rely on helper viruses, and plant partitiviruses with split genomes packaged
in different particles are successful pathogens. Even if defective onc-bearing
retroviruses do not spread infectiously through a host population, it would need
only one round of integration into a germ cell for hereditary transduction to be
accomplished. Moreover, if there were strong selective forces benefitting the host
for transduction, replication-competent transducing viruses would probably emerge,
like replication-competent strains of RSV.

A second point is that if transduction occurred only within the same host species,
there would be little selective pressure for horizontal transmission because it would
not present an advantageous alternative genetic exchange to sexual reproduction.
But the widespread phenomenon of xenotropism and infection of unrelated
germ-lines discussed in Sect. 3.3 below shows that retroviruses could potentially be
highly successful in effecting lateral transfer of host sequences.

A third, a more serious limitation, is that retroviral transduction involves reverse
transcription of spliced or partially spliced RNA transcripts. Therefore sequences
introduced into a new host would represent pseudogenes, as mediated by retro-
transposons. There may be difficulty in controlling expression of the transduced
gene if it lacked regulatory sequences and micro-RNA sequences normally present
in the intron (Roy and Gilbert 2006). However, introns can be gained during
evolution (Yenerall and Zhou 2012) so that this hurdle is not insurmountable.

It is possible that we have not looked in sufficient depth for evidence of hori-
zontal gene transfer by retroviruses. If it does occur between distantly related hosts
one would expect whole genome sequence analysis to reveal genes or pseudogenes
with greater homology to the species whence the retrovirus came than to
pre-existing homologs in its adopted host.

2.3 Incorporation of Host Genetic Sequences
into Complex Viruses

When retroviral oncogenes were first shown to be derived from host genes (Stehelin
et al. 1976), the gene content of viruses with large, complex genomes was not
known. With the advent of whole genome sequencing and bioinformatics, it
became possible to interrogate the genomes of large DNA viruses for sequences
that have been hi-jacked from ancient and recent hosts and repurposed (exapted) to
fine tune the virus’s life style, whether it be replication, latency or immune evasion.
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Krupovic and Koonin (2017) argue that such basic components of viruses as capsid
proteins originally evolved from host cells, but here I wish to examine acquisitions
from the host that were imported into virus genomes long after viruses became
established as replicating entities.

Herpesviruses, Poxviruses and Polydnaviruses of insects carry numerous genes
originally derived from their hosts. Throughout virus-host evolution, viruses pos-
sessing a substantial packaging capacity have incorporated host genes and modified
them to serve viral functions (Haig 2001). Although poxviruses replicate in the
cytoplasm, that has not prevented them adopting multiple host genes (Bugert and
Darai 2000; Odom et al. 2009; Austin et al. 2010). Trafficking of DNA between
nucleus and cytoplasm is mediated by Importin 7 (Danoya et al. 2013), which may
aid genetic exchange between virus and host. Some of the viral genes have introns
and probably represent the horizontal transfer of host DNA rather than RNA
transcripts that have been reverse transcribed.

The extent of host gene ‘invasion’ of large DNA viruses can be seen by com-
paring the differences between viruses of a single group that separated millions of
years ago. For example, the two human gamma-herpesviruses, Epstein-Barr virus
and Kaposi’s sarcoma virus, have homologies among their core replication genes
but extensive differences in the genes acquired from the host. Comparative genome
analysis across the various human herpesviruses reveals multiple host contributions
during virus evolution (Holzerlandt et al. 2002) as depicted in Fig. 2.
Immunomodulatory genes are essential to the natural history of viruses in vivo, but
tend to be lost during extensive passage in vitro, as seen for standard laboratory
strains of Cytomegalovirus (Cunningham et al. 2010) and in the evolution of
modified Vaccinia Ankara from wild type Vaccinia virus (Volz and Sutter 2017).
Several of the acquired genes of oncogenic herpesviruses may play a role in
oncogenesis, such as the chemokine homologs (v-mip) that we studied in Kaposi’s
sarcoma herpesvirus (Boshoff et al. 1997).

MicroRNA sequences are present in some viruses (Guo and Steitz 2014) and
their precursors presumably were derived from cellular sequences. Viruses also
alter host miRNA functions to their own advantage. For instance, Epstein-Barr
virus EBNA3A and EBNA3C proteins affect regulation of c-myc in B-cells by
inducing miR-221/miR-222 expression in transformed B-cells (Bazot et al. 2015).

The remarkable evolution of polydnaviruses in parasitic wasps further exem-
plifies the two-way genetic exchange between virus and host (Herniou et al. 2013).
These large DNA viruses become endogenous in their hosts (Strand and Burke
2014) and probably act as endosymbionts (Herniou et al. 2013). The genetic
exchange between amoebae and their intracellular viral and bacterial parasites (or
endosymbionts) is also extraordinary. The ‘giant’ Mimiviruses of amoebae contain
numerous genes of host origin as well as being themselves prey to smaller viruses,
the so-called virophages (Colson et al. 2017). Perhaps there is something special
about amoebae because Legionella species (which are intracellular parasites of
amoebae as well as occasionally colonizing alveolar macrophages in humans) also
acquire hundreds of host genes (Gomez-Valero et al. 2013; Burstein et al. 2016).
Conversely, some hosts can acquire whole or partial viral and bacterial genomes,
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such as the transfer of endosymbiont Wolbachia to insect and nematode nuclear
genomes (Dunning Hotopp et al. 2007).

3 Acquisition of Viral Genes by Hosts

3.1 Viral Genomes in Host DNA: Retroviruses, DNA
Viruses and RNA Viruses

Whole genome sequencing has led us to appreciate that every vertebrate species
examined contains multiple endogenous retroviral genomes (ERV) (Stoye 2012;
Hayward et al. 2015; Magiorkinis et al. 2015). As displayed in Fig. 3, approxi-
mately 8% of human DNA is derived from germ-line infection by retroviruses

Fig. 2 Genes in human herpesviruses with human homologs. Some genes are common to all
types of human herpesvirus whereas others have been acquired individually. Bars are color coded
according to functional class: green, DNA replication; dark blue, nucleotide repair/metabolism;
light blue, enzyme; purple, gene expression regulation; yellow, glycoprotein; red, host-virus
interaction; and black, unknown. Diagonal lines within a box indicate two gene copies (per viral
genome); vertical lines, three copies; and horizontal lines, up to 10 copies (adapted with
permission from Holzerlandt et al. 2002)
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(Griffiths 2001) and a larger proportion of our genome is represented by retro-
transposons such as LINE elements (Cordaux and Batzer 2009; Rebollo et al.
2012). Rather than being relics of an earlier RNA world converted into genes, one
may view ERV as ‘fossils’ of highly evolved, sophisticated viruses because they
have the hallmarks of having been acquired by infection (Belshaw et al. 2004).

With the detection of endogenous spumavirus genomes in multiple hosts
(Ruboyianes and Worobey 2016) and the discovery of an endogenous single copy
delta-retrovirus genome in bats (Farkašová et al. 2017), it is now apparent that all
seven genera of retroviruses have endogenous counterparts. The defective
delta-retrovirus is distantly related to human T-cell leukemia virus and bovine
leukosis virus and probably diverged over 25 million years ago, while the foamy
viruses entered the germ-line even earlier.

Some retroviruses are promiscuous in integration so long as DNA is on hand. In
addition to insertion into the host chromosomal genome, avian reticuloendotheliosis
virus (REV) also integrates into the genomes of DNA viruses co-infecting the same
chickens and turkeys, namely Marek’s disease herpesvirus (Isfort et al. 1992) and
fowlpox virus (Hertig et al. 1997). REV is a gamma-retrovirus of mammalian origin
with related viruses endogenous in mongoose species. It has invaded birds and
avian DNA viruses in the recent evolutionary past (Etienne and Emerman 2013).
Niewiadomska and Gifford (2013) argue REV was introduced iatrogenically from
mammals to chickens and turkeys through administration of live attenuated viral
vaccines. Although 25 years have passed since the initial report of REV integration
in a DNA viral genome (Isfort et al. 1992), I am not aware of integration of other
retroviruses into DNA viral genomes, so this may be a special property of REV.

Fig. 3 Proportion of transposable elements in the human genome. Lines and Sines are
retrotransposons (adapted with permission from Cordaux and Batzer 2009)
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Retroviruses are not the only viruses to invade the host genome. It has become
evident that some DNA herpesvrisues and hepadnaviruses endogenize in host gen-
omes. Mendelian inheritance of the beta-herpesvirus, human herpes virus 6 (HHV-6)
was first reported by Daibata et al. (1999). Chromosomally integrated HHV-6 is
found in about 1% of the human Caucasian population (Pellet et al. 2012; Hill et al.
2016) and debate continues whether these endogenous genomes are linked to disease.
An endogenous gamma-herpesvirus has similarly been detected in the prosimian
tarsier (Aswad and Katzourakis 2014). Avian hepadnaviruses such as duck hepatitis
virus are rapidly evolving DNA viruses with a reverse transcription step in their life
cycle. Gilbert and Feschotte (2010) detected an endogenous hepadnavirus in the
zebra finch which appears to have colonized the passerine germline nearly 20 million
years ago. Beyond viruses, there is evidence of bacterial genomes becoming incor-
porated into the genomes of multicellular eukaryotes (Dunning Hotopp et al. 2007).

The presence of chromosomally integrated DNA that is complementary to gene
sequences of RNA viruses was first reported by Zhdanov (1975) for measles virus
and then forgotten for 20 years until recalled (Weiss and Kellam 1997) when
Klenerman et al. (1997) detected cDNA of hepatitis C virus, soon followed by the
discovery of bornavirus and filovirus sequences (Belyi et al. 2010; Horie et al.
2010; Taylor et al. 2010). The reverse transcription and integration is linked to
LINE retroposon elements (Belyi et al. 2010). In an experimental study of vesicular
stomatitis virus infection in vitro, the synthesis and integration of cDNA was
dependent on expression of LINE-1 (Shimizu et al. 2014).

Germline inserts of RNA virus genome fragments were first detected for bor-
naviruses (Belyi et al. 2010; Horie et al. 2010) and filoviruses related to Marburg and
Ebola viruses (Taylor et al. 2010). The ability to search whole animal and human
genomes for homologs of viruses has revealed complementary DNA sequences
related to RNA viruses in the germline (Ferschotte and Gilbert 2012). Bornavirus
cDNA is widely dispersed in animal genomes (Horie et al. 2013). Whether they play
a functional role for the host is not known, but endogenous bornavirus sequences are
expressed in human tissues and they may inhibit exogenous infection (Honda and
Tomonaga 2016), like the immunity to superinfection exerted by some endogenous
retroviruses referred to below. It remains questionable whether bornavirus is cur-
rently infectious for humans as clinical reports of detection may result from
expression of endogenous bornavirus sequences. Overall, the accumulation of viral
sequences in host germline DNA is a much broader phenomenon than the
endogenous retroviruses with which we have long been familiar.

3.2 Evolutionary Dynamics of Exogenous and Endogenous
Retroviruses

It is customary to view parasite-host relations as an ‘evolutionary arms race’, the
term coined by van Valen (1973) when he introduced the predator-prey ‘Red
Queen’ hypothesis: “It takes all the running you can do to keep in the same place,”
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the Red Queen tells Alice in Through the Looking Glass, “If you want to get
somewhere else, you must run at least twice as fast as that”. Rapidly replicating
pathogens can outpace their hosts in immune escape and the development of drug
resistance.

There is, however, a stark difference between the replication rate of exogenous
viruses and that of their endogenous counterparts, as noted by Lee et al. (2013) for
retroviruses and by Gilbert and Feschotte (2010) for avian hepadnavirus.
Exogenous retroviruses undergo millions of replication cycles, including the
reverse transcription step which is not subject to repair of errors, whereas
endogenous retroviruses are by definition part of the host and replicate at the pace
of the host germline, at less than 1000th the rate of virus replication (Aiewsakun
and Katzourakis 2015). Retroviruses parked in the genome of one host may act as a
hidden reservoir for infection to another.

Potentially pathogenic ERV and retrotransposons are controlled by host intra-
cellular restriction factors (Sanz-Ramos and Stoye 2013; Goodier 2016). In addi-
tion, the Env glycoprotein of ERV can itself act as a restriction factor against
exogenous infection by blocking receptors (Malfavon-Borja and Feschotte 2015), a
phenomenon that we first reported for avian ERV (Payne et al. 1971). However,
such restrictions often do not apply if the virus gains access to an unrelated host
species and it is clear that replication-competent ERVs can make large leaps to
infect distant host species. For instance, the baboon ERV that horizontally crossed
hosts to become an ERV (RD114) in cats (Benveniste and Todaro 1974) retains its
ability to replicate and to re-infect cats in vivo (Shimode et al. 2015). This phe-
nomenon of xenotropism led us to examine the potential infection hazard of porcine
ERV in pig-to-human xenotransplantation (Patience et al. 1997; Le Tissier et al.
1997) although fortunately human infection has not been reported to date.

Another interesting example of cross-species infection by replication-competent
ERVs are the gamma-retroviruses related to gibbon ape leukemia virus (GALV).
Isolates of GALV were made among captive lar gibbons in Thailand (Kawakami
et al. 1972, 1978) although this exogenous retrovirus has not been recorded in wild
gibbons. ERV sequences related to GALV were detected in the DNA of several
species of South-East Asian rodents (Benveniste et al. 1977), including one in
Australia and Indonesia (Simmons et al. 2014; Alfano et al. 2016). The koala
retrovirus (KoRV) is also closely related to GALV (Hanger et al. 2000). It was first
observed in 1988 (Canfield et al. 1988) but analysis of preserved taxidermy
specimens indicates that KoRV has been present in koalas for at least 120 years
(Avila-Arcos et al. 2013) and possibly much longer (Ishida et al. 2015). KoRV is
associated with leukemia (Canfield et al. 1988; Tarlinton et al. 2006). The current
leukemia epidemic appears to be related to an envelope variant (KoRV-B or
KoRV-J) co-existing with the original form (KoRV-A) (Shojima et al. 2013; Xu
et al. 2013). KoRV-A utilizes the Pit-1 cell surface receptor like GALV and
FeLV-B, whereas KoRV-J utilises a thiamine transport receptor like FeLV-A
(Shojima et al. 2013).

It thus appears that an ERV of rodents has crossed host species at least twice, to
become an exogenous pathogenic retrovirus in both gibbons and koalas. Moreover,
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KoRV is in the process of becoming endogenized in the koala germ line (Tarlinton
et al. 2006; Ishida et al. 2015). Since many rodent species of the family Muridae
carry related ERVs (Alfano et al. 2016), we may be confident that the precursor of
GALV evolved in rodents and subsequently spread horizontally to the koala and the
ape (Fig. 4).

3.3 Pathogenic and Beneficial Attributes of Endogenous
Retroviruses

ERVs and other retrotransposons are open to natural selection operating on the host
which presents a two-edged sword. On one side, integration and expression of
certain ERV is associated with disease; on the other, the presence of transposable
elements may be of overall benefit to the host population (Rebollo et al. 2012;
Babaian and Mager 2016). There has been much discussion about both deleterious
and beneficial effects of ERVs (Moyes et al. 2007; Stoye 2012) and new ERV

Fig. 4 Endogenous retrovirus in one host species can act as a ‘reservoir’ for millions of years and
emerge to invade unrelated hosts. Gamma-retroviruses resident as mendelian genomes in
South-East Asian rodents have transferred horizontally to lar gibbons (GALV) and to Koalas
(KoRV). KoRV is becoming endogenous in its new host. Based on findings reported by
Benveniste et al. (1977), Kawakami et al. (1978) and Tarlington et al. (2006)
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insertions may disrupt essential host genes (Chuong et al. 2017). Recently inte-
grated ERVs can be oncogenic, contributing to leukemia in mice and cats and to
mammary cancer in mice (Rosenberg and Jolicoeur 1997; Ross 2010).

Whether human ERV sequences (HERV) play a causative role in human cancers
is less definitive (Magiorkinis et al. 2015; Babaian and Mager 2016; Kassiotis and
Stoye 2017). Beta-retrovirus HERV-K (HML2) genomes have been implicated in
testicular tumors, melanoma and breast cancer. Certain HERV-K loci are more
highly expressed in tumor tissue, but that does not provide conclusive evidence for
causality; tumor cells impose fewer restrictions on HERV-K so that its expression
may be a consequence rather than a cause of the malignancy.

Human endogenous retroviruses may be beneficial to the host through
non-coding sequences providing new sources of gene regulation and by coding
sequences providing useful proteins. For example, HERV-K is expressed in
pre-implantation embryos and is linked with pluripotency but becomes transcrip-
tionally silenced upon differentiation (Fuchs et al. 2013; Grow et al. 2015).
HERV-H genomes and LINE elements are also tightly linked to transcriptional
regulation in pluripotent cells and exert an influence on early development
(Robbez-Masson and Rowe 2015; Schlesinger and Goff 2015). Modulation of
expression of host enzymes by ERVs has also been turned to use by the host
(Rebollo et al. 2012). For instance, the expression of human salivary amylase in the
parotid gland is controlled by a novel HERV-E insertion in the primate lineage
which became amplified in hominids (Ting et al. 1992). In the HERV-E LTR, the
promoter and tissue-specific enhancers activate amylase expression which is
otherwise restricted to the pancreas. It may have helped our forebears adapt from a
diet mainly of fruit to one containing starch.

3.4 Role of Endogenous Retroviral Envelopes
in the Placenta

The most striking example of ERVs becoming a benefit to their hosts is the role of
Env in effecting cell fusion to form the syncytiotrophoblast of the mammalian
placenta. The notion that HERV envelope might be involved in placental devel-
opment interested me from the early 1990s, but was notably carried forward by the
laboratories of Thierry Heidmann, John M McCoy and François-Loïc Cosset.

In the human placenta, we noted high expression of a defective HERV with an
open reading frame for env, called ERV-3 (Boyd et al. 1993). ERV-3 expression
was tightly linked to the syncytiotrophoblast (Fig. 3) and we postulated that a
functional retroviral Env glycoprotein would be able to induce the cell-to-cell
fusion (Venables et al. 1995). Indeed, Lin et al. (1999) demonstrated that trans-
fection of ERV-3 into BeWo choriocarcinoma cells (a malignant version of
cytotrophoblast) induced cell fusion and differentiation into syncytiotrophoblast.
However, it was found that some humans lack the ERV-3 genome (de Parseval and
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Heidmann 1998) although they must have been gestated with a healthy placenta.
Gorillas also lack ERV-3 (Hervé et al. 2004). But our hypothesis of ERV driving
placental differentiation survived albeit involving different ERVs. Blond et al.
(2000) and Mi et al. (2000) showed that HERV-W Env also induced the syncy-
tiotrophoblast fusion. Lavillette et al. (2002) showed that HERV-W interacts with
several amino-acid transporters already known to act as beta-retrovirus receptors to
initiate fusion. Mi et al. (2000) coined a new term for the HERV-W envelope
glycoprotein: syncytin (Figs. 3 and 5).

The syncytin story became grew more convoluted with the discovery of a second
human Env glycoprotein, syncytin-2, encoded by HERV-FRD (Blaise et al. 2003).
Low expression of syncytin 1 and 2 is correlated with poor placental development
and pre-eclampsia (Vargas et al. 2011). Moreover, different orders of placental
mammal employ the Env glycoproteins of quite distinct ERVs to induce cell fusion
of the trophoblast (Lavialle et al. 2013) and even in a proto-placenta in the mar-
supial opossum (Cornelis et al. 2015).

If the evolution of the placenta was a monophyletic event, why have placental
mammals repeatedly entrained different ERVs to effect trophoblast differentiation
into a syncytium? Imakawa et al. (2015) postulate a ‘baton pass’ hypothesis, in
which multiple successive ERV variants take over cell-fusion roles, resulting in
variations in placental structures and enhanced reproductive success in placental
mammals. They speculate that ERVs replaced more ancient mediators of tro-
phoblast fusion. Imakawa et al. (2015) support this view with the observation that
several of the ERVs encoding syncytins have become endogenous in their
respective host genomes only within the past 12–80 million years, more recently
than the evolution of the mammalian placenta. In humans, redundancy in
retroviral-driven trophoblast fusion explains why ERV-3, HERV-W and
HERV-FRD can each induce fusion of the cytotrophoblast to form the
syncytiotrophoblast.

HERV Env may have a dual role in the placenta: to be locally immunosup-
pressive at the maternal-fetal interface (the syncytiotrophoblast) in order to protect
the fetus from maternal rejection, as well as to induce the trophoblast fusion
(Denner 2016). The immunosuppressive domain in the transmembrane envelope
protein is present in ERV-3 and HERV-W env (Boyd et al. 1993; Lavialle et al.
2013). Syncytins have maintained their virus entry capacity. For instance,
HERV-W Env functionally pseudotypes retroviral vectors (Blond et al. 2000).
HERV-W is also expressed in multinuclear macrophages such as osteoclasts (Søe
et al. 2009), but there is no evidence that other syncytial tissues (e.g., striated
muscle) utilize ERV syncytins to effect cell fusion. Nonetheless, placental mam-
mals have given a virtuoso performance playing on a keyboard of retrovirus
envelope-cell surface receptor engagement to repurpose ERVs to provide fusion
proteins beneficial to the host.
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4 Endosymbiont Organelles in Eukaryotic Cells and Their
Horizontal Transfer in Cancer

4.1 Evolution of Complex Cells and Their Organelles

The year in which Peter Vogt joined the Editorial Board of CTMI also marks the
birth of the hypothesis that eukaryotic cells originated from the combination of
prokaryotes to form complex cells containing organelles. This notion was postu-
lated by Lynn Margulis, publishing under her first married name Sagan (1967); like
many novel concepts was initially greeted with much skepticism (Margulis 2009).
Lynn Margulis herself enjoyed stoking up controversies and she was attracted to the
notion that HIV does not cause AIDS, holding that AIDS was nothing more than
syphilis masquerading under a new name (Margulis et al. 2009).

Fig. 5 Endogenous Env glycproteins function in the human placenta as ‘syncytins’. a Indirect
immunofluorescence of ERV-3 envelope glycoprotein in the syncytiotrophoblast of a full term
human placenta (reproduced with permission from Venables et al. 1995); b Cos cells transfected
with reverse orientation HERV-W syncytin 1 and c syncytium formation in Cos cells transfected
by correctly oriented HERV-W syncytin 1 (reproduced with permission from Mi et al. 2000)

Exchange of Genetic Sequences Between Viruses and Hosts 17



Today, we accept that mitochondria, chloroplasts, cilia and the nuclear mem-
brane had distinct origins and coalesced together to form eukaryotic cells (Lane
2014; Martin et al. 2015) although how this happened is open to debate (Baum and
Baum 2014). During the long period of endosymbiosis, genes have switched
location; for example, many genes involved in oxidative respiration appear to have
transferred to the nuclear genome as the mtDNA episome became reduced (Allen
2003; Gershoni et al. 2009). If each kind of subcellular organelle in eukaryotes is
monophyletic to what extent are they transferred laterally between species? In
animals, the genomes of mitochondria have co-evolved with the nuclear genome
because both types of genetic sequence have concordant phylogenies. Yet there is
evidence of widespread lateral mobility of mitochondria and plastids in higher
plants (Bergthorsson et al. 2003; Warren et al. 2016). This difference may be
explained by mitochondrial variation driving evolution of sexes but also the
germline-soma distinction that exists in metazoan animals but not in higher plants
(Radzvilavicius et al. 2016).

Mitochondrial transfer between animal cells is illustrated by research into
transmissible tumor cells in which I became involved a few years ago. My interest
was aroused by a note published by Hayes et al. (1983) just before the discovery of
HIV speculating—wrongly it turned out when a causative virus was discovered
(Chang et al. 1994)—that canine transmissible venereal tumor (CTVT) might be a
model for Kaposis’s sarcoma in AIDS.

4.2 Horizontal Spread of Cancer Cells

Certain transmissible tumors are spread from one individual to another not by an
oncogenic virus but by the migration of the tumor cell itself. Common marker
chromosomes indicated that the transmissible agent of CTVT is the cancer cell itself
(Cohen 1985) and it was shown that a LINE-1 retrotransposon insertion near c-myc
is unique to the tumor (Katzir et al. 1985; Amariglio et al. 1991). Using forensic
DNA markers we confirmed the cellular transmission of CTVT, and demonstrated
that the tumor represents a single clone which has colonized dogs worldwide
(Murgia et al. 2006).

CTVT was first described in 1876 (Novinski 1876) and it played an important
role in the early years of cancer research because it was the only tumor that could be
experimentally transplanted from one animal to another before the developmental of
inbred lines. We estimated that CTVT emerged in an ancient dog breed *11,000
years ago (Murchison et al. 2014). Thus CTVT represents a naturally occurring
cancer cell clone some 2000 times older than HeLa cells. It has undergone thousands
of somatic mutations, deletions, amplifications and chromosome rearrangements
since it first emerged (Murchison et al. 2014) and it is a useful tool to examine how
diverse a tumor cell can be while retaining its proliferative properties. For a cellular
parasite that no longer requires many host functions (e.g., a sense of smell), it is
noteworthy that CTVT has not shown a massive reduction of the size compared to
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the canine genome. Since household genes are interspersed with specialty genes, any
deletions of unnecessary genes would have to occur on a case by case basis.

The Devil facial tumor disease (DFDT) is also transmitted horizontally as a tumor
cell (Pearse and Swift 2006; Murchison et al. 2012) in the Tasmanian Devil
(Sarcophilus harrisii), an endangered marsupial species which has relatively low
genetic diversity (Siddle and Kaufman 2015). There are two independent DFDT
clones circulating in Devils (Pye et al. 2016) both of recent provenance. David
Metzger in Stephen Goff’s laboratory has shown that some clam species are infested
with clonal tumor cells (Metzger et al. 2015), including one in which the host species
differs from that in which the tumor first arose (Metzger et al. 2016). The modes of
transmission of these tumors differ: in dogs the tumor is mainly spread sexually, in
Devils through biting, and among clams by filter feedingwater containing tumor cells.

The emergence of transmissible tumor cells remains a rare phenomenon and we
do not fully understand how the tumors evade the host immune response. The lack
of major histocompatability antigens or their down regulation would promote the
chance of tumor emergence (Murgia et al. 2006; Siddle and Kaufman 2015).
Looking into the literature, however, I found only one example of ‘naturally’
transmissible tumors among inbred strains of laboratory rodents: a leukemia in
Syrian hamsters which remarkably could be transmitted by mosquitoes (Banfield
et al. 1965). In humans, there are several examples of horizontal tumor transmission
from donors to immunosuppressed transplant recipients (Nalesnik et al. 2011).
Leukemia has also been transmitted in utero between fetuses sharing a placenta
(Greaves et al. 2003).

4.3 Colonization of Cancer Cells by Host Mitochondria

When we attempted to determine the date the most recent common ancestor of the
tumor cell clone we obtained contradictory data for nuclear microsatellite DNA and
mitochondrial DNA, as the latter appeared to have diversified for a longer time. We
tentatively suggested that the two major clades of mtDNA in CTVT might have
distinct origins (Murgia et al. 2006), and this hypothesis was verified by Rebbeck
et al. (2011). It is now apparent that host mtDNA was acquired at least five times
during the passage of the tumor clone through countless canine hosts (Strakova
et al. 2016). Mitochondrial function may be a driver in tumor progression and
recombination between mtDNA genomes is found in some CTVT tumors (Strakova
et al. 2016). If mutations in the mtDNA accrue during serial passage of the tumor,
acquisition of mtDNA from the host may contribute to the fitness of the tumor to
persist. Thus a tumor that has spread worldwide as a somatic cell parasite has itself
been colonized by host mitochondria via lateral transfer.

It would be interesting to determine whether similar colonization of tumors by
host mitochondria occurs in the other transmissible tumor cells that have recently
come to light. In particular, the tumor that has colonized a different species of clam
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than that from which it arose (Metzger et al. 2016) would be suitable to look for
evidence of cross-species transfer of mitochondria and other organelles.

Mitochondria have lost many of their genes to the nuclear genome (Lane 2010),
perhaps mediated by Importin 7 (Danoya et al. 2013). Thus there are likely to be
constraints on cytoplasmic organelles containing DNA to co-evolve with the
nuclear genome, owing to interplay of non-coding RNA elements (Vendramin et al.
2017) and to protein complexes with components encoded by both genomes.
Therefore lateral transfer of mitochondria to distantly related species is unlikely to
occur. Horizontal spread of mitochondria does occur within individuals, however,
and has been detected in cancer. In an experimental murine system using tumor
cells devoid of mitochondria, tumor progression was activated upon transfer of
mitochondria from host stroma (Tan et al. 2015). Human tumor cells may also
acquire host mitochondria from endothelial cells (Pasquier et al. 2013). Tumor
progression and relapse may sometimes involve colonization of tumor cells by
‘fitter’ mitochondria imported from the host.

5 Concluding Remarks

The horizontal exchange of genetic sequences is widespread in all forms of life.
Viruses embed themselves in host DNA, and host genes are transferred to viruses.
Endogenous retroviruses can lie ‘dormant’ in the germ line for millions of years and
re-emerge as replication-competent viruses infecting distantly related species. Host
cells can emerge as transmissible malignant clones, survive longer than any other
vertebrate somatic cells, and be colonized in turn by mitochondria from new hosts
many transplant generations later. There is far more fluidity of genomes and cells
within the eukaryotic world than we imagined 50 years ago.
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Virus-Host Gene Interactions Define
HIV-1 Disease Progression

Daniela C. Monaco, Zachary Ende and Eric Hunter

Abstract In this chapter, we will review recent research on the virology of HIV-1
transmission and the impact of the transmitted virus genotype on subsequent dis-
ease progression. In most instances of HIV-1 sexual transmission, a single genetic
variant, or a very limited number of variants from the diverse viral quasi-species
present in the transmitting partner establishes systemic infection. Transmission
involves both stochastic and selective processes, such that in general a minority
variant in the donor is transmitted. While there is clear evidence for selection, the
biological properties that mediate transmission remain incompletely defined.
Nevertheless, the genotype of the transmitted founder virus, which reflects prior
exposure to and escape from host immune responses, clearly influences disease
progression. Some escape mutations impact replicative capacity, while others
effectively cloak the virus from the newly infected host’s immune response by
preventing recognition. It is the balance between the impact of escape mutations on
viral fitness and susceptibility to the host immunogenetics that defines HIV-1
disease progression.
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1 Introduction

The current HIV/AIDS pandemic reflects a combination of sub-epidemics that vary
in routes of transmission, prevalence and incidence rates, different at-risk popula-
tions, and viral subtypes. Overall in 2014, an estimated 36.7 million people were
living with HIV-1, and 2.1 million new HIV-1 infections occurred globally
(UNAIDS 2016). HIV-1, the causative agent of the AIDS pandemic and a member
of the lentivirus genus of the family Retroviridae, continues to contribute to over
1 million deaths globally every year and has been coevolving in its only permissive
host, humans, for many decades.

As with all retroviruses, HIV-1 integrates a copy of its genome into the chro-
mosome of the host cell and establishes a chronic infection that is subject to
immune control by the host; although, HIV-1 infects a subset of cells, CD4+ T cells,
that play a key role in orchestrating the immune response. Nevertheless, HIV-1
induces robust humoral and cellular immune responses, the latter of which can limit
virus replication to varying degrees (Walker and Yu 2013). Genome-wide associ-
ation studies have indicated that while genes in the human leukocyte antigen
(HLA) locus account for the bulk of host control over virus replication, HLA can
only account for approximately one-quarter of the observed variation in setpoint
viremia (Fellay et al. 2007; McLaren et al. 2015). In this review, we will discuss
recent data that suggest both control of viral replication and disease progression are
the result of complex and evolving interplay between the virus that initiates
infection and the host immune response.

2 HIV-1 Transmission

Heterosexual transmission of HIV-1 remains the predominant mode of transmis-
sion, particularly in sub-Saharan Africa, accounting for nearly 75% of new trans-
missions worldwide. In contrast, in developed countries of the Western
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Hemisphere, men who have sex with men (MSM) continue to represent a majority
of those newly acquiring HIV-1. Transmission via direct blood-to-blood contact
through intravenous drug use (IDU) or contaminated blood transfusions constitutes
a small percentage (<10%) of infections in the U.S., but transmission among IDUs
is a significant contributor in parts of Southeast Asia and Eastern Europe. The risk
of sexually transmitted infection by HIV-1 is highly dependent on the route of
transmission; exposure in MSM via the rectum has an estimated infection proba-
bility ranging from 1 in 20–300, whereas for infection via the male genital tract the
risk ranges from 1 in 300–7000. Infection in the female genital tract carries a risk of
approximately 1 in 200–2000 (Hladik and McElrath 2008). Frequencies of trans-
mission vary based on a number of factors that include the stage of infection and the
level of viremia in the transmitting partner, with the risk of infection from patients
with acute and early infection being significantly higher than that from those with
established infection (Brenner et al. 2007; Miller et al. 2010; Powers et al. 2008;
Wawer et al. 2005). This likely reflects the high viral loads (VL) observed in acute
infection (Pilcher et al. 2007), lack of neutralizing antibody which may otherwise
inactivate a majority of circulating virions in established infection, and essentially
clonal amplification of a virus capable of initiating productive infection (see below).
Other factors that have been shown to modulate the efficiency of sexual trans-
mission include sexually transmitted diseases, particularly those that result in
genital inflammation and ulcers, which can elevate HIV-1 shedding into the genital
tract and increase the risk of infection 21-fold (Galvin and Cohen 2004); pregnancy
during which a greater than two-fold increase in HIV-1 transmission has been
observed (Gray et al. 2005); and circumcision, which in a series of clinical trials
was shown to decrease transmission to the male by 60% (Auvert et al. 2005; Bailey
et al. 2007; Gray et al. 2007). Transmission may also be biased by the viral subtype
present in the population (Kiwanuka et al. 2009; Kamali et al. 2015).

3 Current Concepts of Genital Tract Infection
and Systemic Spread

The nonhuman primate model of HIV-1 infection has proven to be a powerful tool
for experimentally investigating the transmission event since it is not possible to
study the earliest steps of sexual transmission in human subjects. It is well estab-
lished that HIV-1 has evolved from a simian immunodeficiency virus (SIVcpz) that
naturally infects a species of chimpanzee, Pan troglodytes troglodytes, while HIV-2
is derived from another that naturally infects sooty mangabeys (Cercocebus atys;
SIVsm) (Hahn et al. 2000). While relatively benign in its natural host, SIVsm can be
adapted to replicate in and induce a rapid immunodeficiency disease in rhesus
macaque monkeys similar to that induced by HIV-1 in humans (Paiardini et al.
2009; Klatt et al. 2012). Pathogenic variants isolated from rhesus macaques,
referred to as SIVmac, have been particularly informative in defining steps involved
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in transmission of and systemic infection by primate lentiviruses when used in
intra-vaginal and intra-rectal challenge models (Hatziioannou and Evans 2012;
Evans and Silvestri 2013). Studies using high doses of SIVmac251 led to a model
whereby SIV interaction with the cervicovaginal mucosa induces an innate
response, amplified by recruitment of macrophages and plasmacytoid dendritic
cells, that signals activated T cells to migrate to the site of infection. This increased
availability of CD4+ target cells allows amplification of infection from the initially
infected cell, a partially activated mucosal CD4+ T cell, to a level where virus or
virus-infected cells can exit the mucosal tissue and travel to distal sites. These
include regional lymph nodes and the gut-associated lymphoid tissue (GALT),
where the bulk of early viral replication and T-cell depletion occurs. This model of
a localized inflammatory response playing a role in facilitating transmission is
supported by experiments demonstrating that vaginal infection could be inhibited
by local application of glycerol monolaurate, an inhibitor of inflammation (Li et al.
2009). However, the need for local amplification of infection was recently ques-
tioned following a large study, where animals were infected intravaginally with a
high dose of SIVmac251 and serially necropsied on days 0, 1, 3, 7, and 10. In this
study, virus was occasionally detectable in tissues distal from the genital mucosa,
such as the gastrointestinal tract, by day 1, and 89% (8 of 9) of animals had
detectable levels of viral RNA in at least one distal tissue by day 3, suggesting that
viral dissemination can occur rapidly (Barouch et al. 2016). However, the role of
these early distal infections in the establishment of systemic infection remains
unclear since plasma viremia was not detected until day 10 in a majority of the
animals. It is also important to recognize that these high dose infections may not be
directly comparable to human sexual transmission, where the inoculum of infec-
tious virus is likely to be much lower.

Although a variety of potential initial targets of infection have been postulated,
including resting CD4+ T cells, macrophages and dendritic cells, Hope and col-
leagues recently demonstrated that Th17-lineage CCR6+ CD4+ T cells are the
predominant targets of SIV during vaginal transmission by using a high titer,
single-round non-replicating SIV construct that expresses luciferase and m-Cherry,
(Stieh et al. 2014, 2016). This cell type plays a key role in maintaining the integrity
of the gut mucosa and is rapidly depleted following both SIV and HIV-1 infection
(Blaschitz and Raffatellu 2010; Dandekar et al. 2010; Cecchinato and Franchini
2010).

4 HIV-1 Transmission is Linked to a Genetic Bottleneck

The concept that transmission of HIV-1 involves a genetic bottleneck, in which one
or a limited number of variants from the diverse population present in the trans-
mitting partner establish productive infection in the uninfected partner, was first
established in studies over two decades ago. By analyzing viral sequences from
early time points in primary HIV-1 infection, as well as, in some cases, viral
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sequences from the donors of a small number of linked heterosexual, homosexual,
and mother-to-child transmissions, these studies demonstrated that the virus pop-
ulation in the newly infected individual was much less diverse than that in the
transmitting partner or mother (Wolinsky et al. 1992; Wolfs et al. 1992; Zhu et al.
1993; Zhang et al. 1993). Wolfs et al. also observed that in the two heterosexual
transmissions described, the transmitted virus appeared to be a minor variant in the
blood of the transmitters.

The difficulty of obtaining samples at early time points after infection, and from
donors of linked HIV-1 transmission pairs, hindered the investigation of transmitted
viral characteristics for over a decade. At this time a more in-depth analysis was
performed using samples from heterosexual transmissions in a previously estab-
lished cohort of serodiscordant couples in Lusaka, Zambia (Derdeyn et al. 2004).
Derdeyn et al. sequenced almost 300 cloned HIV-1 Subtype C Envelope gene
amplicons derived from eight heterosexual transmission pairs shortly after trans-
mission, and performed genetic and phenotypic studies (Derdeyn et al. 2004). The
strength of this study was that the donor and recipient pairs were confirmed to be
epidemiologically linked (Trask et al. 2002). A strong genetic bottleneck was
observed in each transmission pair, in that the env sequences derived from each
linked recipient emanated from a single branch on their respective donor env
sequence phylogenetic tree, arguing that a single transmitted founder (T/F) virus
established infection in each case.

More definitive analyses have relied on the use of end-point dilution PCR
[termed single genome amplification or SGA (Salazar-Gonzalez et al. 2008)] to
amplify sequences from multiple single genomes present in plasma very early after
primary infection of individuals followed by direct sequencing of the DNA
amplicon. This approach, in contrast to bulk PCR followed by cloning, avoids
sequencing errors introduced by the Taq polymerase, in vitro recombination
induced by template switching during the PCR reaction, and non-proportional
representation of sequences as a result of template resampling. Furthermore, it has
been possible to define the number of T/F variants, and the nucleotide sequence of
each variant, by applying a mathematical model of early virus evolution to the SGA
sequences (Lee et al. 2009). This model assumes that, in the absence of immune
selection, replicating genomes accumulate random mutations at a constant rate
defined in large part by the error rate of the reverse transcriptase. Using this
approach, Keele and colleagues showed that 78 out of 102 subjects with acute
subtype B HIV-1 infection had evidence of systemic infection by a single virus,
while the remaining 24 had been infected by approximately two to five viruses
(Keele et al. 2008). Applying this same method to 20 subtype A and C heterosexual
transmission pairs for whom multiple sequences from both partners were derived,
Haaland et al. (2009) determined that a single T/F virus established infection in
90% of cases, while an analysis of 69 newly infected subtype C individuals from
South Africa by Abrahams et al. (2009) showed that 78% involved single variant
transmission. It is clear from such studies, that, in situations where multiple viruses
initiate infection, the number of infecting variants does not follow a Poisson dis-
tribution, with a majority involving only two or three variants but occasionally
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more than five. This is inconsistent with each variant being transmitted indepen-
dently with low probability (Abrahams et al. 2009). Most likely, in these cases,
factors such as sexually transmitted infections and potentially, in young women, the
use of hormonal contraceptives, lowered the barrier to transmission (Haaland et al.
2009; Sagar et al. 2004).

Modulation of the genetic bottleneck: Inflammatory responses to both the
existing microbiome as well as to sexually transmitted infections clearly increase
the frequency of HIV-1 transmission. Recent studies of young women in a South
African cohort have shown that in those where the microbiome is deficient in
Lactobacillus species, and yet diverse with Prevotella and Gardnerella species,
there are increased genital pro-inflammatory cytokine concentrations (Anahtar et al.
2015). This ecologically diverse, Lactobacillus deficient microbiome was also
associated with a higher risk of HIV-1 acquisition (Gosmann et al. 2017).
Moreover, sexually transmitted infections (STIs), including herpes simplex type 2,
which induce inflammation and ulcers in an uninfected partner, as well as similar
infections in the transmitting partner, are known to increase the risk of transmission
(Galvin and Cohen 2004).

Although not necessarily impacting the multiplicity of infection, viral load in the
transmitting partner has been shown to modulate the likelihood of transmission.
Studies in HIV-1 discordant couples have shown that partners with VL less than
10,000 copies/ml only rarely transmitted to their partners, while those with VL
greater than 100,000 copies/ml transmitted much more frequently, with on average
a 2.5-fold increase in risk with each log10 increase in VL (Quinn et al. 2000; Fideli
et al. 2001). In Zambian discordant couples this increased risk was most evident in
female to male (FTM) transmissions (Fideli et al. 2001), which may reflect higher
VL in the genital tract of the transmitting partner (Pilcher et al. 2007) and a greater
chance of virus reaching the genital mucosa. This is also consistent with NHP
studies where both the frequency of infection and the number of transmitted vari-
ants increased with the dose of the inoculum (Liu et al. 2010). Moreover, in the
macaque model, SIV in the plasma from animals in the acute stage of infection,
where potentially neutralizing antibodies are absent, has a specific infectivity almost
100 times greater than that of virus in the plasma from chronically infected animals
(Ma et al. 2009).

As highlighted by Joseph et al. (2015) and shown in Fig. 1, virus transmission
can fail at multiple steps following inoculation onto a mucosal surface (Joseph et al.
2015). Thus, STIs could abrogate the barrier imposed by an intact mucosa by
inducing breaks in the epithelial lining thereby allowing more viral variants to
initiate infection in the mucosal tissue; alternatively, inflammation induced by
genital infections could increase the availability of activated CD4+ cells required to
establish a spreading infection, in this way allowing infections that would have
failed due to lack of target cells to expand. It is still not defined, under conditions of
low multiplicity of infection, where the probability of infection is less than 1% per
coital act, how many viruses initiate an abortive infection in the mucosa.

It has been possible to reproduce the transmission-linked genetic bottleneck in
the nonhuman primate model of HIV-1 infection, where rhesus macaque monkeys
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are challenged repeatedly with low doses of SIV intra-vaginally or intra-rectally.
Macaques challenged multiple times via the rectal route with a quasi-species of
SIVmac251 or SIVsmE660 were found, using the same SGA approach as in infected
people, to be infected with a limited number of genetic variants—a majority with a
single variant (Keele et al. 2009). The kinetics of virus replication in these animals
resembled that observed in acutely infected people (Fiebig et al. 2003). A similar
genetic bottleneck, with predominantly single variants establishing infection, was
observed when macaques were challenged intra-vaginally or through the penile
route, although both were significantly less efficient. Increasing the challenge dose
via the intra-rectal route above 107 viral RNA copies resulted in infection being

Fig. 1 Potential barriers to HIV transmission across the genital mucosa. During transmission, the
virus encounters a number of barriers to infection including mucous and epithelial layers that can
block access to target cells. However, viruses can penetrate host defenses through temporary
breaks in the epithelium or dendritic cell sampling the mucosal environment. The entering viruses
must interact with susceptible CD4+ CCR5+ T cells to propagate since entry into nonpermissive
resting CD4+ T cells will result in nonproductive infection. Similarly, if the RC of the virus is
unable to sustain a spreading infection (R0 < 1.0), even infection of susceptible cells will not result
in dissemination. It is likely that viruses with a replicative advantage will outcompete those that
replicate less efficiently. Initial target cells are most likely susceptible CD4+ CCR5+ T cells, a
majority of which may be of a Th17 lineage, but infection of macrophages and dendritic cells has
also been reported. These cells can replicate virus locally or traffic to local secondary lymphoid
structures, though virus could also diffuse there directly. Once virus reaches local lymph nodes and
disseminates throughout the body, specifically to the gut mucosa, viral load increases
exponentially in the blood. Approximately 70– 80% of mucosal infections are established by
single variants. Adapted from Ende and Hunter (Ende et al. 2017)
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established by multiple (>10) T/F variants, suggesting that in this model system the
genetic bottleneck could be overcome by increasing the size of the input inoculum
(Liu et al. 2010).

5 Evidence for Both Chance and Selection Influencing
Transmission

The question of whether HIV-1 transmission is predominantly a stochastic process,
where a single genetic variant establishes infection simply because of the low
probability of transmission, has been the focus of much debate over the last several
years. Alternatively, certain viral phenotypes, which confer enhanced transmissibility
on a viral variant, could be selected for during transmission and systemic spread.

It is very clear that some aspects of the transmission process do involve chance: the
genetic variant must be present in the genital fluid of the transmitting partner at the
time of intercourse; it must interact with the genital or rectal mucosa; it must cross the
epithelial barrier and infect a susceptible CD4+ T cell; and it must have a sufficient
number of secondary target cells for infection to spread and establish a localized and
then a systemic infection [Fig. 1; (Joseph et al. 2015)]. Despite these stochastic
aspects of transmission, there is strong evidence that selection pressure is applied and
that viruses with specific traits are selected for during the transmission process.

HIV-1 encodes two envelope (Env) glycoproteins gp41 and gp120 that form
hetero-trimers on the surface of the virus, where three molecules of the
membrane-spanning gp41 anchor an equivalent number of gp120 molecules,
through non-covalent associations, in the viral membrane (Hunter 1997). Initially
synthesized as a single precursor gp160, which is proteolytically cleaved during
transport to the cell surface, these two glycoproteins are critical for viral entry into a
target cell. The surface protein, gp120, contains the receptor binding domains,
interacting first with CD4 molecules that are expressed primarily on a subset of T
cells, CD4+ T cells, and macrophages. CD4 binding induces a conformational
change in the trimer, leading to interaction with a co-receptor and further confor-
mational changes that allow gp41 to mediate fusion of the viral and target cell
membranes (Wilen et al. 2012). Most viruses utilize the chemokine receptor, CCR5
(Deng et al. 1996; Choe et al. 1996; Dragic et al. 1996; Berger et al. 1999; Feng
et al. 1996; Alkhatib et al. 1996), as their co-receptor but during chronic infection
viruses can evolve to utilize a second chemokine receptor, CXCR4 (Coetzer et al.
2008; Regoes and Bonhoeffer 2005).

Initial evidence for selection came from the finding that the bulk of newly
transmitted viruses utilized the CCR5 co-receptor, even if CXCR4 viruses were
present in the transmitting partner, providing the first evidence that CXCR4 tropic
viruses were selected against, while CCR5 tropic viruses were selected for, in
transmission. The discovery that persons at high risk of HIV-1 infection and
homozygous for a deletion of 32 amino acids in their CCR5 gene were protected
from acquiring HIV-1 by mucosal exposure, provided further evidence that CXCR4
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viruses were selected against during HIV-1 transmission and that predominantly
CCR5-tropic viruses could infect by this route (Liu et al. 1996; Dean et al. 1996;
Zimmerman et al. 1997; Samson et al. 1996; Michael et al. 1997). The propensity for
CCR5-tropism remains unexplained (Margolis and Shattock 2006), but could be due
to target cell availability at portals of entry (Liu et al. 2014). This would be consistent
with the observation that CCR5−CXCR4+ CD4+ T cells are a minor population
(<25%) in both the epidermis and dermis of inner and outer foreskin compared to
CCR5+CXCR4− and CCR5+CXCR4+ CD4+ T cells (Liu et al. 2014), and that CCR5
expression is high on the surface of human vaginal epithelial CD4+ T cells (Hladik
et al. 2007). It is also consistent with observations in monkey challenge studies,
where the number of CCR5+ T target cells in the mucosa correlated with suscepti-
bility to infection (Pandrea et al. 2008; Pandrea and Apetrei 2010).

The concept of selection during transmission has also been supported by phy-
logenetic analyses of HIV-1 sequences from heterosexual transmission pairs, which
suggest that evolution during chronic infection may reduce transmissibility of the
virus and favor transmission of earlier less-evolved variants from the transmitting
partner. By calculating evolutionary distances of recipient and donor Env sequences
to their most recent common ancestor for 10 subtype D and 10 subtype A linked
transmission pairs, Sagar et al. provided the initial evidence that newly infecting
(recipient) viruses were evolutionarily closer to the most recent common ancestor
(MRCA) than transmitting partner (donor) viruses (Sagar et al. 2009). Consistent
with the concept of transmission of less-evolved viruses, intra-host diversity was
found to be greater than inter-host diversity in two separate cohorts infected with
subtypes A or D and B (Redd et al. 2012; Alizon and Fraser 2013). Moreover, a
longitudinal analysis of the env gene of viruses from donors prior to transmission,
also found that the virus that established infection in the recipient more closely
resembled earlier viruses in the donor than the viruses circulating at the time of
transmission (Redd et al. 2012).

These observations have been supported by a more recent study that included
genes outside of env. In an analysis of 137 epidemiologically linked clade C
heterosexual transmission pairs, Carlson et al. demonstrated a selection bias in favor
of cohort consensus amino acid residues and against non-consensus polymorphisms
in Gag, Pol and Nef, suggesting a transmission advantage for variants with con-
sensus amino acid residues in proteins outside of Env (Carlson et al. 2014). This
was particularly obvious following deep sequencing of the donor quasi-species and
the newly infecting viruses from five transmission pairs. As shown in Fig. 2, the
transmission efficiency of non-consensus polymorphisms was reduced by approx-
imately 20% compared to consensus amino acids for residues present at both high
and low frequencies in the donor virus population. Non-consensus polymorphisms
were predicted to reduce the structural stability of viral proteins, consistent with
reduced in vivo replicative fitness in their presence. The selection pressure for
consensus residues was influenced by gender, with female to male transmission
imposing a greater selection bias on the virus than male to female transmission,
suggesting that women are infected with less fit viruses than men. Interestingly,
selection bias was reduced in men with genital ulcers and inflammation (GUI) and
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when the donor partner exhibited high viral load (Carlson et al. 2014). Both factors
are known to increase the risk of infection and number of genetic variants trans-
mitted (see above), demonstrating the interplay between factors that influence
general susceptibility and stringency of the genetic bottleneck. Preferential trans-
mission of viruses closer to consensus was confirmed over the full genome in the
same cohort with six transmission pairs using SGA (Deymier et al. 2015). These
findings suggest that diversification and adaptation to immune responses, which
occur in the virus population during chronic infection, may hinder its ability to
transmit. It is possible, therefore, that if a T/F virus establishes infection and
remains in a reservoir that is produced sporadically or has a slow turnover rate, then
these viruses over time will be present as minor variants in the host and will also
retain the characteristics necessary to transmit again. Recent studies in the
Amsterdam cohort, where the phylogenetic relationship of proviruses present in the
viral reservoir following suppressive anti-retroviral treatment to viruses from sev-
eral time points prior to treatment, are consistent with this hypothesis. In several
individuals, viral reservoir sequences were PCR amplified that were highly related
to viruses observed in acute/early infection, although in each case they were a
minority of the population (Brodin et al. 2016).

Fig. 2 Selection bias in heterosexual HIV-1 transmission. The odds that the transmitting partner’s
amino acid will be transmitted to the recipient is a function of the relative frequency of the amino acid
in the donor virus quasi-species. The plot shows the empirical transmission probability (odds on a
log10 scale) of a variant as a function of the relative in vivo frequency of the variant in the donor
quasi-species, with a near 1-to-1 mapping for variants that match cohort consensus. In contrast,
polymorphisms are uniformly less likely to be transmitted. Adapted from (Carlson et al. 2014)
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Some of the first observations of a genetic bottleneck suggested that transmitted
viruses were minor variants of the donor’s plasma. In one of the initial studies that
compared viral genetic diversity within and between partners in transmission pairs
by analyzing virus from plasma, seminal fluid and seminal cells, the transmitted
virus could be identified in both cell-free and cell-associated forms in the donor
genital tract, and it was generally a minor variant of the genital tract (Zhu et al.
1996). A more recent analysis utilizing SGA of the V1–V4 region of Env from
genital tract and plasma samples of eight subtype C infected heterosexual trans-
mission pairs reported very similar results. It showed that, despite significant
compartmentalization of viral genotypes with discrete populations within the gen-
ital compartment, the virus in the donor that most closely resembled the T/F was a
minor variant, either of the genital tract or the plasma (Boeras et al. 2011). While
genital tract enriched populations may be transient, and virus populations cannot be
sampled precisely at the time of transmission (Anderson et al. 2010; Boeras et al.
2011), both studies do provide additional evidence in favor of HIV-1 selection
during transmission.

6 Properties of the Transmitted/Founder Virus

Evidence of the genetic bottleneck and of selection during sexual transmission of
HIV-1 has stimulated efforts to define biological characteristics of T/F viruses that
could favor their transmission over a majority of the viruses that are circulating in
the transmitting partner’s quasi-species. To date, other than CCR5 tropism, no
single trait has been consistently identified across the different studies and cohorts
reported. In some respects, this could reflect the differences in the cohorts under
study (e.g., MSM vs. heterosexual), as well as the stringency of the barriers to
infection the virus must face (e.g., in the absence or presence of inflammation).
Nevertheless, a number of properties have been linked to transmissibility and, while
these have been addressed in recent reviews (Joseph et al. 2015; Ende et al. 2017, in
press), will be summarized briefly here.

Co-receptor utilization: The observation that CCR5-tropic viruses are prefer-
entially transmitted has been reproduced in most studies, including those where
discrete T/F virus envelopes and full-length viruses were examined (Baalwa et al.
2013; Isaacman-Beck et al. 2009; Keele et al. 2008; Long et al. 2002; Parrish et al.
2013); however, this is not invariant, and infrequent CXCR4-tropic or dual-tropic
transmitted strains have been observed. Although macrophages were once con-
sidered potential Trojan horses for carrying HIV-1 across the mucosa, it should be
noted that T/F viral Envs mediate inefficient infection of macrophages and show a
requirement for high levels of both CD4 and CCR5, with no evidence for prefer-
ential use of alternate coreceptors (Keele et al. 2008; Sagar et al. 2009;
Salazar-Gonzalez et al. 2009; Isaacman-Beck et al. 2009; Alexander et al. 2010).
These studies argue that neither infection of macrophages nor alternate coreceptor
usage is advantageous for HIV-1 transmission.
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Variable loop size and neutralization sensitivity: A major clue that transmission
might select for traits other than co-receptor usage came from a comparison of the
viral Env sequences from both partners of seven subtype C and one subtype G
HIV-1 transmission pairs. It was found that within each pair, whether
male-to-female or female-to-male, the newly transmitted viruses encoded statisti-
cally shorter, less glycosylated V1–V4 regions than their chronic counterparts
(Derdeyn et al. 2004), raising the possibility that more compact envelope glyco-
proteins better interacted with critical target cells in the genital mucosa. The
observation was confirmed using SGA in an additional 10 subtype C transmission
pairs (Haaland et al. 2009). While similar results were obtained in studies of sub-
type A infected sex-workers in Kenya and subtype D and A transmission pairs from
the Rakai district of Uganda (Chohan et al. 2005; Sagar et al. 2009), they have not
been seen in most studies of recently transmitted subtype B HIV-1 (Chohan et al.
2005; Frost et al. 2005; Wilen et al. 2011). However, in a study comparing the
SGA-derived Env sequences from 135 acutely infected and 140 chronically clade B
HIV-infected individuals, statistically fewer N-linked glycosylation (PNLG) sites
were found in the gp120s from early infection, with a trend toward fewer PNLG in
the V1V2 loops and reduced V4 lengths (Gnanakaran et al. 2011).

An analysis of neutralization of subtype C heterosexually transmitted viruses
demonstrated modestly increased sensitivity to antibodies in linked donor plasma
taken near the time of transmission (Derdeyn et al. 2004; Deymier et al. 2015),
though not to broadly neutralizing antibodies (Parrish et al. 2012) or pooled plasma
(Derdeyn et al. 2004). It is possible that bound antibodies could enhance infection
through capture by dendritic cell via Fc receptors in the mucosa of the new host, as
has been reported for infected volunteers in the VAX004 vaccine trial, but this has
not been demonstrated in non-vaccinated populations (Forthal et al. 2012). It is
likely that donor antibody sensitivity reflects a surrogate marker of a different
phenotype, such as mutational escape away from consensus, which in a recent study
inversely correlated with donor antibody sensitivity over six subtype C transmission
pairs (Deymier et al. 2015).

Interactions with the integrin a4b7: CD4+ T cells expressing a4b7 home to
mucosal sites, including the genital and gastrointestinal tract (Hawkins et al. 2000),
and are highly susceptible to HIV-1 infection (Cicala et al. 2009). This suscepti-
bility is likely facilitated by HIV-1 gp120 binding to a4b7 via a motif in the second
variable region, V2 (Arthos et al. 2008). A comparison of Envs from early in
infection to later isolates from the same individual showed early high-affinity
binding to a4b7 that was lost over time. This appeared in part to be due to the
absence of glycosylation at specific sites in V1 and V2 since mutation of these sites
in the chronic envelopes increased a4b7 binding (Nawaz et al. 2011). In addition,
an analysis of viruses from the CAPRISA acute infection cohort from South Africa
showed that dependence on a4b7 for in vitro replication was high for T/F Env
chimeras, particularly those encoding a P/SDI/V tri‐peptide binding motif in the V2
region of gp120. This dependence on a4b7 was lost during the first two months of
infection, but regained at 39 months post infection for three individuals followed
longitudinally (Richardson et al. 2015). An earlier comparison of subtype C T/F
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and chronic viruses had not observed differential inhibition of infection by a
blocking antibody to a4b7 (Parrish et al. 2012); however, dissecting inhibition from
antibody binding activation of cells has complicated the interpretation of this data.

Despite the mixed results of in vitro studies, administering a blocking antibody
to a4b7 prior to SIV challenge in rhesus macaques decreased the number of animals
infected and increased the number of challenges for infection to occur. Moreover,
treated but infected animals showed a significant reduction in CD4+ T cells loss in
gut-associated lymphoid tissue (GALT) and evidence for limited trafficking of
infection out of the genital mucosa (Byrareddy et al. 2014). Thus viruses with
enhanced a4b7 affinity may possess increased transmissibility through the
increased efficiency by which virus-infected cells are trafficked to the GALT.

Sensitivity to type I interferons: The innate immune response, in particular the
production of type 1 interferons (IFN), is very important in a number of viral
infections including lentiviruses (Doyle et al. 2015). Treatment of rhesus macaques
with IFNa2 increased the number of challenges required to establish systemic
SIVmac (Sandler et al. 2014) and SHIV infection (Veazey et al. 2016). However,
while IFNs are upregulated in the early stages of SIV infection in macaques (Abel
et al. 2005), a recent large study of acute infection found that prior to day 10, when
plasma viremia was apparent, SIVmac239 down-regulated the IFN response in cells it
infected and instead stimulated an inflammasome response (Barouch et al. 2016).

Nevertheless, a number of recent papers have presented evidence that T/F
variants are relatively resistant to IFN compared to viruses from chronic infection
(Parrish et al. 2013; Foster et al. 2016; Iyer et al. 2017), although in a large study
comparing T/F and chronic circulating viruses, subtype differences were observed.
In this study, where subtype B T/F infectious molecular clones (IMCs) were less
susceptible to IFNa, subtype C T/F, and chronic variants exhibited similar sensi-
tivity to interferon (Parrish et al. 2013). In contrast, in a comparison of subtype B
and C T/F variants and their matched 6-month post-infection and chronic infection
counterparts, the T/F isolates were found to be more resistant to IFNa (Fenton-May
et al. 2013). A specific restriction factor associated with co-receptor usage,
IFN-induced transmembrane protein 1 (IFITM1), determined the resistance phe-
notype of the T/F and 6-month virus pairs (Foster et al. 2016), though VPU-tetherin
interactions have also been implicated as major determinants of resistance for some
of these variants (Kmiec et al. 2016). Both interferon-induced restriction factors
IFITM1 and tetherin act at the plasma membrane and interact with the viral Env,
which has been associated with IFN resistance in an investigation of SHIVs pas-
saged in rhesus macaque cells in vitro (Boyd et al. 2016). In addition, a recent
comparison of viral outgrowth isolates from eight transmission pairs, where the
transmitting partner had viral loads exceeding 1 � 105 copies/ml, showed that all of
the isolates from acute plasma were more resistant to both IFNa and IFNb than
those from the transmitting partner (Iyer et al. 2017).

However, not all studies have reported results consistent with these most recent
observations. In an analysis of six subtype C transmission pairs, where IMCs
representing the T/F virus from the newly infected partner and representative
viruses from the transmitting partner were generated, replicative capacity (RC) was
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found to be positively associated with IFNa inhibition of replication, and a com-
parison of viruses matched for RC showed no consistent evidence of enhanced
interferon resistance for T/F variants (Deymier et al. 2015). Furthermore, in an
independent study, T/F isolates from 9 subtype B transmission pairs showed greater
rather reduced sensitivity to IFN (Oberle et al. 2016), as did acute Env chimeras
derived from 7 acute subtype B IDU infections when compared to chronic controls
(Etemad et al. 2014). The conflicting results may stem from differences in the
subjects under study, or the approaches taken to isolate infectious virus and assess
IFN resistance. Additional studies where viruses from different HIV-1 subtypes and
derived from both partners of transmission pairs very near the time of transmission
are investigated will be critical to resolving the differences currently observed.
Given the known impact of genital inflammation and ulcers in the uninfected
partner, and VL in the chronically infected partner, on susceptibility to infection
and the genetic bottleneck, it is likely these factors will need to be taken into
account when comparing studies.

Infectivity and Replicative Capacity: One of the most compelling hypotheses
regarding HIV transmission proposes that T/F variants replicate faster than other
variants, granting a competitive advantage during the initial events of viral growth
and dissemination (Shaw and Hunter 2012). This would also be compatible with the
selection bias for consensus amino acid residues, which are predicted to increase
structural stability and presumably function of the Gag and Pol proteins (Carlson
et al. 2014). In general, studies have compared both infectivity and replication, in
single and multi-round infection assays, respectively. Evidence that transmitted
variants have enhanced infectivity is inconsistent and varies between cohorts and
studies (Parrish et al. 2013; Selhorst et al. 2017b; Deymier et al. 2014; Oberle et al.
2016; Iyer et al. 2017), but is generally quite subtle (2-3fold) when it has been
observed. Interestingly, an analysis of virus isolates and Env pseudoviruses from
the CAPRISA 004 tenofovir gel trial showed that variants transmitted to women
with genital inflammation were less infectious (Selhorst et al. 2017b). Genital
ulceration and inflammation are known to increase the number of transmitting
variants (Haaland et al. 2009) and decrease selection pressure (Carlson et al. 2014),
consistent with this observation. For subtype B and C Env-pseudotyped
(Isaacman-Beck et al. 2009; Oberle et al. 2016) and subtype B and C full-length
(Parrish et al. 2013; Deymier et al. 2015; Yue et al. 2015; Ochsenbauer et al. 2012;
Salazar-Gonzalez et al. 2009; Oberle et al. 2016) T/F variants, a 50–100-fold range
of infectivity was found, similar to that seen in the non-transmitted variants.
Chimeric viruses containing Gag from acute and early time points from subtype B
(Brockman et al. 2010) and subtype C (Wright et al. 2010; Prince et al. 2012;
Claiborne et al. 2015) strains also exhibited a broad range of RCs, which correlated
well with those of IMCs derived from the same patients (Claiborne et al. 2015),
suggesting that variants with relatively low and high RC in vitro have the potential
to transmit. Similarly, most studies have not demonstrated a replicative advantage
for transmitted variants measured in multiple round infections in vitro, instead
showing transmission of viral variants with a range of RCs (Parrish et al. 2013;
Deymier et al. 2015; Yue et al. 2015; Ochsenbauer et al. 2012; Salazar-Gonzalez
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et al. 2009; Oberle et al. 2016). Although, a recent study of eight subtype B and C
transmission pairs did find that early isolates replicated somewhat (1.4-fold) higher
than variants from matched donor partners (Iyer et al. 2017). Nevertheless, current
data suggest that, in order to establish infection, the range of infectivity and RC, at
least as measured in vitro, can be broad. However, as we will discuss below, the
in vitro RC of the T/F virus can have a profound impact on both early pathogenesis
and long-term trajectory of disease.

7 A Complex Interplay Between Host Immunity
and Transmitted Virus Phenotype Defines Viral Control
and Disease Progression

It is clear that traits of the transmitted virus influence the course of the disease.
Despite human immunogenetic variability, high viral mutation rates leading to
adaptation, and a restrictive genetic bottleneck during transmission, VL set-point in
the donor correlates with that in the infected partner, although it is significantly
modulated by the sex and immune response genes of the newly infected individual
(Hecht et al. 2010; Yue et al. 2013). The heritability of VL suggests that disease
progression itself can have a heritable component (Fraser et al. 2014) since VL is a
strong predictor of disease progression (Mellors et al. 1995).

As we discuss in more detail below, the cellular immune response of a newly
infected individual, programmed by their human leukocyte antigen (HLA) class I
alleles, imposes selection pressures on the virus that result in the outgrowth of
viruses with mutations in the controlling epitopes. The impact of these mutations on
the T/F virus following transmission is complex. If these mutations are in epitopes
normally recognized by the newly infected individuals class I alleles, they can
reduce the ability of the immune system to control the replication of the virus and,
therefore, result in enhanced disease progression (Carlson et al. 2016; Crawford
et al. 2009; Monaco et al. 2016). On the other hand, although beneficial for the
survival and propagation of the virus in the chronically infected partner, these
mutations can negatively impact the replicative fitness of the virus when it is
transmitted to an individual that does not share HLA-I alleles that recognize the
epitope (Brockman et al. 2010; Chopera et al. 2008; Goepfert et al. 2008). The
remainder of this review will discuss this complex interaction between the trans-
mitted virus and its new host.

Host Control of Virus Replication: The cellular immune response plays a central
role in controlling HIV-1 viral replication. In humans, the most compelling evi-
dence in favor of this role comes from the consistent observation of a temporal
association between the rapid decline in viremia during acute infection and the
increase in numbers of HIV-specific cytotoxic T lymphocytes (CTLs) in the blood
(Koup et al. 1994; Borrow et al. 1994). Studies in a nonhuman primate model of
SIV or SHIV infection have provided the most direct evidence by depleting CD8+ T
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cells at different stages of infection. During acute infection, transient depletion of
CD8+ T cells leads to increased plasma and cell-associated virus levels in both the
peripheral blood and lymphoid tissues along with prolonged depletion of CD4+ T
cells and accelerated disease progression (Matano et al. 1998; Schmitz et al. 1999).
Similarly, depletion of CD8+ T cells during chronic infection results in a rapid
increase in viremia that is again suppressed with the reappearance of SIV-specific
CD8 + T cells (Schmitz et al. 1999; Jin et al. 1999). More recently, the role of
CTLs in controlling viremia has also been demonstrated even in the presence of
antiretroviral treatment (ART). Depletion of CD8+ cells during ART significantly
increased plasma VL and reconstitution of these cells was associated with
re-establishment of viral control, providing a rationale for the administration of
therapeutic vaccines in conjunction with ART (Cartwright et al. 2016).

Selection of CTL escape mutations: The changes in viremia associated with the
presence or expansion of HIV-specific CTLs shows that these cells exert
immunologic pressure on the virus, though they are still unable to clear or com-
pletely control the infection in the majority of infected individuals. A clear mani-
festation of this immunologic pressure is the appearance of escape mutations. These
mutations have been identified both in acute and chronic infection and in all HIV-1
proteins, including accessory proteins, which indicates that the CTLs are constantly
and widely targeting the virus during HIV-1 infection (Borrow et al. 1997; Goulder
et al. 1997).

CTL escape mutations are thus able to release the pressure exerted by
HIV-specific CTLs, and function at three different stages during the process of
antigen presentation. First, these mutations can prevent the processing of the protein
via the proteasome, abrogating the generation of the epitope before being loaded
onto the HLA Class I molecule. Second, CTL escape mutations can compromise
the loading of the HLA Class I molecule, which occurs in the endoplasmic retic-
ulum before the loaded complex travels to the cell surface, by reducing its binding
affinity for the epitope (Yokomaku et al. 2004). Finally, these mutations can reduce
or prevent the interaction of the T Cell Receptor (TCR) with the HLA Class
I-epitope complex (Iglesias et al. 2011).

While initial studies focused on mutations identified by subsequent increases in
viremia in individuals harboring a particular HLA-I allele, CTL escape mutations
have been identified more recently in population analyses using statistical methods.
This approach is able to identify HIV-1 polymorphisms that are significantly more
prevalent in individuals harboring a particular HLA-I allele, while at the same time
correcting for covarying sites, linkage disequilibrium among HLA-I alleles, and
mutations that could have arisen during the evolutionary history of the virus instead
of in response to HLA-mediated immune pressure (Bhattacharya et al. 2007;
Carlson et al. 2008).

Impact of CTL escape mutations on chronic and acute HIV-1 infection: CTL
escape mutations are rapidly selected after the cytotoxic immune response is
mounted (Fischer et al. 2010; Henn et al. 2012), and the time in which these
mutations arise has been shown to be much faster in response to protective HLA
alleles such as HLA B*57 or HLA B*27 (Roberts et al. 2015). Although these
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mutations confer a fitness advantage to the virus by preventing CTLs from targeting
infected cells, they usually carry a significant replicative fitness cost
(Martinez-Picado et al. 2006). However, because HIV-1 is a chronic disease, with
continued virus replication, secondary or compensatory mutations frequently arise
that reduce the impact of CTL escape mutations on replication, and allows for their
maintenance (Brockman et al. 2007; Schneidewind et al. 2007).

Direct evidence for an impact on HIV-1 disease following transmission of CTL
escape mutations has come from mother-to-child transmission (Goulder et al. 2001)
as well as from serodiscordant couples (Goepfert et al. 2008; Crawford et al. 2009;
Monaco et al. 2016; Carlson et al. 2016). In both cases, the viral quasi-species
present in the donor at the time of transmission can be studied in order to distin-
guish transmitted mutations from those that arise early in the newly infected
individual. Even though HLA B*27 and HLA B*57 are generally associated with
protection against disease progression in HIV-infected individuals (Kaslow et al.
1996; Fellay et al. 2007; Kiepiela et al. 2007; Schneidewind et al. 2007), these
earlier studies showed that transmitted CTL escape mutations, and the pre-adapted
epitopes associated with these alleles, are linked to rapid loss of control of viral
replication and accelerated disease progression in HLA-matched individuals
(Goulder et al. 2001; Crawford et al. 2009). These findings highlighted the fact that,
when transmitted to HLA-matched individuals, CTL escape mutations abrogate
protection against disease progression.

Population studies of the prevalence of CTL escape mutations indicate that these
mutations are accumulating both over time (Cotton et al. 2014; Dilernia et al. 2008)
and in relation to HLA allele prevalence (Kawashima et al. 2009). This phe-
nomenon can lead to the circulation of viruses that are potentially already adapted
to the HLA alleles in the HIV-1 negative population. While a study of the North
American epidemic did not observe significant adaptation over time in circulating
viruses over 20 years, this could have been related to the high HLA diversity and
low genetic frequency of each allele in this population (Cotton et al. 2014). Since
transmission of pre-adapted viruses compromises the ability of the CTL immune
response to target these viruses in the newly infected individual, this raises the
possibility that pre-adaptation of the T/F virus could have a significant impact on
both viral control and disease progression.

This question was answered in recent studies of epidemiologically linked HIV-1
transmission pairs from a Zambian acute infection cohort, where the degree of
preadaptation of the transmitted viruses was accurately estimated by focusing on
polymorphisms present both in the donor and in the recipient. These polymor-
phisms were located both in positions statistically linked to the HLA alleles of the
recipient and also in epitopes with a higher predicted HLA-I binding affinity. This
analysis showed that approximately one-third of possible HLA-linked target sites
were already adapted in T/F viruses and that this pre-adaptation compromised early
immune recognition of the transmitted virus. Evaluation of CTL responses against
adapted (meaning harboring HLA-linked mutations) and nonadapted epitopes
across the entire Gag protein according to each individual’s HLA alleles showed
that adapted epitopes were significantly less recognized than nonadapted epitopes
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and, in the cases where an IFN-c response was detected, it was of a lower mag-
nitude. Moreover, in individuals that were infected with viruses where 50% of the
HLA-linked target sites were pre-adapted, significantly fewer and less potent IFN-c
responses were elicited (Monaco et al. 2016). A parallel study, in which Carlson
and colleagues used a mathematical model to estimate autologous adaptation of the
transmitted virus, showed that CTLs targeting adapted epitopes had reduced antigen
sensitivity and killing capacity when compared to those targeting nonadapted
epitopes in both structural and accessory proteins (Carlson et al. 2016).

The degree of pre-adaptation in the Gag protein of a transmitted virus was also
associated with higher viral loads and faster decline of CD4+ T cells (Monaco et al.
2016), and this association was also true when the analysis was extended to Gag,
Pol and Nef proteins (Carlson et al. 2016). However, this association with VL was
stronger after accounting for polymorphisms that were not linked to the HLA
molecules of the newly infected individual (nonassociated polymorphisms), which
conversely associated with lower VL and slower decline of CD4+ T cells. These
results illustrate how HIV-1 disease progression is ultimately dictated by the bal-
ance between the two opposing forces of transmitted pre-adaptation, which deter-
mines the number and quality of epitopes effectively targeted—both initially and
subsequently during the course of infection—and nonassociated polymorphisms,
which likely lead to reduced viral replicative fitness (Monaco et al. 2016) (Fig. 3).

Importantly, the role of pre-adaptation and transmitted nonassociated polymor-
phisms on viral control and disease progression remained significant in the context
of other factors known to influence clinical outcomes. In the case of disease

Fig. 3 The balance between transmitted viral characteristics and early CTL immune responses
determines disease progression. High pre-adaptation and RC of the transmitted virus will tip the
scale in favor of rapid disease progression. Pre-adaptation leads to impaired cytotoxic immune
responses since the transmitted escape mutations prevent HLA molecules from presenting HIV
epitopes (1) or lead to the presentation of epitopes that are poorly recognized by the TCR on the
CTLs (2). High replication contributes with larger viral loads and proportions of infected cells,
including the subsets associated with latency. On the other hand, large numbers of nonassociated
polymorphisms and strong, poly-functional cytotoxic immune responses tip the scale in favor of
slow disease progression or control. These polymorphisms impair virus replication (3) but may as
well negatively impact innate immune responses while the activity of strong, poly-functional CTLs
contributes to reducing viral load (4)
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progression, a ratio between pre-adaptation and transmitted nonassociated poly-
morphisms was the strongest predictor of decline of CD4+ T cells, followed by
set-point VL and RC. The impact of pre-adaptation may reflect the reduced capacity
of the immune system to target the virus both early in infection as well as late in
infection, as the virus continues to adapt.

Taken together, these recent studies have significant implications for vaccine
development. Immunogens harboring escape mutations may not be able to effec-
tively prime an immune response. On the other hand, efficiently primed responses
targeting epitopes where CTL escape mutations are frequently transmitted in a
population may be less able to control those pre-adapted viruses. In this context, the
use of immunogens that focus on inducing CTLs against conserved regions of the
HIV-1 proteome where selection and transmission of CTL escape mutations are less
frequent could help overcome these challenges.

Impact of immune selection on replicative capacity and subsequent disease
progression: In contrast to the disease-enhancing effects of CTL escape mutations
that represent preadaptation in the new host, CTL escape mutations transmitted to
HLA mismatched individuals show the opposite effect by providing an advantage
for the newly infected individual that is associated with a loss of replicative fitness.
The fact that these detrimental mutations usually revert or are compensated for
shortly after transmission is consistent with their impact on virus replication since
natural selection favors viruses with higher replicative fitness (Crawford et al. 2007;
Leslie et al. 2004; Schneidewind et al. 2009).

Since the most protective HLA alleles, HLA B*57 and B*27, target epitopes in
the p24 capsid protein of HIV-1, initial studies focused on the impact of escape
mutations in this region of the viral proteome on virus replication. Brockman et al.
demonstrated that an escape mutation located in the B*57 TW10 epitope in Gag,
T242N, reduced replicative capacity of NL4-3 but this defect could be partially
compensated by mutations at a second site in p24 (Brockman et al. 2007).
Similarly, Crawford et al. demonstrated that the A163G escape mutation in the
B*5703 KF11 epitope in Gag impaired replication but could be effectively com-
pensated by an accompanying S165N mutation. In each case, individuals with
mutations that compensated for the replication defect exhibited higher viral loads
than those harboring just the escape mutation itself, correlating in vitro replication
to in vivo levels of virus. Consistent with this, the in vitro RC of chimeric NL4-3
viruses encoding the gag gene (and a small region of protease) of viruses derived
from individuals exhibiting elite control of VL was significantly lower than that of
viruses derived from chronic progressors (Miura et al. 2009; Miura et al. 2010). In a
large study of over 800 subtype B chronically infected individuals for whom
Gag-Pro chimeras were constructed, a modest positive correlation was observed
between RC and VL, while a negative correlation was observed between RC and
CD4+ T cell count, consistent with RC influencing CD4+ T cell decline (Brockman
et al. 2010). Similar results were observed in a South African subtype C cohort
(Wright et al. 2010).

In two studies of subtype C acutely infected individuals, higher numbers of
transmitted CTL escape mutations in Gag, but not in Nef, were associated with
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lower VLs and higher CD4+ T cell counts in the newly infected HLA-mismatched
recipient (Goepfert et al. 2008; Chopera et al. 2008). These data suggested that
transmission of CTL escape mutations in the gag gene of the T/F virus might
impact both viral control and disease progression through reduced RC. In an initial
study of over 100 acutely infected Zambians, the RC conferred by transmitted
subtype C gag sequences was moderately correlated with set-point VL. Moreover,
individuals harboring low RC viruses exhibited significantly slower CD4+ T cell
decline during the first three years after transmission compared to those harboring
high RC viruses (Prince et al. 2012). Studies with similarly constructed Gag-Pro
chimeric viruses derived from recently infected individuals in South Africa also
showed a trend toward more rapid CD4+ T cell decline for high RC viruses (Wright
et al. 2011).

A follow-up study also in acutely infected Zambians showed that RC of the
transmitted variants predicted CD4 decline independently of other risk factors, such
as VL and protective HLA alleles (Claiborne et al. 2015), a finding also confirmed
in samples from the CAPRISA 004 trial (Selhorst et al. 2017a). The RCs of the
Gag-Pro chimeric viruses studied correlated well with those of IMCs derived from
the same patients (Claiborne et al. 2015). Infection with a high RC virus was
associated with profound changes in immune function compared to infection with a
low RC virus. For high RC viruses, high levels of inflammatory cytokines and
markers of bacterial translocation were observed very early (*45 days after the
estimated date of HIV-1 infection), as were activation/proliferation markers (CD38,
HLA-DR, Ki-67) and markers of T-cell dysfunction (PD-1) in both CD4+ and
CD8+ T cell populations. In addition, elevated levels of HIV-1 proviral DNA were
observed in naïve and central memory CD4+ T cells. All of these features appeared
to contribute to more rapid disease progression (Claiborne et al. 2015), indicating
that the replication phenotype of the T/F virus can have a profound impact on the
earliest virus-host interactions that then define the trajectory of disease.

8 Conclusions

The past several years have seen significant progress in understanding the virology
of both HIV-1 transmission and subsequent disease progression. It is established
that in most instances of HIV-1 sexual transmission, a single T/F variant, or a
limited number of variants, from the diverse quasi-species present in the trans-
mitting partner, establishes systemic infection. What is less clear, in the context of
the level of virus exposure common during sexual activity, is how many variants
initiate localized replication, and how many of those may fail to propagate to more
distal sites. Nor is it clear, given the different selection pressures in the presence and
absence of mucosal infections and inflammation, for example, whether any one
property, such as in vivo RC or reduced sensitivity to IFN, will set apart T/F viruses
from their non-transmitted counterparts. Clearly, based on the spectrum of in vitro
RC observed for T/F viruses, it seems likely that the bar for transmission can be

50 D.C. Monaco et al.



quite low. It will be interesting to observe whether in vivo models such as the
humanized mouse or in vitro mucosal tissue explant models will shed additional
light on viral properties that facilitate transmission.

While selective bias does result in the partial loss of non-consensus polymor-
phisms (mutations) during transmission, a majority (many of which represent
immune response escape mutations) are present in the T/F variant. Those that
impact virus replication in a negative fashion, and result in viruses with low RC,
can be highly protective to the newly infected host in terms of disease progression,
by inducing lower levels of inflammation and immune dysfunction. They also result
in lower levels of proviral DNA in naïve and memory CD4+ T cells early in
infection, which may mean smaller viral reservoirs post-ART and a greater
opportunity for studies aimed at long-term remission (or cure). In contrast, muta-
tions in epitopes that are normally targets for the immune response genes of the
newly infected individual can have an opposite effect on disease progression by
reducing immune recognition, target cell killing, and virus control. It is the balance
of this complex interplay between the phenotype defined by viral genetics and host
immunogenetics that ultimately defines the trajectory of HIV-1 disease in a newly
infected individual, with the virus genotype playing a much greater role than
previously envisaged.
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Sequencing the Biology of Entry:
The Retroviral env Gene

Ronald Swanstrom, William D. Graham and Shuntai Zhou

Abstract The surface envelope protein of any virus is major determinant of the host
cell that is infected and as a result a major determinant of viral pathogenesis.
Retroviruses have a single surface protein named Env. It is a trimer of heterodimers
and is responsible for binding to the host cell receptor and mediating fusion between
the viral and host membranes. In this review we will discuss the history of the
discovery of the avian leukosis virus (ALV) and human immunodeficiency virus type 1
(HIV-1) Env proteins and their receptor specificity, comparing the many differences
but having some similarities. Much of the progress in these fields has relied on viral
genetics and genetic polymorphisms in the host population. A special feature of
HIV-1 is that its persistent infection in its human host, to the point of depleting its
favorite target cells, allows the virus to evolve new entry phenotypes to expand its
host range into several new cell types. This variety of entry phenotypes has led to
confusion in the field leading to the major form of entry phenotype of HIV-1 being
overlooked until recently. Thus an important part of this story is the description and
naming of the most abundant entry form of the virus: R5 T cell-tropic HIV-1.
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1 Introduction

Retroviruses are sloppy. One can marvel at the regularity of the surface envelope
protein of flaviviruses and alphaviruses where the proteins outside of the membrane
are organized with the icosahedral shell inside of the membrane. One can envy the
high density of envelope proteins that decorate the surface of coronaviruses and
influenza virus. While some retroviruses show-off a high density of their surface
envelope protein (Env), for others inclusion of the Env protein almost seems like an
afterthought, given the apparent low density of Env on the virus surface (Zhu et al.
2006; Martin et al. 2016). In the case of HIV-1, the Env protein appears on the
surface of the cell and if not quickly incorporated into a budding virion it is cycled
back off the surface (Rowell et al. 1995; Sauter et al. 1996), presumably to avoid
marking the cell as infected, a biologic example of “use it or lose it.”

All retroviruses encode an Env protein, representing a primordial strategy for how
at least some viral particles are able to fuse their membranes with the target cellular
membrane. There are cellular proteins that can fuse membranes, for example the
SNAREs, but the details of how they accomplish this are sufficiently different that it
is hard to argue they are the origin of the viral envelope proteins like retroviruses use.
Ironically it is easier to make the opposite claim. The cellular protein syncytin 1 is
responsible for fusing cells to make a multicellular placenta in primates. Syncytin 1
is derived from an endogenous retrovirus whose env gene is now developmentally
regulated. When expressed it fuses adjacent cells in the same way a viral membrane
is fused to the cellular membrane; similar capture events appear to have happened in
other eutherian mammals (Cornelis et al. 2013). The current lack of a true cellular
protein that acts like the retroviral Env protein, and the fact that the retroviral Env
protein functions in the same way as the influenza viral protein (and the surface
protein of other distant viruses too), points to an early evolution of this type of
membrane fusion capacity in enveloped viruses with this gene evolving with viruses
as they generated different lineages. It is also likely that this gene has been passed
among different viral lineages followed by distinctive evolution within the lineages
to retain the basic fusion mechanism but with greatly varying sequence.

There are several universal points about this class of viral entry proteins (Fig. 1).
First, they are type 1 transmembrane (TM) proteins with an N-terminal signal
sequence that threads them into the endoplasmic reticulum and a stop-transfer
sequence that stays in the membrane near the C terminus of the protein. This gives a
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luminal/outside N terminus of the protein and leaves the C terminus “inside” of the
cell, which later becomes the inside of the virus particle when it buds from the cell
taking some of the cellular membrane as its envelope. Second, there is an obligatory
trimerization of the protein to stabilize its structure. Third, each subunit of the trimer is
cleaved by a host protein (furin or furin-like) in the lateGolgi compartment to create an
extracellular component and a TMcomponent, both of which are retained in the trimer
complex and with each other. Fourth, the extracellular component (called SU for
surface component in retrovirus nomenclature) of the cleaved protein is responsible
for interacting with the host receptor(s), while the TM component exposes a
hydrophobic stretch of amino acids (fusion peptide) at its new N terminus that is able
to insert into the hostmembrane to facilitate fusion of host and viralmembranes. There
is a signal transduction event between the SU and TM components of the protein that
occurs when the SU component binds its receptor thus defining the moment when
fusion to the host cell must occur. There are diverse host cell receptors for viruses with
this type of surface envelope protein, and the protein domains that bind the receptor
and transduce the signal have lost any semblance of a common ancestor. And fifth, in
contrast to the diversity of SU protein function the fusion mechanism is highly

Fig. 1 The retroviral Env protein. The viral Env protein exists as a trimer of heterodimers
(SU/TM) embedded in the viral membrane (parallel wavy lines). The TM/transmembrane protein
is orange with the lighter shade of orange indicating the cytoplasmic domain, the dark blue portion
indicating the membrane-spanning domain, the gray regions representing the heptad repeats (hr1
and hr2) involved in the formation of the six helix bundle, and the red portion indicating the
N-terminal fusion peptide. The green region represents the receptor binding/surface/SU protein,
with the cleft indicating the receptor-binding region. The purple box indicates the region for HIV-1
that rearranges after binding CD4 to form the coreceptor binding site
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conserved, in function if not in sequence. Insertion of the TM N-terminal fusion
peptide into the host cell membrane is linked to the formation of a proximal trimer of a
heptad repeat. This is followed by a more distal heptad repeat that folds up on the
N-terminal heptad repeat to form a hairpin. Both of these heptad repeats (hr) are in the
extracellular domain of TM such that the N-terminal repeat (hr1) is adjacent to the
fusion peptide inserted into the host membrane and the C-terminal heptad repeat (hr2)
is adjacent to the viral membrane-spanning portion of TM; the juxtaposition of the
heptad repeats in the hairpin brings the two membranes together to promote fusion,
bringing the inside of the virus particle into the inside of the target host cell.

There are several other curious points to mention about viruses that use this type
of viral entry protein. First, the somewhat loose relationship between the TM viral
envelope protein and the viral capsid inside of the viral envelope allows other
proteins to be incorporated as TM proteins into the virus particle. Cellular proteins
can be incorporated and there is an ongoing interest as to whether such proteins can
alter the biology of the virus particle. Second, other viral proteins can be incor-
porated into the virus envelope which now gives the virus a host range specificity
not encoded in its own genome, a phenomenon known as pseudotyping. Third, the
virus-producing cell still expresses the cellular receptor. Since the virus does not
what its envelope proteins interacting with the host cell receptor on a cell that is
already infected, viruses use a variety of strategies of lowering the amount of
receptor on the surface of the infected cell and regulating the fusogenicity of the
envelope protein until the virus particle has budded. The overall effect of either
down-regulating the receptor or tying up the receptor with newly synthesized Env
protein prevents the infected cell from getting super-infected (usually), a phe-
nomenon known as interference.

In this review we will focus on the SU domain of two very different retroviruses:
avian leukosis virus (ALV) and human immunodeficiency virus type 1 (HIV-1). We
will examine what sequence evolution can tell us about the proteins, we will look at
their receptors and the conformational changes induced by binding to the receptor,
and we will explore how these proteins can change host range to target different cell
types. Some commonalities will emerge, but it will also be striking how different
these two groups of viruses have solved the challenge of host cell targeting.

2 Avian Leukosis Virus (ALV)

It was around 1900 that enough evidence was accumulating to make the concept of
a virus tenable. At that time most of the evidence was based on identifying a
transmissible disease-causing agent that could be passed through a filter that would
retain bacteria. There was an ongoing discussion as to whether these filterable
agents could be very very small bacteria (but still independently living), toxins, or
viruses that could only replicate within a host cell. As viruses became synonymous
with filterable agents the list of viral diseases grew. There were no tools to measure
a virus directly so disease was the only readout initially. Thus Ellermann and Bang
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described the first ALV-associated disease with the description of avian leukemia in
1908. Within a few years Peyton Rous would get credit for describing the first
tumor-causing virus, Rous sarcoma virus, in 1910, for which he would get the
Nobel Prize in 1966.

There was of course an underlying biology of these viruses that could not have
been guessed in 1910, with genetic heterogeneity in the chickens defining sus-
ceptibility and in the virus changing receptors, and even endogenous viruses in the
chicken genome. These phenomena were all revealed slowly, initially as unex-
pected observations that had to be reproduced enough so that a description could be
formulated that could then be used to support suggestions of underlying
mechanisms.

2.1 History of Viruses and Susceptibility

When disease is the only readout progress is slow. In a retrospective published by
Harry Rubin in 2011, he reviewed the role new assays played in developing an
understanding of the viruses, not just the disease (Rubin 2011). In 1938 Keogh
showed that (tumor-like) lesions could be produced on the chorioallantoic mem-
brane (CAM) of a chicken egg providing a semi-quantitative alternative to titering
virus in chickens. It took another 20 years until Prince discovered that the high
number of false negatives (i.e., eggs that gave no lesions) was a genetic trait of the
chicken strains used, defining a sensitive and resistant allele for the virus used, and
the first measure of the viral receptor. It was also around this time that Howard
Temin, then a graduate student collaborating with Harry Rubin, perfected the
focus-forming assay with an agar overlay to allow titration of the transforming
activity of RSV. Each egg could be turned into multiple plates of chicken embryo
fibroblasts (CEFs) and read much easier than counting lesions on CAM.

With a new, more powerful, assay the genetics of the virus started to come into
focus. A subset of embryos that should have given cells that were susceptible to
transformation by RSV were in fact resistant, defining a resistance-inducing factor
(RIF). For a number of years avian leukosis viruses had been studied for their
natural infection of chickens, and it turned out that the RIF was the result of the
occasional embryo that was already infected with an ALV. This revealed the
phenomenon of interference, the mechanism being that when a cell is already
expressing a viral envelope protein it removes or engages its normal receptor
precluding infection with a new virus with the same receptor specificity.

It had been 50 years of research and experimental passaging of Rous sarcoma
virus by this time so it should not be surprising that different virus stocks had
acquired different properties and even different passenger viruses. RSV is unique in
that it can be propagated as a replication competent virus, in contrast to most other
acutely transforming retroviruses that carry deletion of part of the viral genome with
the acquisition of the cellular oncogene. But RSV will delete the v-src gene to give rise
to a non-acutely transforming, replication competent Rous-associated virus (RAV),
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again essentially a standard ALV. However, the isolation of the first RAV (RAV-1)
with its associated interference properties was followed by the isolation of a second
RAV (RAV-2) with distinct interference properties. The clear implication was that
these two viruses used different host receptors. Furthermore, the isolation of
defective forms of the transforming virus component (defective for replication)
allowed rescue of the transforming genome with any ALV helper virus, with the
transforming component now having the cell infectivity properties of the helper
virus (i.e., a pseudotype). The combination of cell susceptibility to infection and
transformation, and the ability to test viruses for the use of the same or different
receptors through interference led to the identification of virus subgroups, specifi-
cally subgroups A, B, C, D, and E (with J coming later). Conversely it was possible
to identify the genetic loci for susceptibility in chickens, the presumed receptors
which were named tva, tvb, and tvc (with tvb serving a receptor for subgroups D
and E ALV). Thus great strides in the genetics of the virus and the host were
accomplished using the focus-forming assay. These insights into the biology of the
virus and the host set the stage for the coming tools of cloning and sequencing.

2.2 The Viral Env Gene/Protein

The development of electron microscopy led to the ability to “see” viruses and it
became apparent that viruses had complex structures. Advances in growing and
purifying the virus, and in protein analysis allowed for the identification of proteins
associated with the virus particle, and presumably encoded by the viral genome. In
the early 1970s a small group of investigators, including Peter Vogt, had charac-
terized virion proteins for RSV, including virion-associated glycoproteins
(Duesberg et al. 1970; Robinson et al. 1970). By 1971 the combination of EM,
virus purification, radioactive labeling of proteins, and protease treatment was used
to show that it was the virion glycoprotein that was on the exterior of the viral
envelope (Rifkin and Compans 1971). With viral genetics providing recombinants
with altered host range it became possible to map the location of the glycoprotein
within the viral genome using the pre-sequencing tool of assessing patterns of
RNase T1-resistant oligonucleotides displayed using 2D electrophoresis, placing
the env gene at the 3′ end of the ALV genome (Joho et al. 1975; Coffin and Billiter
1976; Wang et al. 1976).

2.3 Sequencing, Cloning, and Sequencing

In February of 1975 The Asilomar Conference on Recombinant DNA was held to
consider the risks and rewards of using recombinant DNA tools and cloning. With
guidelines in place a new era of biology began. Virologists had to become at least
mediocre bacteriologists capable of growing phage and plasmids and isolating
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biological clones. Those up to the task were rewarded with a new view of genes and
genomes. With the availability of unlimited amounts of cloned DNA, sequencing
tools quickly followed and gene and inferred protein sequences were revealed.
Since DNA is relatively homogeneous in its chemical properties, in contrast to its
information properties, virtually anything could be cloned with the order deter-
mined by the investigator’s interest. For those interested in viruses with RNA
genomes the challenge was greater, while for retrovirologists most went after the
DNA form of the viral genome. However, in an early tour de force, virtually the
entire RSV genome was sequenced as cDNA products that were made using ran-
dom primers, purified reverse transcriptase, and viral genomic RNA (Schwartz et al.
1983). The authors noted in their 1983 paper that “at the time this project was
initiated, molecular cloning of RSV was prohibited.” The placement of the env
gene, upstream of the v-src gene, was proven by comparing the amino-terminal
protein sequences of the SU (gp85) and TM (gp37) Env protein subunits and
placing them on the nucleotide sequence (Hunter et al. 1983). The strain of RSV
that was sequenced carried a subgroup C env gene providing the first view of the
sequence of this protein.

One of the funny things about looking at sequences is that you learn some things
from looking at the first sequence of a gene, but you learn a whole lot of infor-
mation that was not available by looking at the first sequence when you get to look
at the second sequence, hopefully a similar but not identical sequence. Specifically
you learn about which regions are identical (or nearly identical) and which are
different. For evolutionary differences there are two considerations: first is a rela-
tively uninteresting evolutionary drift that occurs with evolutionary distance; more
interesting are the sequences that rapidly evolve due to strong selective pressure
where the differences can be linked to changes in biological function. Thus the
second and third sequences reported, for subgroup B and E env genes, revealed
conserved and variable regions that could only be interpreted as the protein
framework and two regions of variability as determinants of receptor specificity,
named host range 1 and 2 or hr 1 and 2 (Dorner et al. 1985). The analysis of
subgroups A and D env genes (Bova et al. 1986, 1988) reinforced this idea.

2.4 Receptors

The molecular cloning of receptors was a difficult endeavor. In cloning the viral
genome hybridization probes made as radioactive cDNA from viral genomic RNA
could be used to find the desired clones. However, even though the receptors had
been characterized genetically and named (tva, tvb, etc.), the only assay for the
receptors was a biological assay. After an effort of several years the first ALV
receptor was cloned for subgroup A viruses and identified as being related to the
low density lipoprotein receptor (Bates et al. 1993). Next the receptor for subgroup
B and D viruses was cloned and recognized as a member of the TNFR protein
family (Brojatsch et al. 1996), then the receptor for subgroup E was identified as
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another member of the TNFR family (Adkins et al. 2001), and finally the subgroup
C receptor was identified as a member of the butyrophilin protein family (Elleder
et al. 2005). The lesson learned is that viruses pick out receptors using a logic that
as yet escapes us. The polymorphisms in the receptor/susceptibility loci, in part
expanded in the population by breeding but still from naturally existing alleles,
suggests selection against having functional receptors by the host. This is analogous
to the presence of xenotropic MLV endogenous viruses, i.e., an endogenous virus
that can not infect its host (or that the host lost the functional receptor after the
endogenous provirus was fixed). Since evolution is not functionally blind, it must
be the case that there is a primary receptor and at least a low level of interaction
with other surface proteins, as different from each other as they are, to allow the
evolution of different subgroups with different receptor specificities. The ultimate
“receptor switch” then provides the strong selective pressure for rapid sequence
change in the hr1 and hr2 regions.

2.5 Subgroup J, Biology in Real Time

Humans are overly egocentric such that we do not readily conceive of the next thing
until it happens as a surprise. There will always be new viral variants that appear
with a slightly different constellation of properties that allow the next epidemic. An
unknown primate lentivirus was percolating along in chimpanzees and we became
aware of it only when it turned into a worldwide epidemic in humans. Thus we
should not be surprised that just as we were getting comfortable with the biology of
ALV, and ways to avoid it in chicken flocks, a new subgroup appeared, subgroup
J. As reviewed in Payne and Nair (2012) a new pathogenic subgroup of ALV was
identified in the late 1980s, subsequently shown to be a recombinant between ALV
and the env gene of an endogenous retroviral allele. The receptor for this virus was
cloned and shown to be a Na+/H+ exchanger type 1 protein (Chai and Bates 2006),
thus adding to the seemingly non sequitur list of cellular proteins capable of serving
as receptors.

3 HIV-1 Env Proteins: Still Trying to Get It Right

HIV-1 was discovered around the time other retroviral genomes were just coming
into the hands of cloners. Given its novelty as the second human retrovirus, and
certainly the scarier of the two, the understanding of the framework of its biology
occurred quickly. An important early observation was that CD4 on the surface of T
cells was a receptor important for cell entry, demonstrated by blocking viral
infection with an anti-CD4 antibody (Dalgleish et al. 1984; Klatzmann et al. 1984).
This is a fundamental property of HIV-1 as no CD4-independent virus has ever
been isolated, although it has been possible to select for a CD4-independent SIV in
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cell culture (Swanstrom et al. 2016). However, after identifying CD4 as a receptor
for HIV-1, the entry field took a confusing twist that is still confounding us today.
In a way that was analogous to some chickens/eggs/CEFs being resistant to
infection (for lack of a functional receptor), certain strains of HIV-1 could not grow
on cell lines that clearly expressed CD4, even though all viral isolates could grow in
PBMCs. Thirty years later we are still trying to overcome the initial interpretation of
these results that now need to be updated.

The identification of CD4 as a receptor and the use of transformed T cell lines
that express CD4 (usually derived from a leukemia) make perfect sense. The ability
of some strains of virus to grow in the T cell lines earned them the name T
cell-tropic. Those that failed to grow had to be something else. Macrophages
express a low level of CD4 and can support a low level of entry for most isolates
and overt replication for some isolates. This was enough for the isolates that could
not grow in the T cell lines to earn the name macrophage-tropic. Thus HIV-1
isolates fell into these two nice categories, T cell-tropic and macrophage-tropic.
Unfortunately both names are inappropriate for what they were trying to describe.

This problem of misidentification became exacerbated with the important dis-
covery that HIV-1, unlike most of the other viruses we know about, has a second
receptor now called the co-receptor. A coreceptor was identified for one of the “T
cell-tropic” viruses which was the chemokine receptor CXCR4 (Feng et al. 1996).
By analogy the “macrophage-tropic” viruses should use a similar molecule, which
was quickly identified as the chemokine receptor CCR5 (Alkhatib et al. 1996; Choe
et al. 1996; Deng et al. 1996; Doranz et al. 1996; Dragic et al. 1996). Viruses using
these coreceptors were named X4 and R5 viruses and the dual entry phenotype of
HIV-1 was further engrained as X4 T cell-tropic and R5 macrophage-tropic. If the
names were inappropriate before this only made it worse. In fact there are three
types of HIV-1 whose entry phenotypes are most accurately described as a jumble
of these two inappropriate names.

The missing piece in this story was apparent to a few investigators who came to
understand that the “R5 macrophage-tropic” viruses were not homogeneous. Some
were effective at using a low density of CD4 while most were inefficient at entering
cells that displayed a low density of CD4 (Kabat et al. 1994; Platt et al. 1998).
Furthermore, the viruses capable of using a low density of CD4 were most reliably
found in the brain late in infection (Gorry et al. 2002; Peters et al. 2004; Dunfee
et al. 2006; Martin-Garcia et al. 2006; Peters et al. 2006; Duenas-Decamp et al.
2009; Schnell et al. 2011). Since macrophages have a low density of CD4 (CD4 has
no function in macrophages) (Lee et al. 1999; Joseph et al. 2014), it is a small leap
to suggest that the viruses that can use a low density of CD4 to enter cells are in fact
the ones that have evolved to become macrophage-tropic. We used a cell line
(Affinofile cells) designed to allow regulated control of CD4 levels (Johnston et al.
2009) to explore these issues at length. After analyzing between 100 and 200 env
genes cloned from a variety of sources, we came to the conclusion that R5
macrophage-tropic viruses are rare (see for example Ping et al. 2013). This left the
majority of R5 viruses as distinct from R5 macrophage-tropic viruses and without a
name.
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As discussed later, X4 viruses evolve from R5 viruses so the default version of
HIV-1 has to be an R5 virus. But if most of these isolates do not enter macrophages
efficiently then where are these viruses growing? Of course the answer is T cells
and they are rightly called T cell-tropic, or more descriptively R5 T cell-tropic.
However, we started this discussion with the idea that only X4 viruses were
growing in T cells, or more accurately T cell lines. For those who are good at
puzzles the answer is probably clear. The CD4+ T cells lines used to grow HIV-1 in
the early days expressed CXCR4 but not CCR5, a point that at the time was
meaningless since the concept of the coreceptor did not exist. However, just as
chickens, eggs, and CEFs can lack functional receptors for certain subgroups of
ALV, these cell lines were heterogeneous for expression of the coreceptors,
although in general most of these transformed cell lines express CXCR4 and not
CCR5. The better analogy comes with the observation that about 10% of northern
Europeans carry a CCR5 allele with an inactivating mutation, meaning that about
1% of this population is resistant to infection by the most common form of HIV-1,
i.e., R5 T cell-tropic virus (Dean et al. 1996; Samson et al. 1996; Liu et al. 1996).
Such individuals can be infected with an X4 T cell-tropic virus (Theodorou et al.
1997; Michael et al. 1998), although transmission of this virus is rare. It should be
noted that when we have examined X4 viruses where the env genes were isolated
without tissue culture passage we find that they require a high density of CD4 so
that they are still appropriately called X4 T cell-tropic (M. Bednar and R.S., in
preparation).

To summarize HIV-1 entry phenotypes thus far: there are three entry pheno-
types, R5 T cell-tropic, R5 macrophage-tropic, and X4 T cell-tropic. The default
form of HIV-1 is R5 T cell-tropic, using the CCR5 coreceptor and requiring a high
density of CD4 for entry. X4 T cell-tropic viruses evolve late in disease with a
switch in coreceptor use. In an analogous way macrophage-tropic viruses also
evolve late in disease (in a T cell-poor environment) and gain the ability to enter
cells with a low density of CD4 more efficiently. Thus the vexing legacy of the
early entry work is that in naming two types of entry phenotypes the one that was
excluded is the one that is actually the predominant form of HIV-1: R5 T
cell-tropic.

3.1 The Two Evolutionary Variants of R5 T Cell-Tropic
Viruses

The transmitted form of HIV-1 and the form that is found in the blood throughout
most of the infection is the R5 T cell-tropic form of HIV-1 (using CCR5 as the
coreceptor and requiring a high density of CD4 for efficient entry) (Ochsenbauer
et al. 2012; Ping et al. 2013). That means that the other forms must evolve from the
R5 T cell-tropic form (Fig. 2). With the discovery of coreceptors it was possible to
make the link with the CXCR4-using version of HIV-1 as appearing late in infection
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(Connor et al. 1997; Brumme et al. 2005; Moyle et al. 2005). As noted above for the
evolution of different subgroups of ALV (probably on a much longer time scale), the
R5 T cell-tropic version of HIV-1 must interact at least a little bit with CXCR4 to
allow that evolutionary pathway to occur. At the extreme, the adaptation is so
complete that the virus losses the ability to interact with CCR5, however most
viruses never get that far in their evolution so the typical virus seen is termed
dual-tropic, meaning it can use both CXCR4 and CCR5. We have observed that
these dual-tropic viruses have a reduced affinity for CCR5, as measured by increased
sensitivity to a CCR5 antagonist, suggesting that the dual-tropic viruses are more X4
than R5 (M. Bednar and R.S., in preparation). We have also observed that X4 viruses
require a high density of CD4 for efficient entry, retaining their X4 T cell-tropic
moniker. Since X4 viruses evolve late in disease we can speculate that either they
require an immunodeficient host to evolve or that they evolve when the preferred
target cells, CD4+ CCR5+ T cells, become limiting. One theory is that CD4+
CXCR4+ naive T cells support the replication of X4 viruses (Ribeiro et al. 2006).

The second evolutionary variant of HIV-1 is of course the macrophage-tropic
variant. Where the change in coreceptor use is more dramatic and easy to measure,
the change in CD4 use is less dramatic and harder to measure (Joseph et al. 2014;
Arrildt et al. 2015), accounting for much of the confusion about this phenotype.
These viruses evolve in a T cell-poor environment, especially in the CNS
(Sturdevant et al. 2015). In addition to their ability to efficiently enter cells with a low
density of CD4 there is a tightly linked phenotype of increased sensitivity to neu-
tralization by soluble CD4 (Arrildt et al. 2015). It appears these viruses are primed to
undergo the fusion conformation cascade with fewer interactions with CD4.

Fig. 2 Pathways for the evolution of the HIV-1 Env protein entry phenotype. The major entry
phenotype form for HIV-1 is the R5 T cell-tropic form. It uses CCR5 as the coreceptor, but
requires a high density of CD4, as is found on T cells, for efficient entry. In vivo it evolves to
switch coreceptor to use CXCR4. Alternatively, it can evolve to use a low density of CD4 to enter
cells such as macrophages, which have a density of CD4 about 25-fold lower than that found on T
cells. Also in vivo, these viruses are found in a closed conformation, i.e., resistant to neutralization,
especially to antibodies targeting the epitopes exposed after binding CD4. In cell culture the virus
follows another evolutionary pathway in which an open conformation is generated allowing the
use of a low density of CD4 for entry. Presumably this enables more rapid entry under culture
conditions. This can happen for both the X4 form of the virus and the R5 T cell-tropic form of the
virus and should be considered an artifact of tissue culture adaptation
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3.2 A Fourth Entry Phenotype Is an Artifact of Tissue
Culture Adaptation

It is common practice in studying a virus to grow the virus in tissue culture. For
most of the viral functions this is probably not a bad idea, at least in the short term.
However, given that many attenuated viral vaccines were developed simply by
passaging an isolate in culture we have to acknowledge that passage in culture does
put the virus under a very different selective pressure compared to what it expe-
riences in vivo. The strongest selective pressure in cell culture is likely to occur on
the viral entry phenotype. There is no wrong cell to infect given that the culture is
largely homogeneous, so viral replication in cell culture becomes a race to see who
can enter cells most quickly. HIV-1 seems to be especially susceptible to a serious
cell culture artifact that is as yet not fully appreciated.

As noted above the HIV-1 Env protein goes through a conformational change
when binding the CD4 receptor (McDougal et al. 1986; White et al. 2010; Munro
et al. 2014). For most viruses this would lead to insertion of the fusion peptide
followed by membrane fusion. However, for HIV-1 there is an extra step. The first
conformational change is to create and expose the CCR5 binding site. Binding to
CCR5 then triggers insertion of the fusion peptide, formation of the six helix
bundle, and membrane fusion between the host and viral membranes. Thus the
HIV-1 Env protein trimer must transition through a lot of conformational space to
carry out its job. When examining the antibodies from people infected with HIV-1
there seem to be abundant antibodies to epitopes that are created after binding to
CD4. This is likely the selective pressure that keeps the trimer in a “closed” con-
formation where these epitopes are either covered or not yet even formed. The
transient exposure of these epitopes after CD4 engagement leaves too little space at
the surface of the cell for these antibodies to be effective (Labrijn et al. 2003).
However, in cell culture no such antibody selective pressure exists.

An important observation was the realization that passage of HIV-1 in tissue
culture led to a highly neutralization sensitive form of the Env protein where it was
now sensitive to these CD4 binding-induced epitopes (Moore et al. 1995). The
conformation associated with this state has become known as the “open” confor-
mation. The important thing to realize is that a virus with its Env protein in an open
conformation is a tissue culture artifact, such viruses are not found in vivo (Mascola
et al. 1996; Harris et al. 2011). In the race to grow the fastest in cell culture the
incorporation of mutations that dispense with the closed conformation and allow the
virus to skip most of the conformational change induced by binding CD4 are
selected, although these viruses are still CD4-dependent (Fig. 2).

The next idea we will discuss is partly data-driven and partly prediction. Tissue
culture adaptation has another phenotype that causes confusion with macrophage
tropism; like macrophage-tropic viruses, tissue culture-adapted viruses are also able
to use a low density of CD4 to enter cells (Kabat et al. 1994). The important
distinction to make is that tissue culture adaptation selects for an open conformation
while macrophage tropism does not. There do seem to be some structural changes
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in the Env protein associated with macrophage tropism, but these do not go as far as
representing the tissue culture-adapted open conformation (Arrildt et al. 2015). This
is an important distinction to make because these two forms appear to share the
feature of being able to use CD4 at a low density. We would predict that the
pathway to low CD4 use in the context of tissue culture adaptation is distinct from
the more relevant pathway that the virus uses in vivo to become macrophage-tropic.
In developing a relevant understanding of macrophage tropism it will be important
to rigorously avoid confounding information that comes from tissue culture-adapted
viruses.
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Personal Perspective from RS I first met Peter Vogt in 1975. I was a new postdoctoral fellow in
the Bishop/Varmus lab at UCSF where we participated in the “West Coast RNA Tumor Virus
Meeting.” It was a group that met several times each year with somewhat changing characters but
with a core of Peter’s lab, Mike’s and Harold’s lab, Peter Duesberg’s lab, and Steve Martin’s lab.
I joined this group just after the discovery of v-src sequences in the normal vertebrate genome. The
race was on to genetically define new viral oncogenes and to test their host cell origin, and to try to
understand what the functions of the protein products were and how they could change to induce
cellular transformation and cancer. At least from my perspective Peter Vogt was the one who
brought the biology of these viruses to this larger group, providing the starting point for the
important molecular understanding of the transforming genes that followed. Peter has been a full
partner in this field, fittingly spending these last years searching for small molecule inhibitors of
the proteins encoded in the same transforming genes he helped discover.
Peter’s personal story of how he became an academic researcher and his long successful career

are inspiring but not mine to tell. In my time with Peter I always found him to be incredibly
thoughtful and generous. He is truly a gentle man. He has a deep-seated love of art that led him to
be a painter in his own right. I have two Peter Vogt paintings, one of a rose demonstrating an eye
for capturing simple beauty. The other is a street scene from Pasadena where he lived while on the
faculty at USC Medical School. Pasadena played an important role for me in my extended family
when I was young so to be able to capture part of that memory as seen through Peter’s eyes is a
special treat. True to Peter’s nature, both of these paintings (and many others) were donated to
USC to allow them to be sold to raise funds for graduate education.
I think Peter enjoys people in general and he is good spirits. I stand with a large group of people

who have seen Peter as a role model for scientific excellence and personal humility. I have always
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enjoyed his company given the endlessly interesting things he pursues. One of the things I have
noticed over the years is that PIs frequently have their personality reflected through the people in
their lab. Thus it is easy to point to many of Peter’s trainees as scientifically rigorous and genuinely
nice people. I am sure Klaus and Eric take pride in being able to share some of their feelings
toward Peter by creating this volume in his honor.
I met Eric Hunter when he was a postdoctoral fellow with Peter, Eric forever being slightly older

than I am. It is a friendship that has lasted over 40 years. When Eric asked if I would contribute a
chapter there was really only one answer. In 1990 Peter approached me to coedit CTMI volume
157 “Retroviruses: Strategies of Replication.” In trying to round out my own list of authors I asked
Eric to write a chapter on “Retrovirus Envelope Glycoproteins” which he agreed to do with me as a
coauthor. Now the shoe is on the other foot, but as I look back on that old chapter it is clear that we
did not bring the breadth to the topic that (mostly) Eric and I managed as younger writers.
When I met Peter it was a time when young people were joining the field with the hope of

getting to work on their own new oncogene. Alas, some of us were just virologists. It is fun to use
the miracle of PubMed to be reminded of Peter’s work before I met him. The foundational work
that set the stage for the discovery of cellular oncogenes also provided the underlying biology for
some of the molecular studies I did. The introduction of molecular cloning and sequencing allowed
us to ask how the sequences of the ALV strains differed given their host range differences. A few
years later another generation of postdocs, Paul Bates and John Young, would build on the same
biology to clone the cellular receptors for some of these strains to provide a complete view of how
the virus chooses which cells to infect.
Along the way the oncogene field and the retrovirus field largely split. The next retrovirus

challenge made itself known with the discovery of HIV. I have taken as our charge in this new
review to revisit the biology of viral entry for the avian retroviruses that brought us v-src, v-myc, v-
myb, etc., and today threaten new ALV pandemics. We have paired those lessons with the ones
learned from HIV-1 infecting human cells. It is perhaps an odd pairing but simply reflects the
twists and turns of a typical scientist following related biological phenomena. Finally, this effort is
offered with affection and admiration to one of my heroes.
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Infectious Agents in Bovine Red Meat
and Milk and Their Potential Role
in Cancer and Other Chronic Diseases

Harald zur Hausen, Timo Bund and Ethel-Michele de Villiers

Abstract Red meat and dairy products have frequently been suggested to represent
risk factors for certain cancers, chronic neurodegenerative diseases, and autoim-
mune and cardiovascular disorders. This review summarizes the evidence and
investigates the possible involvement of infectious factors in these diseases. The
isolation of small circular single-stranded DNA molecules from serum and dairy
products of Eurasian Aurochs (Bos taurus)-derived cattle, obviously persisting as
episomes in infected cells, provides the basis for further investigations. Gene
expression of these agents in human cells has been demonstrated, and frequent
infection of humans is implicated by the detection of antibodies in a high per-
centage of healthy individuals. Epidemiological observations suggest their rela-
tionship to the development multiple sclerosis, to heterophile antibodies, and to
N-glycolylneuraminic acid (Neu5Gc) containing cell surface receptors.
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1 Increased Cancer Risk After Red Meat or Dairy
Product Consumption

An increased risk has been reported for several cancers after prolonged consump-
tion of red or processed meat (Table 1). A large number of cohort studies consis-
tently concluded an increase of approximately 15–30% for a specific group of
cancers, colorectal carcinomas (reviewed in zur Hausen 2012; zur Hausen and de
Villiers 2015). A small number of additional studies failed to confirm this increase.
For other cancers, the data are less consistent, although in recent years the number
of positive reports seems to have increased (Table 1).

The list of cancer types (shown in Table 1) linked to red meat and milk con-
sumption is not complete. Individual reports have also been published for liver, gall
bladder, bladder, and thyroid cancers and, in addition, for multiple myelomas. Yet,
by far the most consistent reports concern colorectal cancers (zur Hausen 2012; zur
Hausen and de Villiers 2015). A number of responsible factors specifically in red
meat have been incriminated (reviewed in Alisson-Silva et al. 2016). They include
most prominently chemical carcinogens (aromatic hydrocarbons and others) arising
in the preparatory steps for meat consumption, heme iron, and the composition of
the colon microbiome (reviewed in Sugimura et al. 2004; Fonseca-Nunes et al.
2014). Many of these studies, however, disregarded that countries with a high level
of red meat consumption (e.g., Mongolia, China, and Bolivia) reveal remarkably
low incidence rates of this cancer. Long-time consumption of fish or poultry in the
diet does not lead to an increased incidence of colon cancer, although the same
chemical mutagens arise in preparatory steps for fish and chicken consumption as in
red meat (Knize et al. 1999; Kao et al. 2014; Hernández et al. 2015). Several studies
attempted to analyze the potential carcinogenicity of heme iron but failed to support
its carcinogenic function (reviewed in Andersen and Vogel 2015). More recently,
specific bacteria in the colonic microbial flora have been suggested to play a role in
colon cancer development, specifically Fusobacterium nucleatum and
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Streptococcus bovis (reviewed in Boleij et al. 2011; Han 2015). These agents are
also found in dental plaques and seem to contribute to other inflammatory reactions,
not necessarily linked to cancer development (Flynn et al. 2016).

An intriguing hypothesis has been presented by Ajit Varki and his colleagues
(Samraj et al. 2015). They demonstrated that the sialic acid, N-glycolylneuraminic
acid (Neu5Gc), not synthesized in humans, is bioavailable in various diets and in
particular in red meat and dairy products. Its incorporation into cell membranes of
humans can evoke an immune response. This “xeno-autoimmunization” represents
an immune reaction directed against Neu5Gc and may cause chronic inflammations
at expressed sites. The hydrolysis of the sialic acid N-acetylneuraminic acid
(Neu5Ac) into Neu5Gc is directed by the gene cytidine monophospho-N-
acetylneuraminic acid hydrolase (CMAH). A specific deletion of exons in the
CMAH gene apparently selectively occurred in humans and in members of the
Mustelidae and Pinnipedia genera (Ng et al. 2014), inactivating the function of
CMAH. A deletion at a different site of the gene coding for this enzyme has been
identified in New World monkeys (Springer et al. 2014). Human anti-Neu5Gc
antibodies appear during infancy and correlate with weaning and exposure to

Table 1 Cancer risk factors linked to nutrition, aerosols, and infections

Type of cancer Biologic risk
factor

Consistency
of
observation

Reference

Colon Red meat High Norat et al. (2005), Huxley et al.
(2009), Bouvard et al. (2015),
Lippi et al. (2016)

Breast Red meat, milk Moderate Taylor et al. (2007), Linos et al.
(2008), Farvid et al. (2015),
aKabat et al. 2009)

Lung Red meat, milk,
slaughterhouse
aerosols

Moderate Durusoy et al. (2006), Xue et al.
2014), Ji et al. (2015), Lippi et al.
(2016)

Prostate Milk, red meat Moderate Kolonel (2001), Bosetti et al.
(2004), Amin et al. (2008)

Pancreas Red meat Low Larsson and Wolk (2012),
aRohrmann et al. (2013)

Esophagus Red meat Low Choi et al. (2013), Zhang (2013),
Lippi et al. (2016)

Stomach Red meat
(Helicobacter
pylori Epstein–
Barr virus)

Low Matos and Brandani (2002),
González and López-Carrillo
(2010), Song et al. (2014), Epplein
et al. (2014), Lippi et al. (2016)

Non-Hodgkin’s
lymphoma

Red meat Low Cross and Lim (2006), Caini et al.
2016)

Hodgkin’s
disease

Animal exposure,
milk, red meat

Low Khuder et al. (1999), Martin et al.
(2005a), Epstein et al. (2015)

aDid not confirm data
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dietary Neu5Gc. However, dietary Neu5Gc alone cannot elicit anti-Neu5Gc anti-
bodies in mice with a human-like Neu5Gc deficiency (Taylor et al. 2010). It should
be mentioned here, but will be discussed later (Sect. 8.3) that Hanganutziu–Deicher
and Paul–Bunnell heterophilic antibodies reveal reactivations directed against
Neu5Gc. These observations are interesting, but as such difficult to interpret in view
of the low colon cancer rate in Mongolia, where red meat consumption is partic-
ularly high (Maytsetseg and Riichiro 2006).

The global epidemiology of colorectal cancer, and in particular its very low
incidence in populations not consuming beef (Hindu population in India), suggested
to us that a beef-specific factor might contribute to the colon cancer risk (zur
Hausen 2012) (see Sect. 6).

In the following, we summarize data in support of the previously postulated
zoonotic infectious components in the origin of specific cancers and several chronic
diseases (zur Hausen 2001, 2009; zur Hausen and de Villiers 2015).

2 Risk Reduction for Specific Cancers and Two Chronic
Diseases by Long-Time Breast-Feeding

It became apparent that infections with several infectious agents linked to onco-
genesis occur early in life and result in long-time latency prior to cancer devel-
opment (in average between 5 and 60 years—zur Hausen and de Villiers 2014a).
Several protective events acting during the first two years of life and reducing the
risk for certain cancers and chronic diseases have been described. Besides the effect
of frequent, mainly respiratory infections during this period (zur Hausen and de

Table 2 Protective effect of prolonged breast-feeding (>6 months) for specific cancers and
chronic neurological diseases

Disease Consistency of
observation

Reference

Acute
lymphoblastic
leukemia

Moderate Bener et al. (2001), Guise et al. (2005), Martin et al.
(2005a), McNally and Parker (2006), Greenop et al.
(2015)

Hodgkin’s
disease

Moderate Martin et al. (2005a), McNally and Parker (2006),
Bener et al. (2008)

Neuroblastoma Low Daniels et al. (2002), Martin et al. (2005a), Ferris i
Tortajada et al. (2005)

Premenopausal
breast cancer

Low aMichels et al. (2001), Abou Dakn et al. (2003),
Martin et al. (2005b), aWise et al. (2009)

Multiple
sclerosis

Moderate Pisacane et al. (1994), Conradi et al. (2013), Graves
et al. (2014), Ragnedda et al. (2015)

Diabetes types 1
and 2

Low Ip et al. (2007), Gouveri et al. (2011), Stuebe (2009)

aDid not confirm data
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Villiers 2014b), long-time breast-feeding has often been cited as a protective effect
for the risk reduction (Table 2).

The protective effect is particularly noteworthy in view of the demonstration of
specific glycoconjugates in human milk which block the binding of several infectious
agents to their receptors (e.g., rota-, noro-, human immunodeficiency viruses and
Candida albicans) (Peterson et al. 1998; Etzold and Bode 2014; Gonia et al. 2015).
Although the presence of similar oligosaccharides has been noted in milk of several
other mammalian species (Urashima et al. 2009; Takimori et al. 2011), their con-
centration in human milk seems to be particularly high. Disialyl-lacto-N-tetraose is
most abundant in human milk, but missing in milk from most other species (Monti
et al. 2015). The same accounts for 2′-fucosyllactose and 3′-fucosyllactose which
specifically block binding of norovirus-like particles to human histo-blood group
antigens (Weichert et al. 2016). Bovine milk contains less diverse free oligosaccha-
rides than human milk and significant less fucosylated glycans (Peterson et al. 2013).
Peterson et al. put the suggestion forward that bovine milk glycoconjugates have
evolved specifically to protect young calves from infection by bovine pathogens.

Interferon gamma is consistently produced during the prolonged breast-feeding
period (Lohman-Payne et al. 2012) and may, among other cytokines, also con-
tribute to the observed risk reduction. The role of specific immunoglobulins is
probably limited to the early period after delivery and decreases with the gradual
maturation of the gastrointestinal tract and the immune system of the newborn
(Zhang et al. 2016a).

This protective effect is schematically outlined in Fig. 1.

Fig. 1 Protective factors in human milk present during the first 6 months of breast-feeding. Three
sugars, 2′-fucosyllactose, 3′-fucosyllactose, and disialyl-lacto-N-tetraose, seem to be selectively
enriched in human milk. Their binding to glycoprotein cell surface receptors emerges as a
protective mechanism against various potentially dangerous infections
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This model assumes that a more matured immune system, as existing in the
second half of the first year of life, will be better equipped to cope with and
neutralize infections. Suspected infectious agents should be present in low con-
centrations in dairy products which are gradually added during the weaning period.
The data for premenopausal breast cancer are somewhat more controversial: At
least two follow-up studies failed to confirm this effect (Michels et al. 2001; Wise
et al. 2009). This may relate, however, to the difficulties in ascribing the late
outcome of a disease to infectious events occurring in the first year of life. An
explanation was previously postulated for the repeatedly reported protective effect
of non-specific infections during the first 1–2 years of life, reducing the risk for
tumors mentioned in Table 2. Prenatal infections of potentially oncogenic agents
will presumably result in immune tolerance of the adaptive immune system.
Activation of innate immune functions, however, by non-specific postnatal infec-
tions could explain this protective effect (zur Hausen and de Villiers 2014b).

3 Are Diet-Attributed Factors Increasing Cancer Risks
Human-Specific?

The analysis of cancer risks in other mammalian species poses a few problems: Life
expectancy is commonly low in wild animals, and those suffering from chronic
diseases will be an easy prey of predators or succumb more readily to parasitic
infections. Domestic animals have in part prolonged life spans which accounts in
particular for carnivores (dogs and cats). Herbivores (e.g., cattle, pigs, sheep, and
goat) are frequently kept for limited time periods before being slaughtered and
prepared for consumption. Exceptions are horses or animals kept in zoological
gardens. Analyses are further complicated by genetic factors and in part by sub-
stantial race differences in cancer incidence (Graf et al. 2016). Thus, reliable
comparisons of cancer rates between carnivores and herbivores are difficult to
obtain, except for tumors already occurring at young age or by comparing aged
horses with old carnivores.

Several predominantly hematopoietic, but also skin cancers in both groups have
been linked to known infectious agents (e.g., feline and bovine leukemias, bovine
Theileria infections, bovine papillomavirus, and others). This hampers any analysis
of dietary factors as cancer risks for carnivores and herbivores.

Yet, according to Munson and Moresco (2007), “differences in cancer preva-
lence between carnivores and herbivores and between captive and wild animals are
striking and support the hypotheses that diet and reproductive history are major
risk factors.” At least one tumor type, cancer of the mammary gland, occurs far
more frequently in carnivores than in herbivores (Munson and Moresco 2007;
Owston et al. 2008; Merlo et al. 2008). Only single reports describe this cancer in
herbivores (e.g., McElroy and Bassett 2010). Gastrointestinal cancer appears to be
relatively rare in both groups. In comparison with humans, this may in part relate to
differences in the microbiome. Postmortem analyses of cancers in 241 old horses
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(older than 15 years) identified neoplastic disease in 18.7%, most commonly
diagnosed as squamous cell carcinoma, lymphoma, or melanoma (Hendrix and
Newkirk 2014; Miller et al. 2016; Luethy et al. 2016).

It is likely that cats and dogs, as well as carnivores in zoological gardens, receive
a diet enriched in red meat. Although a larger number of individual reports docu-
ment cancers in wild carnivores, there is a notable absence of similar reports for
wild herbivores, as well as for whales, dolphins, seals, and sea lions.

In general, the scarcity of solid epidemiological data on cancer incidence in
animals does presently not permit the conclusion that risks linked to red meat
consumption are solely confined to the human race, certainly not as long as we do
not have conclusive evidence for the responsible factor(s).

4 Increased Risk for Neurodegenerative Diseases After
Red Meat or Dairy Product Consumption

Besides cancers, several chronic neurodegenerative diseases have also repeatedly
been linked to dairy product consumption or to a diet rich in red meat (Table 3).

Bovine transmissible spongiform encephalopathy (TSE) has clearly been iden-
tified as a zoonosis, transmitted to humans via consumption of bovine meat and
organs (Diack et al. 2014). It can also be transmitted to other ruminants, cats, and

Table 3 Neurodegenerative diseases suspected to be linked to meat and milk consumption

Neurodegenerative
disease

Risk factor Consistency
of
observation

Reference

Bovine
transmissible
spongiform
encephalopathy
(TSE)

Meat or
consumption of
animal organs

High Baron et al. (2007), Simmons
et al. (2008), Davenport et al.
(2015)

Multiple sclerosis Milk, farming,
vitamin D
deficiency,
herpesvirus
reactivation

High Butcher (1976), Malosse et al.
(1992), Malosse and Perron
(1993), Sepcic et al. (1993),
Winer et al. (2001), Otaegui
et al. (2007), Munger et al.
(2011)

Parkinson’s disease Milk consumption Moderate Park et al. (2005), Chen et al.
(2007), Grant (2013), Jiang
et al. (2014), Abbot et al.
(2016)

Amyotrophic
lateral sclerosis

Milk, meat,
farming

Moderate Kang et al. (2014), Felmus
et al. (1976), Huisman et al.
(2015)

Alzheimer’s
disease

Red meat, obesity Low Gu et al. (2010), Chen et al.
(2016), Pedditizi et al. (2016)
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rodents (Leunda et al. 2013). Transmission of scrapie (another TSE in sheep) to
humans has not been reported, although a recent publication claimed a successful
transmission to a cynomolgus macaque (Comoy et al. 2015).

TSEs have been postulated to result from misfolding of prion proteins, initiating
their aggregation and catalyzing the same specific misfolding events in newly
synthesized prion molecules, with detrimental effects for the respective neurons
(Prusiner 1982; Harrison et al. 2001; Małolepsza 2008). A controversial claim has
been made by Manuelidis and co-workers arguing in favor of a role of a more
conventional infectious event in TSE induction after isolating two types of small
presumably single-stranded circular DNA molecules (Slow Progressing Hidden
Infections of variable(X) latency “Sphinx”) from murine neuronal tissue culture
cells infected with materials from different experimentally induced TSEs
(Manuelidis 2011, 2013; Botsios and Manuelidis 2016).

Consumption of milk and to a lesser degree of red meat has been repeatedly
considered as an important risk factor for multiple sclerosis (MS), Parkinson’s
disease (PD), and amyotrophic lateral sclerosis (ALS) (Table 3). Milk consumption,
farming, vitamin D deficiency, and a reactivated herpesvirus have been claimed as
important risks for MS. A model postulating an interaction between a latent bovine
milk factor, reactivated latent herpesvirus DNA, and vitamin D deficiency has
recently been published (zur Hausen 2015). For MS, events early in life seem to be
responsible for the development of the disease later in life (references in Table 2).

As previously mentioned, milk consumption has also been repeatedly reported as
a risk factor for Parkinson’s disease and amyotrophic lateral sclerosis, although
slightly less consistent than for MS. Even less data exist for Alzheimer’s disease,
here pointing to red meat uptake and obesity as risk factors.

5 Increased Risk for Cardiovascular or Autoimmune
Diseases After Red Meat or Dairy Product Consumption

Several reports point to dietary factors, red meat, and dairy products as potential
risks for cardiovascular disorders, arterial sclerosis, Crohn’s disease, and ulcerative
colitis. Still, the data are relatively scarce. They are even less convincing for dia-
betes type 2 and type 1 and still require further epidemiological investigation
(Table 4).

The “patchy” occurrence of lesions in colitis ulcerosa and Crohn’s disease
(Fig. 2) (Price and Morson 1975) and to a certain degree also in cardiovascular
disease (Meyer et al. 1994) may raise the suspicion that dual infections in initiating
cells, similar to multiple sclerosis, could play a role in the etiology of these con-
ditions (see Sect. 8.1).
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Table 4 Cardiovascular disorders, Crohn’s disease, and diabetes type 2 in relation to diet

Cardiovascular
or autoimmune
diseases

Risk factor Consistency
of
observation

Reference

Cardiovascular
disorders,
atherosclerosis

Red meat
consumption

Moderate Pan et al. (2012), Micha et al.
(2012), Larsson and Orsini
(2014), Battaglia Richi et al.
(2015)

Crohn’s disease
and colitis
ulcerosa

Vitamin D
deficiency, animal
proteins, and farm
dairy products

Moderate Battaglia Richi et al. (2015),
Bovalino et al. (2016), Cantarna
and Mahon (2004), D’Souza
et al. (2008), Jantchou et al.
(2010), Juste (2010), Hou et al.
(2011)

Diabetes type 2 Red meat Low Pan et al. (2011), Micha et al.
(2012), Battaglia Richi et al.
(2015)

Fig. 2 Patchy appearance of Crohn’s disease lesion. Intense inflammatory reaction (Source
Machado et al. 2010)
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6 Are the Observed Effects for Meat and Dairy Product
Consumption Species-Specific for Eurasian Bos
Taurus-Derived Dairy Cattle?

The majority of reviews dealing with the risk of meat consumption in relation to
specific cancers or chronic diseases globally generalized “red meat” as beef, lamb,
goat, horse, and pork meat consumed raw, fried, broiled, or processed (reviewed in
zur Hausen 2012). Only recently did a few publications assess the risk of subtypes
of meat specifically for colorectal cancer (reviewed in zur Hausen 2012; zur Hausen
and de Villiers 2015; Aykan 2015; Lippi et al. 2016; Carr et al. 2016). Beef
emerged as a prevailing risk factor, although lamb/mutton was also occasionally
quoted as a risk. A few studies even attributed risk to pork consumption, even
though parts of the world with a very high consumption of pork (e.g., China and
Pacific Islands) reveal a relatively low incidence of colorectal cancer (zur Hausen
and de Villiers 2015).

As indicated in Sect. 1, further analyses (zur Hausen and de Villiers 2015)
revealed that the consumption of beef per se would not suffice to explain the
regional differences in colon cancer incidence: Mongolia with the endogenous Yak
(Bos mutus and Bos grunniens) and Zebu (Bos indicus)-derived Chinese Yellow
cattle populations, Equatorial Africa, where in particular Zebu-crossbreeds with
endogenous cattle formed the Watusi cattle, and in Bolivia with an almost pure-bred
Zebu cattle population, all reveal relatively low colon cancer rates. This seems to
reflect a better adaptation of these cattle to harsh environmental conditions.
Interestingly, different susceptibilities for specific infectious events have been noted
among ungulates and even races of cattle (Dechamma et al. 1998; Sharma et al.
2011).

Based on these considerations, we published a model, postulating a role of
infectious events in colon carcinogenesis (zur Hausen and de Villiers 2015). Our
model took into account that none of the presently known infectious factors linked
to human cancers is by itself sufficient for cancer induction, but requires genetic or
epigenetic modifications in specific cellular genes or cellular signaling cascades
involved in protection against uncontrolled proliferation (zur Hausen and de Villiers
2014a).

Interestingly, in most parts of the world, the incidence of colon and breast
cancers seems to be correlated (reviewed in zur Hausen and de Villiers 2015),
although the breast cancer rate usually exceeds that of colon cancer. A few
exceptions, however, exist: In Japan and Korea, the incidence of colon cancer
increased rapidly 15–20 years after the Second World War (Japan) or after the
Korean War (Korea). This increase surmounted that of breast cancer and has been
linked to changes in dietary habits accompanying large imports of red meat (beef
and pork) mainly from the USA. Conversely, breast cancer incidence increased
more rapidly in India, where during the past few decades large dairy cattle farms
have been established. In this country, children are commonly initiated on bovine
milk after 3 months of age (Mayuri et al. 2012).
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Breast cancer (mainly premenopausal), prostate cancer, and lung cancer have
repeatedly been linked to dairy product consumption, although not as consistently
as red meat consumption to colon cancer (Table 1). Some follow-up studies even
failed to confirm this link (e.g., Kabat et al. 2009). One of the problems may stem
from the fact that a putative infectious agent linked to colon cancer will reach its
target cells (colon cells) free of intervening immune reactions. In contrast, reaching
target cells in breast, in prostate, and probably also in the lung requires systemic
transfer, most likely via the blood or the lymphatic system (in lung cancer possibly
also by aerosols). This would raise the probability of immune reactions after
repeated exposures to the same agent. Thus, the initial infection, most likely fol-
lowed by systemic spreading via viremia or, even more likely, by the transfer via
permissive or semipermissive cells of the hematopoietic system, will result in
probably decade-long latent infections of cells in specific target organs. As a
consequence, in particular for factors in milk and dairy products, the initial events
will date back to the early period of life, most likely to the period of weaning.
Subsequent immunologic interactions will probably neutralize further identical or
closely related infectious events. In this case, epidemiological follow-up studies of
dietary habits in adults will not be very informative and may be the reason for the
reported inconsistencies for the discussed tumor types (zur Hausen and de Villiers
2015).

Based on these considerations and on the existence of a viral factor causing
mammary cancer in mice, we postulated a “milk factor” for human breast cancer,
differing from a “meat factor” for colon cancer (zur Hausen and de Villiers 2015).
Yet, both factors should originate from the same host, Bos taurus-derived Eurasian
dairy cattle.

7 Evidence for Episomally Persisting Infectious Factors
Transmissible from Dairy Cattle to Humans

The mentioned epidemiological evidence prompted experiments to analyze 120
individual serum samples from healthy dairy cows, provided by the Veterinary
Institute of the University of Leipzig. In addition, 4 samples of commercially
available dairy milk, 30 samples from healthy human blood donors, 30 sera from
multiple sclerosis patients, as well as 13 autopsy (brain) samples from patients with
MS, were analyzed. Rolling-circle amplification resulted in the isolation of 18
circular single-stranded DNA molecules, ranging between 1084 and 2958 nucleo-
tides (Lamberto et al. 2014; Funk et al. 2014; Gunst et al. 2014; Whitley et al.
2014).

Fourteen isolates originated from cattle/cow sera or milk and 4 isolates from
brain and serum samples from MS patients. The isolates were grouped based on
nucleotide sequence relatedness to known organisms. Twelve isolates are assigned
to 2 groups based on their nucleotide similarity to Sphinx 1.76 (Group 1) and
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Sphinx 2.36 (Group 2), respectively (Manuelidis et al. 2011). These latter isolates
originated from infectious cultures and from brain samples of transmissible
spongiform encephalopathy (TSE). In view of the bovine origin of both of our
groups, we labeled them as bovine meat and milk factors (BMMF) groups 1 and 2.
None of these DNA isolates was found in blood samples of 30 healthy human blood
donors.

Group 1 (BMMF1) consists of 4 isolates from dairy cows (cow milk isolate
(CMI)) (CMI1.252, CMI2.214, CMI3.168, and CMI4.158), 5 isolates from bovine
sera (healthy cow blood isolate (HCBI)) (HCBI3.108, HCBI4.296, HCBI5.173,
HCBI6.159, and HCBI6.252), and 2 isolates (MS biopsy isolate (MSBI))
(MSBI1.176 and MSBI2.176) from a single MS brain sample (Whitley et al. 2014)
(Fig. 3). Interestingly, this group harbors 2 subgroups with sizes of the genomes of
CMI3.168, CMI4.158, HCBI3.108, HCBI5.173, and HCBI6.159 ranging between
1086 and 1766 nucleotides, whereas the genome sizes of CMI1.252, CMI2.214,
HCBI4.296, and HCBI6.252 vary between 2148 and 2958 nucleotides.

The main open reading frame (ORF) of all isolates encodes for an initiator
replication (repB) protein. Whereas the repB proteins of CMI1.252 and HCBI6.252
are identical, they and others share 80–98% amino acid identity between isolates.
Exceptions are HCBI4.296, HCBI5.173, and MSBI2.176 sharing 50–68% amino
acid identity to the rep protein of MSBI1.176 and Sphinx 1.76 (Fig. 4).

In the subgroup with larger genomes, CMI1.252 and HCBI6.252 are almost
identical in nucleotide sequence and have a second large ORF encoding for a
putative transcription-regulating protein (219aa). Similarly, a second ORF in the
larger HCBI4.296 may encode a protein (225aa) with similarity to
mobilization/plasmid recombination proteins (Whitley et al. 2014). The exact
functions of these putative proteins are presently under investigation. The BMMF1
isolates all share about 70% nucleotide identity to plasmids of Acinetobacter
baumanii as determined by BLAST analyses. HCBI5.173 shares this degree of
identity not only to plasmids of A. baumanii, but similarly to plasmids of
Psychrobacter spp.

Another common feature between all isolates in BMMF1 is the iteron-like
tandem repeat region which may constitute binding sites for the rep protein
(Chattoraj 2000). Each isolate harbors at least 3 direct repeats of 22 nt each, plus a
partial repeat of 17/18 nt. CMI4.158 has 4 tandem repeats. CLUSTAL alignment of
these regions displays their distinct nucleotide identities, although single-nucleotide
differences between the first repeat and the respective subsequent repeats are seen in
MSBI1.176, CMI3.168, and HCBI3.108 (Fig. 5). The repeat regions of HCBI4.296
and HCBI5.173 differ considerably (CMI2.214 and MSBI2.176 to a lesser extent)
from those of the other isolates—this mirrors the large differences in nucleotide
sequences of the complete genomes. Interestingly, despite these diversities, all the
BMMF1 isolates have a conserved core palindromic sequence located upstream of
the repeats. A similar conserved palindromic structure has been suggested to play a
role in replication initiation (Dziewit et al. 2013). The palindromic sequence of the
majority of BMMF1 isolates is 5′-TAAATGCTTTTA-3′ (12 nt) located 41–52 nt
upstream of the repeat region. The exceptions are CMI4.158 with 4 additional
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nucleotides 5′-TTTAAATGCTTTTAAA-3′ (16 nt) at 39–54 nt upstream,
HCBI3.108 and HCBI4.296 each with 5′-TTAAATGCTTTTAA-3′ (14 nt) at
49–62 nt upstream and HCBI5.173 with 5′-TTAAATACTTTTAA-3′ (14 nt) at
46–59 nt upstream of its repeat region (Fig. 6).

Fig. 3 Circular single-stranded DNA isolates
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Fig. 4 MUSCLE alignment of the putative replication proteins of BMMF1

Fig. 5 CLUSTAL alignment of the repeat region of BMMF1. Arrows indicate the end of a single
repeat

Fig. 6 Conserved
palindromic structure as
putative origin of replication
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Manuelidis et al. (2011) described the paired activity between the “larger” Sphinx
2.36 and the “smaller” Sphinx 1.76. We demonstrated in vitro transcription of all
isolates tested in human cells (293TT cell line) after transfection (Eilebrecht et al., in
preparation). The combined transfection of the “larger” CMI1.252 with the “smal-
ler”MSBI1.176 resulted in an augmented replication of the latter. This clearly shows
a “helper” function provided by CMI1.252 for the replication of MSBI1.176. It is
tempting to speculate that our isolates may act in vivo in a similar synergistic way as
monopartite begomoviruses and their satellites of the family Geminiviridae, in that
pairing/complementation of two genomes—each with own genomic information—is
necessary for a full replication cycle of these organisms in vivo (Hanley-Bowdoin
et al. 2013). Complementation is also suggested by alignments of the repeat regions,
of the palindromic sequences, as well as of their replication proteins. The replication
proteins of MSBI1 and CMI1 (Funk et al. 2014; Gunst et al. 2014; Whitley et al.
2014) and those of Geminiviruses (Rizvi et al. 2015) show similarity to the
rolling-circle replication initiator proteins of bacterial plasmids. It is also clear from
the differences between isolates that our isolates most likely represent only a fraction
of a multitude of existing, unknown agents which may form part of other comple-
mentation groups/infectious agents, all under an umbrella of a large family of agents,
each possibly playing its role in the pathogenesis of a specific disease.

Three isolates from cattle serum belong to a second group, BMMF2, based on
their sequence relatedness to Sphinx 2.36 (Manuelidis et al. 2011). These are
HCBI1.225, HCBI2.170, and HCBI7.228 (Funk et al. 2014). Interestingly, 2 iso-
lates have “larger” genomes (2251 and 2280 nt, respectively), whereas one genome
HCBI2.170 has a “smaller” genome (1407 nt)—in analogy to the BMMF1 group
(see above). These isolates share a nucleotide sequence identity of 75–81% with
those of Sphinx 2.36, whereas their sequence identity between each other varies
between 80 and 89%. All 3 isolates have ORFs encoding for a putative replication
protein which share between 80 and 97% amino acid identity to replication proteins
of Acinetobacter spp., although their genome nucleotide sequence homology to
these bacteria does not exceed 70%. No putative functions can be attributed to
almost all other larger ORFs present. Only one of these in HCBI7.228 could encode
for a putative capsid protein, but in vitro studies have not yet been performed to
substantiate this in silico analysis.

Two isolates from cattle sera and one from MS serum and brain (Group 3) were
characterized as novel Gemycircularviruses (Lamberto et al. 2014) belonging to the
new family Genomoviridae of widespread single-stranded DNA viruses (Krupovic
et al. 2016). The first known Gemycircularvirus was isolated from fungi, but has
since been isolated from various animals including cattle, insects, and birds, as well
as from humans (Krupovic et al. 2016). Our isolates (HCBI8.215 and HCBI9.212)
were present in cattle serum (Lamberto et al. 2014), whereas additional cattle
isolates were identified in their feces (Steel et al. 2016). Our third novel
Gemycircularvirus MSSI2.225 was isolated from serum and brain of MS patients
(Lamberto et al. 2014). Other Gemycircularviruses reported from humans origi-
nated from samples of cerebrospinal and pericardial fluid, plasma, and feces (Phan
et al. 2015; Halary et al. 2016; Zhang et al. 2016b).
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The nucleotide sequence of one isolate MSSI1.162 (1627 nt) from MS serum
was distantly related to a Psychrobacter species plasmid (Group 4) (Gunst et al.
2014). Psychrobacter species are frequently transmitted as food contaminants and
are regarded as opportunistic human pathogens. Although frequently present in
human blood samples, it is interesting to note that Psychrobacter sp. were identified
in cerebrospinal fluid in single reports of pediatric meningitis (Lloyd-Puyear et al.
1991; Le Guern et al. 2014; Ortiz-Alcántara et al. 2016).

Antibodies directed against the rep protein in a high percentage of humans (see
Bund et al., to be published) with significantly elevated titers in MS further
underline the infectivity of the BMMF group 1 for humans. At present, it remains
an open question whether these antibodies result either from repeated exposures to
the respective antigens (by re-infections or occasional reactivations), or from a
long-lasting latency state with a limited protein expression.

8 Synergistic Model for Interactions of These Infections
with Other Viral Infections and Genetic or Epigenetic
Modifications

8.1 Multiple Sclerosis

The isolation of two BMMF isolates from a brain lesion of a patient with MS
directed our interest to a possible involvement of BMMF infections in the devel-
opment of this neurodegenerative disease. An analysis of the available epidemio-
logical data revealed three main risk factors for MS: cow milk consumption,
vitamin D deficiency, and herpesvirus reactivation (in particular Epstein–Barr virus,
but also human herpesvirus type 6 and Varicella zoster virus) (reviewed in zur
Hausen 2015; zur Hausen and de Villiers 2016). Dairy cow milk consumption in
early childhood, vitamin D3 deficiency (probably explaining the north–south gra-
dient in MS incidence) linked to low sun exposure, as well as serological,
immunochemical evidence and excretion of reactivated virus (mainly EBV) under
conditions of vitamin D deficiency have been discussed as major MS risk factors
(reviewed in zur Hausen 2015; zur Hausen and de Villiers 2016).

In vitro studies performed in our laboratory during past decades had demon-
strated that latent EBV infections can be reactivated by tumor growth factor-b
(TGFb) (Bauer et al. 1982, 1991). A negative regulation of TGFb synthesis by
vitamin D3 has been reported through activation of the vitamin D3 receptor by
vitamin D3 (Tao et al. 2015; Beilfuss et al. 2015; Zerr et al. 2015). The fact that
lack of sun exposure in antarctic expeditioners was linked to increased EBV
reactivation and excretion in the saliva (Mehta et al. 2000) and that vitamin D
supplementation mitigated this EBV reactivation (Zwart et al. 2011) permits us to
draw a parallel between the in vitro data and EBV reactivation in humans. This
would fit to a link of both vitamin D deficiency and EBV reactivation as risk factors
for MS pathogenesis.
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Other in vitro studies performed in our laboratory demonstrated that herpesvirus
infection or herpesvirus reactivation in cells co-infected by small DNA viruses
(adeno-associated viruses, polyoma-, papilloma-, or Torque teno-viruses) led to a
substantial amplification of the latter, at the same time inhibiting the replication of
the herpesvirus DNA. This was interpreted as the likely consequence of competition
for DNA polymerases, favoring a more rapid amplification of small DNA mole-
cules (Heilbronn and zur Hausen 1989; Heilbronn et al. 1990; Borkosky et al.
2012).

Taken together, these data represented the basis for a pathogenesis concept of
multiple sclerosis (zur Hausen 2015; zur Hausen and de Villiers 2016). A slightly
modified version of this concept is presented in Fig. 7:

This concept permits several predictions, part of which has been experimentally
analyzed:

1. Infections early in life by BMMF should result in immune reactivity. Repeated
subsequent exposures to related agents during the following years should lead
to their neutralization and to a simultaneous booster for a specific immune
response. Due to exposure of the vast majority of humans to dairy products and
bovine meat, a substantial percentage of the human population is expected to
reveal sero-reactivity against BMMF antigens. This prediction is serologically
confirmed (Bund et al., in preparation).

Fig. 7 Concept of multiple sclerosis pathogenesis (modified from zur Hausen 2015)
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2. Infections by herpes group viruses are widely spread in human populations and
frequently acquired at a young age. They regularly result in viral genome
latency in specific target cells. Reactivation of these genomes commonly results
in local spreading and in a booster of an early immune response which leads to
usually low levels of persisting antibodies. Frequent reactivations clustered in
time, as anticipated in focal multiple MS lesions, however, should result in
higher titer antibody responses. This is in line with previously published and our
own preliminary data showing an increased EBV-EBNA-1 sero-reactivity in MS
patients (reviewed in Borkosky et al. 2012; Bund et al., in preparation).

3. EBV reactivation has been reported in humans not exposed to sunlight for
prolonged periods of time (supposedly vitamin D deficiency) (Mehta et al. 2000;
Zwart et al. 2011). EBNA1 titers are elevated under conditions of vitamin D
deficiency (Wergeland et al. 2016). High-dose oral vitamin D3 supplementation
reduces humoral immune responses against the latent EBV antigen EBNA1
(Røsjø et al. 2016).

4. Virus-like particles, suspected to represent TT viruses were discovered after
transfection of TTV-DNA into lymphoblastoid cells with spontaneous reacti-
vation of latent EBV (Borkosky et al. 2012).

5. Intensive inflammation was shown to accompany early MS lesions (Fig. 8). The
latter frequently starts from a perivenous cuff containing EBV-positive memory
cells (Tan et al. 2000; Mistry et al. 2015).

None of these observations individually provides proof for the concept presented
here. Taken together, however, they substantially support this hypothesis.

Fig. 8 Early lesion of multiple sclerosis revealing intense inflammation around an initial
perivenular focus (courtesy of Dr. Marta Margeta, University of San Francisco, Division of
Neuropathology)
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8.2 Solid Cancers

Can these considerations be applied to an involvement of BMMF infections in
malignant tumors?

Figure 9 depicts two possible outcomes, both of which would be compatible
with previously discussed epidemiological analyses. Again, dual infections of the
same cell are visualized as a prerequisite for those cancers with epidemiological
links to the consumption of meat and dairy products. A relatively large number of
publications described an increased risk for such tumors in case of vitamin D
deficiency (e.g., Dou et al. 2016; reviewed in Meeker et al. 2016). Herpesvirus
infections, in particular EBV, but also human herpesvirus type 6, cytomegalovirus,
and others, have repeatedly been reported in these malignancies (Halme et al. 2013;
Richardson et al. 2015; Hu et al. 2016, Review), occasionally with evidence for
EBV reactivation in inflammatory reactive tissue (Fiorina et al. 2014).

The patchy and, most often, regional appearance of lesions in Crohn’s disease
and ulcerative colitis accompanied by intensive inflammatory reactions might point
to an interesting parallel to the multiple sclerosis model, although affecting a very
different tissue. Some support for this hypothesis originates from a number of

Fig. 9 Alternative models for a putative role of bovine milk and meat factors (BMMFs) in the
development of specific solid tumors
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reports on herpesvirus reactivations (Kangro et al. 1990; Sipponen et al. 2011; Silva
et al. 2012) and vitamin D deficiency (de Bruyn et al. 2014; Torki et al. 2015;
Sadeghian et al. 2016) predisposing for these conditions.

8.3 Cross-reactivity of BMMF Antibodies with Those
of Neu5Gc?

A number of reports described an increased risk for multiple sclerosis after previous
manifestation of infectious mononucleosis (IM) (reviewed in Haahr et al. 1995;
Thacker et al. 2006). In MS, recurrence of acute attacks seemed to correlate with the
development of heterophile antibodies (Jans et al. 1982). Prior to the identification
of Epstein–Barr virus as causative agent of infectious mononucleosis and even
subsequently, the development of heterophile antibodies, commonly demonstrated
by the agglutination of bovine or sheep erythrocytes, served as a somewhat less
specific marker for IM. Two test systems had been developed: the Hanganutziu–
Deicher test (HD test) (Hanganutziu 1924; Deicher 1926) and the more specific
Paul–Bunnell test (PB test) (Paul and Bunnell 1932). Heterophile Paul–Bunnell
antibodies most frequently emerge as the consequence of Epstein–Barr virus
infections, appearing slightly later than antibodies against EBV (Hurt and Tammaro
2007; reviewed in Dunmire et al. 2015), and are in about 25% falsely negative
during the first week of illness (Womack and Jimenez 2015).

Besides in IM, HD antibodies can often be demonstrated in patients with mel-
anomas, breast and colon cancers, and a few additional cancers, as well as in several
other pathological disorders (Inoue et al. 2010). Among these are hematopoietic
malignancies, including Hodgkin’s disease (Masaki et al. 1981; Malykh et al.
2001). PB tests are more specific for IM after prior absorption of human sera,
commonly with guinea pig kidney extracts, although some remaining reactivity has
been noted in a low percentage of cancers, in particular in lymphomas and leu-
kemias and in rheumatoid arthritis (Nishimaki et al. 1979).

HD, as well as PB reactive antigens, has been identified in membranes of bovine
erythrocytes. Here, several different sialoglycoproteins (17–50 kDa) have been
noted playing a decisive role in the described agglutination reaction. Desialylation
completely abolishes HD and PB reactivity of bovine erythrocytes (Gołaszewska
et al. 2003). According to these authors, the PB antibodies recognize the structure
NeuGca2-3Galb1-3(Neu5Gca2-6)GalNAca1-threonine/serine, with Neu5Gc as the
terminal reactive component. This structure differs from Neu5Gc serum glyco-
proteins, although both HD and PB heterophilic antibodies recognize the Neu5Gc
as an essential immunogenic epitope.

The interesting part of these studies concerns the co-emergence of PB antibodies
with infectious mononucleosis, although, as previously mentioned, with some delay
after initiation of the immune response against Epstein–Barr virus. Since humans
are unable to synthesize Neu5Gc, it remains an open question how the synthesis or
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uptake of this sialin is mediated by the EBV infection. Gołaszewska et al. (2003)
proposed that the virus-infected or responsive cells concentrate Neu5Gc during the
course of EBV infection. It is, however, unlikely that an enhanced uptake of
Neu5Gc is occurring in a disease characterized by a loss of appetite (Simon 1998).
Due to the failure of humans to convert Neu5Ac into Neu5Gc, potential alternative
pathways for Neu5Gc synthesis have also been discussed (Malyhk et al. 2001). Yet,
one additional possibility apparently has not been mentioned previously: the con-
version of Neu5Ac to Neu5Gc by a Herpesvirus-specific hydroxylase.
O-glycosylation for viral envelope proteins has been described for Herpes simplex,
cytomegalo-, Varicella zoster, and Epstein–Barr viruses (Bagdonaite et al. 2016). It
should be of interest that lymphomas arising after Marek’s herpesvirus infection, in
general Neu5Gc-deficient chicken, contain HD-reactive Neu5Gc (Higashi et al.
1984).

Why is it tempting to speculate on Neu5Gc glycoproteins as potential receptors
for BMMF infections?

1. Neu5Gc glycoprotein acts as receptor for human polyomavirus type 9 (Khan
et al. 2014), for canine and feline parvoviruses (Löfling et al. 2013), for specific
types of influenza A and parainfluenza viruses (Song et al. 2011), and probably
for other not specified agents. This receptor seems to determine the cell type
specificity for certain infections.

2. The development of HD heterophile antibodies has been identified in a rela-
tively broad spectrum of disorders (Sect. 8.1), although with some preference
for infectious mononucleosis. The reactive components are terminally bound
Neu5Gc sialoproteins or sialoganglosides (Gołaszewska et al. 2003). HD anti-
bodies react with the membranes of bovine erythrocytes which contain the
reactive antigen not as a single molecule, but in several glycoproteins, all ter-
minating with N-glycolylneuraminic acid (Neu5Gc) (Gołaszewska et al. 2003).
Although the more specific PB test for infectious mononucleosis also interacts
with Neu5Gc, it lost the part of the broad reactivity of HD antibodies, sug-
gesting that here a different epitope of the reactive sialin is recognized. If
Neu5Gc-containing glycoproteins in bovine erythrocytes bind BMMFs (fre-
quently present in sera of dairy cattle), it is tempting to speculate that
receptor-bound BMMF particles modify the presentation of Neu5Gc reactive
sites. The absorption of heterophile sera in guinea pig kidney extracts, as ini-
tially performed for the PB test, may remove to a large part HD reactivity
against unbound Neu5Gc glycoproteins. PB antibodies would thus react more
specifically with BMMF–sialin-receptor-bound epitopes.

3. Amplification of small DNA viral genomes by different types of reactivated or
lytically infecting herpesviruses has been described before (see Sect. 8). If a
number of cells are latently infected with BMMF and co-infected with EBV, the
lytic replication or reactivation of the latter should stimulate BMMF amplifi-
cation. This in turn should lead to excretion of BMMF proteins into neighboring
cells (via exosomes or particles), resulting in a booster of anti-BMMF reactivity
and, in case of the previously discussed conversion of Neu5Ac to Neu5Gc by a
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Herpesvirus-specific O-glycosylating hydroxylase, in emergence of PB
antibodies.

4. Alternatively, EBV infections may concomitantly occur with BMMF virus-like
particles. This should result in the same BMMF amplification effect, provided
co-infections occur within the same cells. Small virus-like particles (20–35 nm
in size) have been documented repeatedly in EBV-producing clinical lesions of
hairy leukoplakias (Greenspan et al. 1984) and in EBV-producing Burkitt’s
lymphoma cells in tissue culture (zur Hausen, unpublished). They are shown in
Fig. 10. Their nature has not yet been determined.

5. An interesting observation was the development of Neu5Gc antibodies during
the weaning period (Taylor et al. 2010). This corresponds to the period when the
risk for uptake of BMMFs should be very high, correlated with increasing
consumption of cow milk and dairy products.

6. The reported increased reactivity against Neu5Gc in several solid tumors,
neurodegenerative diseases, and cardiovascular conditions also requires plau-
sible explanations. Inflammatory reactions are a common feature, particularly in
early stages of solid tumor development (Li et al. 2016; Castellon and
Bogdanova 2016). The presence of different types of herpesviruses has
repeatedly been observed—most prominently of Epstein–Barr virus, but also of
cytomegalovirus, human herpesvirus type 6, and a few others (Roizman 1974;

Fig. 10 Small virus-like particles in Epstein–Barr virus (arrows) producing Burkitt’s lymphoma
cells. a P3HR-1 cells after TPA induction (zur Hausen, unpublished) and b in an EBV-producing
hairy leukoplakia of an HIV-infected person (courtesy of Dr. John Greenspan)
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Söderberg-Nauclér 2006; Cao et al. 2016). As proposed in Sect. 8, interactions
between a reactivated herpes-type virus and a persistent BMMF-like genome
may result in strong inflammatory responses producing reactive oxygen species
(ROS). Mutagenic or epigenetic modifications as a consequence of ROS acti-
vation are also common in neurodegenerative diseases (Limongi and Baldelli
2016). Under these circumstances, the actual manifestation of the disease would
not require a persistent and continued genetic activity of the initial trigger of the
inflammatory reaction. In this respect, it is interesting to note that long-time
application of low-dose aspirin, as an anti-inflammatory drug, has been
repeatedly reported to reduce the risk for colon, breast, and prostate cancers
(Elwood et al. 2016).

9 Conclusions

Dietary habits, in particular consumption of beef and dairy products, substantially
not only contribute as risk factors for a number of prevalent human cancers, but also
pose as risks for several neurodegenerative and cardiovascular diseases. The con-
cept of virus-like infections transmitted from specific ungulates to humans, most
likely by dietary ingestion, is presently receiving experimental support by the
isolation and characterization of small single-stranded DNA molecules from dairy
cattle serum and cow milk and products derived therefrom. The genetic activity of
several of these isolates in human cells has been documented.

Demonstration of antibodies against one of their major proteins (at this stage in
MS sera) supports the view that they represent candidates for a link to some of these
very common human diseases. Available surveys indicate that similar antibodies
are prevalent in the human population. Yet, the titers in multiple sclerosis are
significantly elevated in comparison with human control sera.

The previously outlined concept of a synergistic function of dual infections of
the same cell by a herpes group virus (apparently frequently by EBV) and BMMF
genomes (zur Hausen 2015) receives further support in MS patients by concomitant
elevated antibody titers against BMMF antigens and EBNA1 (Bund et al., to be
published).

The relationship between heterophile Paul–Bunnell antibodies, shown to be
directed against the sialin Neu5Gc, and anti-BMMF reactivity, requires further
studies. Neu5Gc has been shown to be an important terminal component of a set of
cellular glycoproteins and gangliosides, both of them documented as determining
the specificity of receptors for several viral infections.

The serological identification of the virus-like BMMF antigenicity is presently
based on BMMF1 Rep proteins as antigens. Despite the high degree of conserva-
tion between these proteins, an accurate assignment of the sero-response to specific
BMMF genotypes, except for the two isolates from MS brain autopsy material,
remains to be determined. In view of the heterogeneity of available isolates, further
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studies are required, to determine the potential existence of “high”- and “low”-risk
types and their pathogenicity for specific diseases. Thus, a number of important
questions remain open.
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MYC and RAF: Key Effectors in Cellular
Signaling and Major Drivers in Human
Cancer

Eduard Stefan and Klaus Bister

Abstract The prototypes of the human MYC and RAF gene families are orthologs
of animal proto-oncogenes that were originally identified as transduced alleles in
the genomes of highly oncogenic retroviruses. MYC and RAF genes are now
established as key regulatory elements in normal cellular physiology, but also as
major cancer driver genes. Although the predominantly nuclear MYC proteins and
the cytoplasmic RAF proteins have different biochemical functions, they are
functionally linked in pivotal signaling cascades and circuits. The MYC protein is a
transcription factor and together with its dimerization partner MAX holds a central
position in a regulatory network of bHLH-LZ proteins. MYC regulates transcription
conducted by all RNA polymerases and controls virtually the entire transcriptome.
Fundamental cellular processes including distinct catabolic and anabolic branches
of metabolism, cell cycle regulation, cell growth and proliferation, differentiation,
stem cell regulation, and apoptosis are under MYC control. Deregulation of MYC
expression by rearrangement or amplification of the MYC locus or by defects in
kinase-mediated upstream signaling, accompanied by loss of apoptotic checkpoints,
leads to tumorigenesis and is a hallmark of most human cancers. The critically
controlled serine/threonine RAF kinases are central nodes of the cytoplasmic
MAPK signaling cascade transducing converted extracellular signals to the nucleus
for reshaping transcription factor controlled gene expression profiles. Specific
mutations of RAF kinases, such as the prevalent BRAF(V600E) mutation in mel-
anoma, or defects in upstream signaling or feedback loops cause decoupled kinase
activities which lead to tumorigenesis. Different strategies for pharmacological
interference with MYC- or RAF-induced tumorigenesis are being developed and
several RAF kinase inhibitors are already in clinical use.
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1 Introduction

The original discoveries of several important cancer driver genes, including MYC
and RAF, are closely linked to animal retrovirology (Vogt 2012). The first bio-
chemical identification of a cancer gene (Duesberg and Vogt 1970)—the v-src
oncogene of Rous sarcoma virus—and the striking proof of its origin from a normal
cellular gene (c-src proto-oncogene) (Stehelin et al. 1976) were landmark discov-
eries in molecular cancer research (Bister 2015). They immediately stimulated the
search for the transforming principles of other highly oncogenic retroviruses (Vogt
2012; Bister 2015). A specific class of retroviruses, the avian acute leukemia viruses,
proved to be a rich source of novel cancer genes, including myc, mil (raf), erbB,
erbA, myb, and ets (Bister and Jansen 1986). In 1977, specific protein products and
nucleic acid sequences of the myc oncogene were discovered by biochemical
analyses of acute leukemia virus MC29 (Bister et al. 1977; Duesberg et al. 1977).
The viral genome was shown to be defective in all replicative genes (gag, pol, and
env), to contain a contiguous novel insert unrelated to src and later termed v-myc
(Coffin et al. 1981), and to encode a single protein product, a Gag-Myc hybrid
protein (Fig. 1) (Bister et al. 1977; Duesberg et al. 1977; Bister and Vogt 1978;
Mellon et al. 1978; Sheiness et al. 1978). Subsequently, v-myc alleles were identified
in all other members of the MC29 subgroup of acute leukemia viruses, CMII, OK10,
and MH2 (Bister and Jansen 1986). Following the src paradigm, the cellular origin
of the v-myc alleles was soon proven and the chicken c-myc gene identified
(Sheiness and Bishop 1979; Roussel et al. 1979; Robins et al. 1982; Vennström et al.
1982). The c-myc gene has been conserved throughout metazoan evolution and may
even have pre-metazoan ancestors (Hartl et al. 2010; Young et al. 2011). The dis-
covery of chromosomal translocations of the humanMYC gene in Burkitt lymphoma
cells provided the first evidence for the involvement of the cellular homolog of the
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v-myc retroviral oncogene in human tumorigenesis (Dalla-Favera et al. 1982; Taub
et al. 1982). Today, deregulated MYC expression is established as an important
driving force in the majority of all human cancers (Vogt 2012; Dang 2012;
Vogelstein et al. 2013; Stine et al. 2015; Tokheim et al. 2016).

In 1983, biochemical analyses of avian acute leukemia virus MH2 (Mill Hill
virus 2) revealed that the viral genome—in addition to v-myc—contains a second
unique insert termed v-mil (Fig. 1) (Jansen et al. 1983a, b; Coll et al. 1983; Kan et al.
1983). The cellular origin of v-mil was demonstrated by detailed structural com-
parisons of cloned MH2 v-mil and chicken c-mil genes (Jansen et al. 1983b). In the
same year, a cell-derived insert (termed v-raf) was found in the genome of murine
sarcoma virus 3611 (Fig. 1) isolated from mice that had been inoculated with a virus
stock obtained by 5-iodo-2′-deoxyuridine induction in chemically transformed
mouse cells (Rapp et al. 1983). It was subsequently shown that v-mil and v-raf were
derived from orthologous genes in chicken and mice (Jansen et al. 1984). MH2
induces leukemia and carcinoma in infected fowl and is one of the oldest natural
retroviral isolates (Begg 1927). It is an intriguing genetic curiosity that a highly
oncogenic chicken virus arose long time ago by transduction of two cellular genes in
tandem, both of which are recognized today as key drivers in human cancer. Indeed,
elucidation of the genetic structure of MH2 provided a direct hint at possible

Fig. 1 Discoveries of MYC and RAF. The genome structures of avian acute leukemia viruses
MC29 and MH2, and of murine sarcoma virus 3611 are depicted. The retroviral oncogenes v-myc,
v-mil, and v-raf are transduced alleles derived from the chicken c-myc and c-mil genes, or the
mouse c-raf gene, respectively. Chicken c-mil and mouse c-raf are orthologous genes. In the MH2
genome, v-mil and v-myc alleles are directly adjacent, and their coding regions are separated by
c-myc intron derived sequences (small blue box). The protein products (p) of the retroviral
oncogenes are expressed from genome-sized mRNAs as hybrid proteins containing N-terminal
Gag sequences, or from a subgenomic mRNA (MH2 v-myc)
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oncogene cooperativity (Jansen et al. 1983b; Bister and Jansen 1986), which was
supported by the observation of enhanced oncogenic properties of MH2 in vitro and
in vivo (Graf et al. 1986) or by construction of a murine MH2 analog with a
remarkably strong oncogenic potential in mice (Rapp et al. 1985). Today, mutated
forms of the human ortholog of mil/raf and its paralogs are involved in a variety of
human cancers (Wellbrock et al. 2004; Vogt 2012; Holderfield et al. 2014a;
Tokheim et al. 2016), and there is also evidence for synergism of MYC and RAF
genes in tumorigenesis (Tabor et al. 2014; Ratnikov et al. 2017).

In mammalian systems, including man, the gene designation raf coined for the
murine oncogene is established and will be used henceforth in this article on human
genes. Genes and proteins will be designated according to human nomenclature
conventions, e.g., MYC and RAF1 for the human orthologs of the avian c-myc and
avian/murine c-mil/raf genes, respectively, and MYC and RAF1 for their protein
products. Paralogous members of the human MYC gene family are MYCN and
MYCL, encoding the N-MYC and L-MYC proteins. ARAF and BRAF are paralogs
of RAF1, and specify the ARAF and BRAF proteins. Also, MYC or MYC and RAF
or RAF will be used as generic terms when no specific member of the gene or
protein families is addressed.

2 Protein Structure

2.1 MYC Proteins

The domain structure of the human MYC protein with a total length of 439 amino
acids is shown in Fig. 2. MYC belongs to a family of proteins with a characteristic
hallmark, a dimerization and DNA-binding domain (bHLH-LZ) encompassing a
basic region (b) as DNA contact surface, a helix-loop-helix (HLH), and a leucine
repeat/zipper (LZ) region as protein–protein interaction (PPI) domains. The pre-
ferred binding partner for MYC is another member of the bHLH-LZ protein family,
MAX, and PPI between these proteins leads to formation of a stable MYC:MAX
heterodimer. The discovery of MAX and the recognition of MYC:MAX as a
sequence-specific DNA-binding complex enabled crucial leaps forward in the
understanding of MYC biochemistry (Blackwood and Eisenman 1991; Eisenman
2001; Conacci-Sorrell et al. 2014). In the absence of MAX and at physiological
concentrations, MYC is monomeric in solution and displays properties of an
intrinsically disordered protein (IDP) with isolated regions of dynamic secondary
structure elements and helical fraying (Fieber et al. 2001). MAX forms homod-
imers, albeit with lower stability than that of the MYC:MAX heterodimer. X-ray
structures of the bHLH-LZ domains in MAX homodimers (Ferré-D’Amaré et al.
1993) or in MYC:MAX heterodimers (Nair and Burley 2003) revealed the struc-
tural details of the dimer-specific selective PPIs between the parallel protein chains

120 E. Stefan and K. Bister



(Fig. 2). The a-helical basic regions of MYC:MAX heterodimers bind to specific
DNA sequence elements (E-boxes) with the preferred structure 5′-CACGTG-3′ by
making specific base contacts in the major groove of DNA (Fig. 2) (Blackwood and
Eisenman 1991; Nair and Burley 2003). MYC:MAX complexes induce transcrip-
tion by binding to E-boxes in promoter or enhancer regions of target genes and
form PPIs with a variety of other factors.

In addition to the distinctive bHLH-LZ domain and a proximate nuclear local-
ization signal, MYC contains several regions (MYC boxes, MBI-IV) that are highly
conserved among members of the MYC protein family (Fig. 2) (Conacci-Sorrell
et al. 2014; Thomas et al. 2015). MBI and MBII are located within the

Fig. 2 Structure of the human MYC protein and its dimerization partner MAX. The dimerization
and DNA-binding domains (bHLH-LZ) are indicated. On the MYC protein, conserved MYC
boxes (MBI-IV), the transactivation domain (TAD), the nuclear localization signal (NLS), critical
phosphorylation sites (Thr58, Ser62), and a calpain cleavage site (Lys298) are depicted. The X-ray
structure of a dimer of the MYC and MAX bHLH-LZ domains bound to DNA is shown below
(Nair and Burley 2003). The image was created from the PDB entry 1NKP using the PyMOL
graphics system
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transactivation (transcriptional activation) domain (TAD) and their precise bio-
chemical functions are best defined. MBI contains a phospho-degron regulating
ubiquitylation and proteolysis of the distinctively unstable MYC protein exhibiting
half-lives of only 20–30 min. Phosphorylation at Ser62 by the kinases ERK or
CDK increases MYC stability, whereas phosphorylation at Thr58 by GSK-3b
initiates dephosphorylation at Ser62, ubiquitylation by Fbw7 E3 ligase, and pro-
teasomal degradation (Farell and Sears 2014). MBII interacts with components of
histone acetyltransferase (HAT) complexes including TRRAP and other cofactors
to stimulate histone acetylation and gene activation. MBII is essential for most
biological activities of MYC, and is also an interaction site for the E3 ligase Skp2
(Conacci-Sorrell et al. 2014). In contrast to MBI and MBII, the molecular functions
of the other MYC boxes are not completely explored (Conacci-Sorrell et al. 2014;
Thomas et al. 2015). However, MBIIIa, also named just MBIII (Conacci-Sorrell
et al. 2014), interacts with histone deacetylase 3 (HDAC3) leading to transcriptional
repression, the chromatin association of MYC depends in part on the interaction of
MBIIIb with the WD40-repeat protein WDR5, and MBIV associates with the
conserved transcriptional cofactor HCF–1 (Thomas et al. 2015, 2016). Specific
cleavage of MYC at Lys298 by calcium-dependent calpain proteases yields
MYC-nick, a cytoplasmic form of MYC that retains MYC boxes I through IIIb and
is involved in a-tubulin acetylation and cell differentiation (Conacci-Sorrell et al.
2010; Anderson et al. 2016). Paralogs of MYC are MYCN and MYCL that were
originally identified as amplified genes in human neuroblastoma or small cell lung
cancer, respectively (Brodeur et al. 1984; Nau et al. 1985). The human N-MYC
(464 amino acids) and L-MYC (364 amino acids) proteins share the principal
domain topography with MYC (Fig. 2), with the exception that MBIIIa is missing
from the shorter L-MYC protein (Conacci-Sorrell et al. 2014; Thomas et al. 2015).
Notably, the transduced v-myc alleles of avian acute leukemia viruses contain the
entire coding region of the chicken c-myc proto-oncogene, and the Myc amino acid
sequences of the viral Gag-Myc or v-Myc protein products (cf. Fig. 1) differ from
the 416-amino acid chicken c-Myc protein sequence only by individual amino acid
substitutions and, in the case of MH2, a small internal deletion (Bister and Jansen
1986).

2.2 RAF Proteins

The domain structure of the human RAF1 protein (648 amino acids) is depicted in
Fig. 3. The X-ray structure of the RAS binding domain (RBD) of RAF1 in complex
with the G domain of HRAS, a member of the RAS protein family of small
GTPases (Karnoub and Weinberg 2008; McCormick 2016), is shown below (Fetics
et al. 2015). RAF proteins are cytoplasmic serine/threonine-specific protein kinases
that share three conserved regions (CR). CR1 is located in the N-terminal
auto-inhibitory domain of RAF and comprises the RBD and the cysteine-rich
domain (CRD), which are both involved in a GTP-dependent interaction with RAS.
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The central serine/threonine-rich CR2 is essential for phosphorylation-dependent
regulation of RAF, and the C-terminal CR3 encompasses the catalytic kinase
domain (Wellbrock et al. 2004; Baccarini 2005; Holderfield et al. 2014a; Lavoie
and Therrien 2015; Desideri et al. 2015). Notably, the transduced v-mil and v-raf
alleles in MH2 and 3611-MSV contain only the 3′ segment of the coding domains
of c-mil and c-raf, respectively, and hence the Gag-Mil and Gag-Raf hybrid pro-
teins lack the auto-inhibitory N-terminal domain (cf. Fig. 1). RAF proteins are
essential effectors within the mitogen-activated protein kinase (MAPK) pathway
and phosphorylate MEK (Dent et al. 1992; Howe et al. 1992; Kyriakis et al. 1992)
which then activates ERK signaling (Lavoie and Therrien 2015; Desideri et al.

Fig. 3 Structure of the human RAF1 and HRAS proteins. The conserved regions (CR1-3), the
RAS binding domain (RBD), the cysteine-rich domain (CRD), and the kinase domain (KD) of
RAF1 are indicated. Critical phosphorylation sites in CR2 (Ser259), in the C-terminal region
(Ser621), in the N-region upstream of CR3 (Ser338, Tyr341), and in the activation segment
(Thr491, Ser494) are marked. On the HRAS protein, the G domain and the hypervariable region
(HVR) are depicted. The X-ray structure of the RAF1 RBD bound to the G domain of HRAS
loaded with the GTP analog GppNHp is shown below (Fetics et al. 2015). The image was created
from the PDB entry 4G0N using the PyMOL graphics system
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2015). RAF kinases are activated and relieved from intramolecular auto-inhibition
by (i) interaction with GTP-loaded RAS proteins (Moodie et al. 1993; Van Aelst
et al. 1993; Vojtek et al. 1993; Zhang et al. 1993), (ii) recruitment to the plasma
membrane, and (iii) formation of allosterically regulated homo- and heterodimers
(Wellbrock et al. 2004; Baccarini 2005; Lavoie and Therrien 2015; Desideri et al.
2015). These activating interactions are regulated by several phosphorylation and
dephosphorylation events at crucial residues (Fig. 3). Phosphorylation of Ser259 in
CR2 by PKA generates a binding site for 14-3-3 scaffold proteins and this interferes
with RAS binding and membrane recruitment. For RAF activation, Ser259 has to
be dephosphorylated by protein phosphatase 2A (Abraham et al. 2000; Desideri
et al. 2015). In contrast, several other phosphorylation sites have positive effects on
RAF activation. Phosphorylation of the C-terminal 14-3-3 binding site Ser621
facilitates RAF dimerization (Lavoie and Therrien 2015; Desideri et al. 2015).
Other positive phosphorylation events involve Ser338 and Tyr341 in the N-region
(Negative charge required for RAF activation) adjacent to CR3, and Thr491 and
Ser494 within the activation segment of the kinase domain (Fig. 3) (Wellbrock
et al. 2004; Lavoie and Therrien 2015).

The paralogs of RAF1 are ARAF isolated by human and mouse cDNA screening
(Huebner et al. 1986) and BRAF that was originally identified in human Ewing
sarcoma DNA (Ikawa et al. 1988) and at the same time as a transduced mil-related
oncogene (v-Rmil) in avian retrovirus IC10 (Marx et al. 1988). The human ARAF
(606 amino acids) and BRAF (766 amino acids) proteins exhibit the principal
domain architecture of RAF1 (Fig. 3), with BRAF containing an additional
N-terminal segment (Wellbrock et al. 2004). Phylogenetic sequence comparisons
revealed that the BRAF gene is the human paralog that is most similar to the single
Raf genes in non-vertebrate organisms and that BRAF is probably the prototypic
RAF kinase (Desideri et al. 2015). The regulation of human BRAF shares common
features with the other paralogs, but also displays important distinctions. The
N-region of BRAF is negatively charged independent of regulatory events, with
Asp449 corresponding to the position of Tyr341 in RAF1 and with Ser446 con-
stitutively phosphorylated unlike the equivalent residue Ser338 in RAF1. While the
N-regions of RAF1 and ARAF have to be negatively charged for activation,
the BRAF N-region carries a constant negative charge requiring fewer steps in the
activation of BRAF by RAS (Wellbrock et al. 2004; Baccarini 2005).

3 Cellular Signaling

Mitogenic signaling pathways connect membrane localized receptor activities with
cytoplasmic and nuclear effector systems, as shown in Fig. 4 for the MAPK
pathway. MYC and RAF proteins occupy apex positions in such signal transduction
cascades. Remarkably, several protein effectors in these pathways are encoded by
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proto-oncogenes originally identified in transduced form as transforming principles
in retroviral genomes. This includes the EGF receptor (EGFR), a receptor tyrosine
kinase (RTK), and the GTPase RAS (Vogt 2012; Bister 2015), in addition to the
cytoplasmic serine/threonine-specific protein kinase RAF and the transcription
factor MYC (cf. Fig. 1). The most important regulatory functions of MYC will be
addressed here, followed by an outline of the upstream cytoplasmic signaling
involving RAF kinases.

Fig. 4 Schematic diagram of the mitogen-activated protein kinase (MAPK) signaling pathway.
Exposure to extracellular ligands leads to dimerization, autophosphorylation, and activation of
receptor tyrosine kinases (RTK). This triggers recruitment of adaptor proteins and nucleotide
exchange factors (not shown) that enhance GDP/GTP exchange leading to RAS activation
(RAS-GTP). RAF, the first MAPK of the cascade, is activated through a multistep process
including RAS binding, recruitment to the plasma membrane, conformational change, phospho-
rylation (P), and dimerization. Activated RAF phosphorylates and activates the gatekeeper kinase
MEK which in turn phosphorylates ERK. Activated ERK directly or indirectly regulates a plethora
of cytoplasmic and nuclear substrates including transcription factors (TF), such as transcriptional
regulators of MYC expression. In addition, ERK directly phosphorylates the transcription factor
MYC which enhances its stability. TF-mediated alterations of gene expression profiles are relevant
for cell cycle progression and proliferation. The different modes of negative feedback regulation of
RAS-RAF-MEK-ERK signaling are not shown
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3.1 The MYC Master Regulator

The broad physiological functions of the master regulator MYC reach to virtually
all important cellular activities and compartments: transcriptional activation or
repression of target genes, general transcriptional amplification, control of the entire
non-coding transcriptome including microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs), DNA replication, energy metabolism, cell cycle progression, cell
proliferation, apoptosis, differentiation, cell migration, and stem cell biology
(Soucek and Evan 2010; Conacci-Sorrell et al. 2014; Stine et al. 2015). This huge
and still expanding regulatory network of MYC represents an enormous challenge
for exhaustive functional investigations. The canonical function of MYC is that of a
transcriptional regulator in a dimeric DNA-binding complex with MAX (cf. Fig. 2).
Indeed, most physiological and tumorigenic functions of MYC require dimerization
with MAX, although MAX-independent and even cytoplasmic functions of MYC
have also been reported. MYC:MAX dimers generally stimulate transcription, but a
significant number of transcriptionally repressed target genes have also been
identified (Eilers and Eisenman 2008; Conacci-Sorrell et al. 2014). A specific
mechanism of transcriptional repression involves association with the zinc-finger
transcription factor Miz–1 (Wanzel et al. 2003). The number of transcriptionally
activated target genes is huge, and it has been estimated that over 15% of all human
genomic loci are bound and possibly regulated by MYC (Conacci-Sorrell et al.
2014). In a global mapping analysis, more than 4000 MYC binding sites were
identified in human B cells, and by gene expression profiling, more than 660 direct
MYC-regulated target genes were identified (Zeller et al. 2006). A large number of
the upregulated genes are involved in processes related to cell growth and prolif-
eration, such as ribosomal and mitochondrial biogenesis, translation, biosynthetic
pathways, glucose and glutamine metabolism, and cell cycle progression (Dang
2012, 2013; Stine et al. 2015). In agreement, MYC transcriptional regulation
involves not only protein-coding or small RNA specifying genes transcribed by
RNA polymerase II, but also genes transcribed by RNA polymerases I and III
(Gomez-Roman et al. 2003; Grandori et al. 2005). In contrast to the common view
of a gene-specific MYC transcriptional signature, it was proposed that MYC
functions non-specifically as a global nonlinear amplifier of gene transcription,
mainly enhancing the ongoing gene expression program in the cell by stimulating
transcriptional elongation (Lin et al. 2012; Nie et al. 2012; Rahl and Young 2014).
It has been argued that this general amplification model would not explain specific
transcriptional repression by MYC or the MYC-induced specific changes in gene
expression profiles in the transitions from resting to proliferating cells or from
normal to transformed cells (Dang 2013; Stine et al. 2015). In the selective
amplification model, the specific selection of MYC targets is largely determined by
chromatin accessibility and interaction with other transcription factors to activate or
repress gene transcription specifically (Dang 2014; Stine et al. 2015). However, the
two models are not mutually exclusive, and MYC may function along both routes,
depending on cell and chromatin status (Dang 2014; Wolf et al. 2015). Also, the net
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outcome of MYC-induced general amplification, including indirect effects on gene
expression, can in the end still generate unique MYC transcriptional signatures
(Rahl and Young 2014). It is important to note that the MYC:MAX interaction is
inseparably embedded in a large network of selectively interacting bHLH-LZ
proteins (Conacci-Sorrell et al. 2014; Wilde and Ayer 2015). MYC does not
homodimerize under physiological conditions and forms heterodimers exclusively
with MAX. In contrast, MAX forms homodimers and also heterodimers with other
bHLH-LZ proteins, such as the MXD (formerly MAD) family of proteins
(MXD1–4) or MNT and MGA (Ayer et al. 1993; Hurlin et al. 1997, 1999;
Conacci-Sorrell et al. 2014). Furthermore, MXD proteins and MNT form hetero-
dimers with MLX, which in turn can undergo complex formation with transcrip-
tional activators of the Mondo protein family, such as MondoA or ChREBP
(Conacci-Sorrell et al. 2014; Wilde and Ayer 2015). This extensive network of
interacting bHLH-LZ proteins facilitates broad adjustments of transcriptional pro-
grams in response to mitogenic or metabolic signaling. MYC and the antagonistic
MXD proteins compete for heterodimerization with MAX, and MYC:MAX and
MXD:MAX compete for E-box binding sites. MYC:MAX heterodimers generally
induce transcription, whereas MXD:MAX complexes repress transcription.
Transcriptional repression by MXD:MAX involves recruitment of the mSIN3 and
histone deacetylase corepressor complex (Conacci-Sorrell et al. 2014; Wilde and
Ayer 2015), in contrast to transcriptional activation by MYC:MAX that involves
recruitment of TRRAP and histone acetyltransferase GCN5 (McMahon et al. 2000).
Heterodimer formation by the various members of the MYC/MAX/MXD network
is dependent on the relative abundance of the bHLH-LZ proteins and also on the
specific binding affinities. For instance, MYC:MAX heterodimers have very low
dissociation constants and are significantly more stable than MAX:MAX homod-
imers (Fieber et al. 2001; Nair and Burley 2003). The relative abundance of MYC
proteins is tightly controlled at all levels of gene expression, including transcription,
translation, and protein degradation (Sears 2004; Liu and Levens 2006; Farell and
Sears 2014). Transcriptional activation of MYC is strongly dependent on the cell
cycle and differentiation status of the cell. While MYC expression is nearly shut off
in quiescent cells, it is rapidly induced by mitogenic signals transduced by path-
ways like RTK-MAPK (Fig. 4) or WNT/b-catenin (Kelly et al. 1983; He et al.
1998; Liu and Levens 2006; Soucek and Evan 2010). The nuclear effectors of these
pathways are members of the E-twenty-six (ETS) or T cell factor/lymphoid
enhancer binding factor (TCF/Lef) families of transcription factors and regulate
MYC expression, among many other factors (Wasylyk et al. 1998; Yochum et al.
2010). Transcriptional regulation of MYC is followed by a multitude of
post-transcriptional and post-translational control elements including miRNAs,
lncRNAs, protein modification and degradation (Lal et al. 2009; Hung et al. 2014;
Tseng et al. 2014; Farell and Sears 2014; Stine et al. 2015).

Some of the earliest transcriptional targets of MYC to be identified encode
metabolic enzymes, such as lactate dehydrogenase (LDHA) involved in the gly-
colytic pathway (Shim et al. 1997; Stine et al. 2015). Today, MYC is established as
a master regulator of genes involved in ribosomal and mitochondrial biogenesis,
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glucose and glutamine metabolism, protein synthesis, nucleotide and lipid
biosynthesis (Dang 2013; Stine et al. 2015). MYC-induced metabolism in normal
cells is under control by mitogenic signaling and nutrient supply, whereas in cancer
cells, deregulated MYC expression drives metabolic genes constitutively and leads
to nutrient addiction, such as glucose and glutamine dependency (Dang 2013;
Shroff et al. 2015; Stine et al. 2015; Altman et al. 2016). MYC directly regulates
specific genes encoding essential factors of metabolic pathways, including gly-
colytic and glutaminolytic enzymes and transporters. The recognition of MYC as a
master regulator of energy metabolism also links current molecular cancer research
to one of the first observations of specific metabolic features of cancer cells, the
increased conversion of glucose to lactate even in non-hypoxic conditions, a phe-
nomenon known as aerobic glycolysis or Warburg effect (Warburg et al. 1924;
Koppenol et al. 2011). Under hypoxic stress, normal cells activate expression of
hypoxia inducible factors (HIFs) that induce genes for adaptation to hypoxia,
including nearly all glycolytic genes. There are extensive interactions between the
MYC/MAX/MXD network and HIFs, with antagonistic mechanisms in the
response of normal cells to hypoxia, in contrast to cooperative functions in hypoxic
cancer cells (Dang et al. 2008). In addition to the profound effect of MYC on the
regulation of intermediary and energy metabolism, MYC also directly induces cell
cycle progression by transcriptional activation of genes such as CDK4 or cyclin D2
(Hermeking et al. 2000; Bouchard et al. 2001). A non-transcriptional function of
MYC involves direct interaction with the pre-replicative complex (pre-RC) con-
trolling the initiation of DNA replication (Dominguez-Sola et al. 2007). In addition,
the CDT1 gene encoding a key component of the pre-RC, the origin licensing factor
Cdt1, is transcriptionally activated by MYC (Valovka et al. 2013). Hence, DNA
replication is both under transcriptional and non-transcriptional control by Myc. As
a huge expansion of its regulatory sphere, MYC also controls virtually the entire
non-coding transcriptome (Weinberg et al. 2015). MYC regulates the expression of
miRNAs, short RNA molecules that regulate the half-life or translational efficiency
of target mRNAs (Mendell 2005, 2008; Croce 2009; Di Leva et al. 2014). One of
the best characterized miRNA clusters involved in tumorigenesis, miR-17-92, is
activated by MYC, attenuates the function of E2F transcription factors and also has
anti-apoptotic effects (He et al. 2005; O’Donnell et al. 2005; Mendell 2005, 2008;
Croce 2009; Di Leva et al. 2014). MYC-regulated miRNAs are also involved in
embryonic stem cell differentiation (Lin et al. 2009). In addition to miRNAs, MYC
also regulates the transcription of lncRNAs (Hart et al. 2014a; Kim et al. 2015).
Most of the lncRNAs are not well characterized yet, but some are involved in cell
cycle regulation and tumorigenesis (Kim et al. 2015).

In apparent contrast to its pivotal role in cell proliferation, MYC is also critically
involved in cell death. In the absence of survival factors, overexpression of MYC
leads to apoptosis (Evan et al. 1992; Shortt and Johnstone 2012). Dependent on
cellular context, MYC induces apoptosis by the ARF/MDM2/p53 axis, but also by
p53-independent interactions of ARF and MYC (Zindy et al. 1998; Qi et al. 2004;
Gregory et al. 2005; Boone et al. 2011). Disturbances of the fail-safe balance
between the pro-proliferative and pro-apoptotic functions of MYC are critical in
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tumorigenesis and can be caused by perturbations of the ARF/MDM2/p53 pathway
or by cooperative effects of MYC and anti-apoptotic proteins like BCL2 (Beverly
and Varmus 2009; Shortt and Johnstone 2012). MYC has also crucial roles in
differentiation and development. Targeted disruption of c-myc or N-myc genes in
mice leads to lethality at around day 10 of gestation (Davis et al. 1993; Grandori
et al. 2000; Laurenti et al. 2009), and MYC is an important regulator of stem cell
self-renewal and differentiation (Lin et al. 2009; Scognamiglio et al. 2016;
Kanatsu-Shinohara et al. 2016). Although all functions discussed so far relate to the
canonical full-length nuclear MYC protein, cytoplasmic functions have also been
described. Proteolytic cleavage of MYC by calpains, a family of Ca2+-dependent
cysteine proteases, generates a cytoplasmic form of MYC (MYC-nick) that lacks
the C-terminal region of MYC beyond residue 298 (cf. Fig. 2) and promotes
a-tubulin acetylation and cell migration (Conacci-Sorrell et al. 2010; Anderson
et al. 2016). Interestingly, synergistic functions of MYC and Ca2+-signaling in B
cell differentiation, and direct Ca2+-dependent interactions of MYC with the Ca2+-
sensor calmodulin have been reported (Habib et al. 2007; Raffeiner et al. 2017).

3.2 The RAF Signaling Node

Interconnected kinase activities are at the heart of signaling networks which
transmit and propagate the extracellularly sensed input signal to the nuclear des-
tination for dictating the cell fate (Fig. 4). In response to growth factor, cytokine, or
hormone mediated activation of membrane receptors, kinases of the evolutionary
conserved MAPK signaling pathway (RAS-RAF-MEK-ERK) take the center stage
for spatiotemporally controlled signal transmission (Wellbrock et al. 2004). The
simplified illustration in Fig. 4 emphasizes a linear architecture of the transient and
adaptive RAS-RAF-MEK-ERK signal response leading to transmission of the
signal to the nucleus. The integrity of consecutive phosphorylation events is
mandatory for physiological processes such as cellular growth, proliferation, and
differentiation (Robinson and Cobb 1997). At the plasma membrane, signal
transmission is initiated by receptor stimulation which results in activation of the
RAS-GTPase family members HRAS, NRAS, or KRAS linking the receptor sensed
input signals with downstream kinases. RAS functions as molecular switch and
cycles between GDP-bound inactive and GTP-bound active states. Many external
but also internal signals converge on the RAS isoforms to trigger a collection of
non-redundant biological functions (Karnoub and Weinberg 2008; Pylayeva-Gupta
et al. 2011; McCormick 2016). The critical GDP/GTP exchange during this acti-
vation cycle is regulated through guanine nucleotide exchange factors (GEF), while
inactivation results from GTP hydrolysis through the intrinsic GTPase activity of
the small G-proteins which can be strongly enhanced by GTPase activating proteins
(GAP). RAS-GTP signaling involves binary PPIs with central kinases such as RAF
but also phosphatidylinositol-3 kinase (PI3K) (Cully et al. 2006; Desideri et al.
2015). The RAF enzymes (ARAF, BRAF, or RAF1) act as initiating kinases for
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MAPK signaling. Physiological RAF activation depends on PPI with GTP-bound
RAS via the RBD of RAF (Desideri et al. 2015; Lavoie and Therrien 2015). The
consequences are membrane recruitment, dimerization, and the subsequent release
of the auto-inhibitory RAF configuration leading to a shift to the open and active
conformation of the full-length protein. This involves sequential phosphorylation
and dephosphorylation events contributing to the intricate mode of RAF regulation
by imposing either positive or negative constraints onto the RAF kinase function
(Lavoie and Therrien 2015). Moreover, allosteric activation through side-to-side
interaction of kinase domains of RAF homodimers or heterodimers, or interactions
with the pseudokinase KSR (kinase suppressor of RAS) are functionally integrated
(Brennan et al. 2011; Cseh et al. 2014). Activated RAF phosphorylates the
downstream located gatekeeper enzymes MEK1 or MEK2 (Roskoski 2012a; Caunt
et al. 2015). MEK1/2, acting as dual specific kinases, phosphorylate ERK1 and
ERK2 which in turn phosphorylate a plethora of nuclear and cytoplasmic substrates
such as kinases and transcription factors (Fig. 4) (Roskoski 2012b).

Cytoplasmic substrates of ERK are upstream located kinases such as EGFR,
RSK2, BRAF, MEK1, and the pseudokinase KSR1 (Lake et al. 2016). In the
nucleus, ERK regulates transcription factors including members of the ternary
complex factor (TCF) and ETS families (Wasylyk et al. 1998; Buchwalter et al.
2004). TCF and ETS induce the transcriptional activation of immediate early genes
such as MYC and FOS. Their gene products MYC and FOS but also cyclin D1 are
key factors for cell cycle progression, cell survival, cell division, and cell motility
(Lito et al. 2013; Murphy and Blenis 2006; Roskoski 2012b). Another mechanism
is the direct phosphorylation of transcription factors such as ELK1, FOS, or MYC
by ERK (Fig. 4). ELK1 is a member of ETS transcription factors and the most
thoroughly studied ERK target (Roskoski 2012b). ELK1 contains a C-terminal
transcriptional activation domain which is the target for ERK phosphorylation
leading to increased transcriptional activity (Hollenhorst et al. 2011). FOS forms a
heterodimer with JUN for the assembly of the activator protein 1 (AP1) tran-
scription factor complex. FOS phosphorylation in the nucleus extends the half-life
of the protein to several hours (Okazaki and Sagata 1995). Double phosphorylation
of FOS by ERK and Jun kinases (JNK) increases its transcriptional activity (Morton
et al. 2003). Another critical transcription factor which is regulated by phospho-
rylation is MYC. In response to mitogenic signaling, the evolutionary conserved
MYC residues such as Ser62 and Thr58 (cf. Fig. 2) are targets for phosphorylation
(Sears 2004; Farell and Sears 2014). Phosphorylation of Ser62 not only by ERK but
also by kinases of the CDK family transiently increases MYC stability. This is
antagonized by Thr58 phosphorylation by GSK-3b which triggers PP2A mediated
Ser62 dephosphorylation targeting MYC for the ubiquitin-proteasome system
through E3-ligase SCF-Fbw7 (Welcker et al. 2004; Yada et al. 2004). Furthermore,
ERK kinases activate additional kinases such as p90 ribosomal S6 kinase or MAPK
interacting kinases (MNKs) which are also relevant for the transcriptional control of
the RAS-RAF-MEK-ERK cascade transmitted signal to the nucleus. Dependent on
the cellular context, diverse biological functions related to cell cycle progression,
differentiation, or metabolic cell signaling are initiated. For the precise biological
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output, the MAPK-initiated adjustments of transcription factor controlled nuclear
gene expression programs are crucial. The scheme in Fig. 4 is a very basic diagram
of the feedforward regulation of the RAS-RAF-MEK-ERK signaling network, and
schematics for the different modes of feedback regulation of the MAPK cascade
have not been integrated. The complexity of MAPK dynamics is reflected by the
activities of the signaling hubs RAS and ERK which control a large number of
effectors. Alterations of functional interactions emanating from these two signaling
nodes dramatically affect spatiotemporal MAPK dynamics (Rauch et al. 2016). In
many cells, activation of the RAS-RAF-MEK-ERK pathway is transient through a
fast negative feedback directly impacting components of the cascade through
ERK-mediated phosphorylation. On a longer time scale, ERK activities enhance the
transcriptional expression of DUSP family phosphatases to counterbalance kinase
activities (Santos et al. 2007; Nagashima et al. 2015). These negative feedback
loops have been implemented to ensure robustness and precise spatiotemporal
control of transient or oscillating MAPK dynamics. The physiological response is
determined by the integration and processing of the incoming signal with negative
and positive feedback regulation. In particular, positive feedback loops are relevant
for switch-like and bistable MAPK signaling responses (Santos et al. 2007; Rauch
et al. 2016). An important strategy to achieve MAPK specificity is the organization
of subsets of signaling units in space and time. For example, regulation of MAPK
activities is ensured through molecular interactions with scaffolding proteins such
as the pseudokinase KSR. The RAS-dependent compartmentalization of several
MAPK through the KSR1 scaffold increases both the signaling strength and the
fidelity of signal transmission (Yu et al. 1998; Brennan et al. 2011; Matallanas et al.
2011).

4 Tumorigenesis

4.1 Cancer Driver MYC

Deregulated MYC genes are a driving force in the majority of all human cancers
(Vogt 2012; Dang 2012; Vogelstein et al. 2013; Stine et al. 2015; Tokheim et al.
2016), and MYC was dubbed the emperor of oncogenes (Weinberg et al. 2015).
MYC, MYCN, and MYCL were listed in the census of human cancer genes (Futreal
et al. 2004) and classified as driver genes in cancer genome landscapes (Vogelstein
et al. 2013). Most importantly, MYC and MYCN are included in a consensus list of
401 cancer drivers predicted by at least one of the three top performing methods in a
stringent reevaluation of cancer driver identification (Tokheim et al. 2016). In
contrast to many other prominent cancer genes, including RAS and RAF (see
below), oncogenic activation of MYC genes typically does not require mutations in
the protein-coding region. Hence, deregulation of MYC gene expression and
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accompanying uncontrolled levels of MYC protein are the hallmarks of MYC
oncogenicity. There are several genetic mechanisms that can cause MYC deregu-
lation. Retroviral transduction uncouples c-myc expression from cellular controls
and is the mechanism that led to the original discovery of MYC in the form of avian
retroviral v-myc alleles (cf. Fig. 1). Retroviral insertion in the vicinity of the c-myc
locus is another mechanism disturbing normal cellular control of c-myc expression
and was identified in B cell lymphomas induced by avian leukosis viruses that lack
oncogenic (v-onc) inserts in their genomes (Hayward et al. 1981; Payne et al.
1982). However, the important mechanisms relevant for human tumorigenesis do
not require retroviral involvement and are characterized by major rearrangements or
duplications of the MYC locus such as chromosomal translocation or gene ampli-
fication. Mapping of the human MYC locus to chromosome 8q24 and the identi-
fication of reciprocal t(8;14) translocations in Burkitt lymphoma promoting MYC
transcription by juxtaposed immunoglobulin enhancers was the first demonstration
of the involvement of MYC in human cancer (Dalla-Favera et al. 1982; Taub et al.
1982). Gene amplification of MYCN in neuroblastoma strongly correlates with
advanced stages of the disease (Brodeur et al. 1984), and MYCL but also MYC and
MYCN were found to be amplified in small cell lung cancer (Nau et al. 1985; Vita
and Henriksson 2006). In all Burkitt lymphoma cases analyzed, the frequency of
MYC translocations is 100%, and of MYC overexpression 91% (Vita and
Henriksson 2006). MYC family gene amplification and/or overexpression has been
observed at significant frequencies in a broad range of virtually all human cancer
types, including myeloma, melanoma, ovarian, cervical, prostate, colon, breast,
bladder, lung, and gastric cancers (Vita and Henriksson 2006). Although amplifi-
cations and less common translocations are the major genetic alterations leading to
deregulation of MYC family genes in human tumors, it is important to bear in mind
that aberrant MYC expression can also be caused by any defects in upstream sig-
naling, like in the Wnt/b-catenin, Notch, Sonic hedgehog, or MAPK pathways (He
et al. 1998; Weng et al. 2006; Knoepfler and Kenney 2006), or by disturbance of
post-transcriptional and post-translational control elements, including loss of neg-
ative feedback control of signaling pathways.

Oncogenic activation manifested by constitutive elevated MYC expression is
essential both for cancer initiation and maintenance, and established MYC-driven
tumors become addictive to constitutive MYC expression (Dang 2012; Gabay et al.
2014; Hsieh et al. 2015). Furthermore, based on the broad influence of MYC on
metabolic regulation, cancer cells with deregulated MYC expression are also
addicted to continuous nutrient supply, such as glucose or glutamine, whereas MYC
expression and MYC-controlled energy metabolism in normal cells can be shut
down by withdrawal of mitogenic signals or insufficient nutrient supply. In cancer
cells with runaway MYC expression, frequent loss of p53 or ARF tumor suppressor
checkpoints impedes the apoptotic safeguard mechanism and allows uncontrolled
cellular growth and proliferation (Stine et al. 2015). In addition to deactivation of
tumor suppressors, MYC-induced tumorigenesis frequently involves cooperative
activation of other oncogenes such as BCL2 or RAS (Beverly and Varmus 2009;
McFadden et al. 2016). There is also evidence that cooperative interactions between
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MYC and effectors of the PI3K/AKT/mTOR signaling pathway contribute to
oncogenesis and that resistance to therapeutic PI3K inhibition may be mediated by
MYC amplification (Liu et al. 2011; Hsieh et al. 2015). Furthermore, there are
mutual control mechanisms of MYC and miRNA expression that adopt important
roles in tumorigenesis (Croce 2009; Di Leva et al. 2014). Loss of MYC repressive
miRNAs such as let-7, or MYC-mediated transactivation of oncogenic miRNA
clusters such as miR-17-92 are involved in many cancer types (He et al. 2005;
O’Donnell et al. 2005; Kumar et al. 2007; Cairo et al. 2010). Deregulated MYC
expression has also been implicated in the emergence of chromosomal instability
(CIN) (Felsher and Bishop 1999; Louis et al. 2005; Dang 2012). CIN causes
aneuploidy, a hallmark of most human cancers, and is possibly involved in
tumorigenesis and metastasis (Rajagopalan et al. 2003; Gao et al. 2016; Turajlic and
Swanton 2016).

4.2 Oncogenic RAF Signaling

Hyperactivation of many components of the RAS-RAF-MEK-ERK pathway con-
tributes to the initiation or progression of cancer. HRAS, KRAS, NRAS, BRAF, and
RAF1 are all included in the stringent consensus list of cancer drivers (Tokheim
et al. 2016). In human cancers, recurrent oncogenic point mutations at the RAS
codon positions Gly12, Gly13, or Gln61 eliminate the precisely controlled
GDP/GTP exchange cycle and cause constitutive RAS activation. This leads to
uncontrolled RAS signaling to a multitude of effector molecules and pathways
including kinases such as RAF and PI3K (Cully et al. 2006; Karnoub and Weinberg
2008; Stephen et al. 2014; Lavoie and Therrien 2015). Under physiological con-
ditions, the formation of homo- and heterodimers of RAF is a central element for
phosphotransferase activation which is attenuated and disrupted by ERK-mediated
feedback phosphorylation (Freeman et al. 2013; Lake et al. 2016). Oncogenic
mutations in RAF kinases lead to decoupled phosphorylation events. Although the
RAF isoforms share substantial sequence similarity, their mode of regulation differs
in crucial details and this is important for the predominant role of BRAF in human
cancers (Wellbrock et al. 2004; Desideri et al. 2015). In the entire superfamily of
kinase genes, BRAF has been identified as the most frequently mutated
proto-oncogene (Davies et al. 2002; Fleuren et al. 2016). An important structural
basis for its paramount cancerogenic role is the unique presence of a
phospho-mimetic Asp449 and a constitutively phosphorylated Ser446 confering a
constant negative charge to the functionally crucial N-region in the BRAF sequence
(Lito et al. 2013). Hence, BRAF is poised for activation, and single point mutations
are sufficient to convert BRAF into a constitutively active kinase. BRAF mutations
have been identified in many cancers including malignant melanomas (50–60%),
thyroid (30–50%), colorectal (10%) and lung (3%) cancers, hairy cell leukemia
(100%), and others (Tiacci et al. 2011; Lito et al. 2013). The predominant onco-
genic gain-of-function mutation in BRAF is the substitution of glutamic acid for
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valine at position 600 (V600E) which is found in 60% of all malignant melanomas
(Lito et al. 2013). This mutation is located in the activation segment of the BRAF
kinase domain between two regulatory phosphorylation sites (Thr599, Ser602) and
converts it into the active state. Based on molecular modeling and crystallographic
evidence, the V600E mutation promotes formation of a salt bridge between Lys507
and Glu600, thereby stabilizing the active conformation of the activation segment.
Either phosphorylation of the activation segment (Thr599, Ser602) or substitution
of charged amino acids (Glu, Lys, Asp, or Arg have been found in tumors) for
Val600 converts the kinase into the active conformation. Furthermore, additional
phosphorylation events throughout the RAF activation cycle control the activity
status of the kinase. Differential RAF activation involves post-translational modi-
fications of the activation segment, the negatively charged N-region, and the
C-terminal 14-3-3 binding site (Lavoie and Therrien 2015). However, the critical
role of the phosphorylated N-region is not fully understood. Recent data suggest
that it could determine the transactivation direction in RAF dimers (Hu et al. 2013).

So far, nearly 300 distinct missense mutations of BRAF have been identified in
tumor samples and cancer cell lines (Forbes et al. 2011; Holderfield et al. 2014a).
Most of the mutations occur in the activation (A) loop or in the phosphate-binding
(P) loop of the kinase domain. However, the biochemistry of altered BRAF proteins
varies substantially. In addition to kinase activating mutations, some amino acid
substitutions lead to intermediate or low kinase activity. A subgroup of these
mutations endorses MEK-ERK signaling through heterodimerization-mediated
activation of RAF1 (Wan et al. 2004; Lito et al. 2013; Desideri et al. 2015). This
suggests that independent of the BRAF catalytic function, the dimerization with
RAF monomers releases the intrinsic activity of BRAF-bound RAF1. Interestingly,
it has been shown that kinase-impaired activities of BRAF mutants coexist with
RAS mutations (Andreadi et al. 2012). Analyses of the crystal structures of RAF
kinase domains revealed a conserved side-to-side interface (Rajakulendran et al.
2009). Amino acid substitutions in the interface such as R509H impeded RAF
dimerization and activity underscoring that side-to-side homo- and heterodimer
formation leads to protomer transactivation (Lavoie and Therrien 2015). In addi-
tion, the dimerization-dependent RAF activation involves the allosteric reorgani-
zation of the N- and C-lobe of the kinase domain to obtain an active-like
conformation. The alignment of hydrophobic residues spanning the N- and C-lobes
are critical for the catalysis (Taylor and Kornev 2011; Hu et al. 2015; Lavoie and
Therrien 2015). However, in contrast to wild-type and kinase-impaired BRAF
mutants, tumors harboring the BRAF(V600E) mutation show hyperactivated ERK
signaling resulting in increased proliferation and evasion of apoptosis, independent
of RAF dimerization (Poulikakos et al. 2011; Samatar and Poulikakos 2014). Since
BRAF(V600E) is not dependent on dimerization and upstream regulation, it
bypasses the inhibitory effect of negative feedback regulation of ERK (Tsavachidou
et al. 2004; Lake et al. 2016). ERK-dependent negative feedback regulation results
in low RAS-GTP levels in cancer cells with BRAF mutations (Lito et al. 2013).
However, the RTK/RAS-uncoupled BRAF(V600E) mutant acts as a functional
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monomer, constitutively activating MEK and cytoplasmic and nuclear ERK sig-
naling. MEK1/2 are activated as a result of RAF-catalyzed phosphorylation in the
kinase activation loop, in the case of MEK1 at Ser218 and Ser222 (Roskoski 2012a;
Caunt et al. 2015). MEK1/2 in turn are the only activators of ERK1/2 and phos-
phorylate specific residues, such as Thr202 and Tyr204 in ERK1. MEK1/2 serve as
critical gatekeeper kinases for ERK1/2 which regulate multiple cellular events
through phosphorylation of over 150 substrates in the cytoplasm and nucleus, many
involved in cell proliferation and survival (Yoon and Seger 2006; Roskoski 2012b;
Caunt et al. 2015; Lake et al. 2016). In contrast to BRAF, activating mutations in
MEK1 or MEK2 are only found at low frequency in human tumors (Marks et al.
2008; Murugan et al. 2009).

5 Pharmacological Interference

5.1 MYC Inhibition

In view of the strikingly broad involvement of MYC family genes in virtually all
human cancers, strategies to interfere with MYC-induced oncogenesis, directly or
indirectly, are an obviously urgent goal in cancer research and clinical treatment
(Soucek et al. 2008; Prochownik and Vogt 2010; Dang 2012; McKeown and
Bradner 2014; Stefan et al. 2015). A genetic approach using an engineered domi-
nant negative MYC mutant with altered dimerization specificity provided principal
proof of guided MYC inhibition as a means to interfere with cell transformation.
The engineered mutant, termed Omomyc, competes with MAX for dimerization
with MYC and blocks MYC-dependent transcriptional activation (Soucek et al.
1998, 2008). In tissue culture and in preclinical mouse models, systemic Omomyc
expression interfered with cell transformation and tumorigenesis, with surprisingly
tolerable and fully reversible effects on normal tissues (Soucek et al. 2008). In
another genetic approach, ectopic expression of the repressed MYC target gene
BASP1 was shown to inhibit MYC-induced cell transformation (Hartl et al. 2009).
Obviously, for pharmacological interference and therapeutic applications, the
development of small-molecule inhibitors is of highest priority. In view of the
striking success in the development of small-molecule inhibitors for the therapy of
cancers driven by oncogenic kinases (Holderfield et al. 2014a), MYC also became a
target for possible drug development. However, in contrast to well-structured
enzymes with defined catalytic clefts, MYC is intrinsically disordered in free form
(Fieber et al. 2001) and its biological activities are mainly based on macromolecular
interactions, such as PPIs involving large flat surface areas that are difficult to target
with small molecules. Nevertheless, several small-molecule inhibitors of
MYC:MAX dimerization and MYC-induced cell transformation were isolated from
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combinatorial chemical libraries using a fluorescence resonance energy transfer
(FRET) assay or a yeast two-hybrid approach (Berg et al. 2002; Yin et al. 2003).
The compounds displayed diverse specificity and efficacy, but represented an
important proof of concept for targeting the MYC:MAX interface. Small-molecule
inhibitors of MYC:MAX dimerization with pharmacokinetic properties suitable for
possible drug development were isolated from a Kröhnke pyridine library in a
fluorescence polarization screen (Hart et al. 2014b; Raffeiner et al. 2014). The
compounds KJ-Pyr-9 (Fig. 5) and KJ-Pyr-10 proved to be highly effective in the
nanomolar range and interfered specifically with MYC:MAX complex formation,
the MYC-driven transcriptional signature, MYC-induced cell transformation, and
the growth of breast cancer MDA-MB-231 xenografts carrying MYC amplifications
(Hart et al. 2014b; Raffeiner et al. 2014).

Fig. 5 Strategies for MYC and RAF inhibition. Top: The MYC:MAX heterodimer is shown,
bound to a DNA E-box sequence (shaded) and activating transcription. The inhibitor KJ-Pyr-9
(Hart et al. 2014b) interferes with MYC:MAX dimerization, preventing DNA binding and
transcriptional activation. KJ-Pyr-9 is effective both in vitro and in vivo in experimental settings.
Bottom: The X-ray structure of the BRAF(V600E) kinase domain (KD) in complex with the
PLX4032 (Vemurafenib) inhibitor is shown (Bollag et al. 2010). Vemurafenib is in clinical use for
treatment of melanoma patients. The image was created from the PDB entry 3OG7 using the
PyMOL graphics system
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The intrinsic difficulties of targeting MYC proteins directly have stimulated
various efforts to develop indirect inhibitory strategies, such as attenuating MYC
transcription. G-quadruplex (G4) regulatory regions in chromatin are implicated in
transcriptional regulation and have been identified in several cancer associated
genes, including MYC. Endogenous G4 structures in promoters were linked to
elevated transcriptional activity, whereas G4 stabilization by small molecules was
shown to repress MYC expression (Balasubramanian et al. 2011; Hänsel-Hertsch
et al. 2016). An important approach to target MYC transcription involves
small-molecule inhibition of members of the bromodomain and extraterminal
(BET) subfamily of bromodomain proteins, such as BRD4 (McKeown and Bradner
2014; Shu and Polyak 2017). BET bromodomain proteins are histone modification
readers that recognize acetylated lysine residues and facilitate transcriptional acti-
vation by recruiting transcriptional cofactors to chromatin. Small-molecule inhibi-
tors (BETi) were developed, such as the very potent thienodiazepine-based JQ1
compound, that compete for the acetyl binding pocket of BET bromodomains
causing displacement of BET proteins from chromatin and repression of gene
expression (McKeown and Bradner 2014; Shu and Polyak 2017). BETi were shown
to efficiently downregulate MYC transcription and the MYC-driven transcriptional
program (Delmore et al. 2011; Mertz et al. 2011). Several BETi have entered
clinical trials, and clinical responses have been linked to MYC repression (Shu and
Polyak 2017). A dual-activity small-molecule compound has been developed that
simultaneously inhibits BRD4 and PI3K leading to concomitant decrease of MYC
transcription and increase of MYC degradation, respectively. In mouse models, the
compound effectively blocked tumor growth and metastasis (Andrews et al. 2017).
In view of the pivotal role of the MYC master regulator in nearly all fundamental
processes in normal cells (see above), the success of inhibitory strategies for clinical
treatment of MYC-driven cancers will largely depend on the specificity of targeting
the uncontrolled MYC expression and subsequent changes in cancer cells. The
addiction of many tumors to deregulated MYC expression and metabolic repro-
gramming may offer additional therapeutic opportunities such as targeting key
enzymes of MYC-controlled glucose or glutamine metabolism (Dang 2012; Stine
et al. 2015; Altman et al. 2016). In principle, the pharmacological inhibition of
genes whose function is specifically required for the survival of MYC-driven cancer
cells is a promising strategy. Screens for MYC synthetic lethality, including
genome-wide RNA interference, have identified several potential MYC synthetic
lethal genes encoding aurora-B kinase, CSNK1e kinase, or the SUMO-activating
enzyme SAE1/2 (Yang et al. 2010; Kessler et al. 2012; Toyoshima et al. 2012;
Cermelli et al. 2014).
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5.2 RAF Inhibition

Kinases have become one of the most intensively pursued classes of drug targets.
They are involved in virtually every signal transduction process, and the human
genome encodes over 500 different protein kinases (Manning et al. 2002). Despite
the high degree of conservation of the ATP-binding pocket in the catalytic kinase
domain, a collection of highly selective ATP-competitive small-molecule inhibitors
have been developed. So far, more than 25 oncology drugs that target kinases have
been approved for cancer therapy (Gross et al. 2015). In the early years of this
millennium, the identification of BRAF mutations in a wide variety of human tumor
types, most notably in melanoma, colorectal cancer, glioma, and lung adenocar-
cinoma (Davies et al. 2002; Fukushima et al. 2003), initiated extensive research
efforts to develop RAF inhibitors (RAFi). The first general RAFi was Sorafenib
acting as a multi-targeted kinase inhibitor. The incomplete specificity of Sorafenib
promoted the development of mutation-selective BRAFi such as Vemurafenib
(Fig. 5) and Dabrafenib which block the phosphotransferase activity of RAF
mutants such as BRAF(V600E) (Samatar and Poulikakos 2014). Both BRAFi were
approved for clinical use and brought unprecedented clinical benefits to patients
with melanomas containing the BRAF(V600E) or BRAF(V600K) mutations
(Flaherty et al. 2010; Chapman et al. 2011; Hauschild et al. 2012; Lito et al. 2013).
These inhibitors selectively block monomeric BRAF(V600E/K) activities without
impacting the activities of the wild-type BRAF dimer. The selective and direct
blocking of mutant BRAF-initiated downstream signaling to MEK-ERK is a
remarkable feature of BRAFi in a subset of tumors harboring the specific mutations
(Solit and Rosen 2011; Holderfield et al. 2014a). The discrimination for mutant
BRAF inhibition is partially responsible for the broad therapeutic index of BRAFi
which are either FDA-approved (Vemurafenib, Dabrafenib) or currently in clinical
trials, for example PLX8394 or Encorafenib (Samatar and Poulikakos 2014; Zhang
et al. 2015; Adelmann et al. 2016). Of the more than 300 different missense
mutations identified in BRAF, BRAF(V600E) is clearly the most common cancer
driver mutation in melanoma (Forbes et al. 2011; Holderfield et al. 2014a).
However, oncogenic mutations are not restricted to BRAF, and RAF1 mutations
have also been found but at a much lower rate (Lavoie and Therrien 2015).
Furthermore, BRAF mutations do not always predict favorable responsiveness to
BRAFi. In addition to the type of mutation, the cellular context in which BRAFi are
used is an important determinant for drug effectiveness. BRAFi are ineffective in
BRAF(V600E)-dependent metastatic colorectal carcinoma and thyroid cancer
(Holderfield et al. 2014a; Desideri et al. 2015). In these cancer types, a crucial
negative feedback inhibition of EGFR signaling is lost upon BRAFi exposure,
leading to increased EGFR signaling and intrinsic resistance to the drug (Prahallad
et al. 2012). In contrast, melanoma cells express low basal levels of EGFR, evade
this mechanism, and show favorable initial response to BRAFi treatment (Lito et al.
2012; Sun et al. 2014; Holderfield et al. 2014a; Desideri et al. 2015). However, the
therapeutic benefits of BRAFi in melanoma patients are temporary and limited due
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to the development of drug resistance. A collection of mechanisms causing primary
or acquired drug resistance have been described that limit the application of this
approach (Hatzivassiliou et al. 2010; Heidorn et al. 2010; Poulikakos et al. 2010;
Lito et al. 2013; Samatar and Poulikakos 2014; Yao et al. 2015). BRAFi resistance
involves RTK and ERK reactivation through multiple mechanisms such as
increased expression of RTKs, BRAF(V600E) or RAF1 amplification, occurrence
of BRAF splice variants, mutational activation of NRAS, MEK mutations, or COT
kinase overexpression (Lito et al. 2013; Desideri et al. 2015). Another unwanted
consequence of BRAFi treatment is the so-called paradoxical kinase activation of
ERK signaling in BRAF wild-type cells with activated RAS (Hatzivassiliou et al.
2010; Heidorn et al. 2010; Poulikakos et al. 2010; Holderfield et al. 2014b). The
mechanism is based on formation of RAF dimers and BRAFi-induced conforma-
tional changes of a protomer leading to transactivation in the dimer of the other
non-drug bound RAF isoform (Hatzivassiliou et al. 2010; Heidorn et al. 2010;
Poulikakos et al. 2010; Lito et al. 2013; Lavoie et al. 2013; Holderfield et al. 2014a;
Lavoie and Therrien 2015). Hence, the drug binding allosterically activates sig-
naling by the drug-free RAF kinase to MEK-ERK thereby enhancing cellular
proliferation. This BRAFi-driven mechanism can promote skin cancers such as
cutaneous squamous-cell carcinoma and keratoacanthomas that often harbor RAS
mutations (Chapman et al. 2011; Su et al. 2012). The multiple mechanisms of
acquired BRAFi resistance and off-target effects underscore the need to develop
improved drugs for cancer therapy. There is rising interest in identifying RAFi with
different mechanistic functions, such as paradox breakers, with the ultimate goal to
develop inhibitors with improved efficacy and selectivity (Zhang et al. 2015;
Okimoto et al. 2016). Moreover, the implementation of poly-pharmacology
approaches using a collection of kinase inhibitors may improve clinical drug effi-
cacies by delaying or preventing the onset of drug resistance.

6 Conclusions

By now, four or almost four decades, respectively, have passed since the prototypes
of the MYC and RAF gene families were discovered, initially as avian or murine
orthologs transduced in retroviral genomes (cf. Fig. 1). In these past decades, a
spectacular amount of detailed knowledge of the structure and function of these
genes and their protein products has accumulated. It is one of the most stunning
outcomes that MYC is apparently involved directly or indirectly in all major sig-
naling and regulatory pathways and hence a true master regulator of cell biology
and biochemistry. Furthermore, it is also one of the most prominent cancer driver
genes, apparently deregulated and causally involved in the majority of all human
cancers. In a way, it is not surprising that unleashing a master regulator such as
MYC profoundly abrogates the normal cellular regime. Accordingly, MYC has also
broad influence in tumorigenesis, especially when crucial checkpoints designed to
guard against uncontrolled cell proliferation are lost simultaneously with MYC
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deregulation. Although the mere complexity of the MYC regulatory sphere poses
an enormous challenge for biochemical and biomedical research, it may also pro-
vide multiple opportunities to interfere with MYC-driven cancer growth. Efficient
direct targeting of MYC PPIs, attenuating the expression of MYC, exploiting the
unique oncogene and nutrient addiction of MYC-driven cancers, or systematic
screening for synthetic lethality could all be feasible strategies for therapeutic
intervention. As for the RAF kinases, pharmacological inhibition initially appeared
to be more straightforward, since competitive or allosteric inhibition of enzymes is
standard biochemical technology, and the stunning clinical success of several
BRAFi is compelling proof. However, the inevitable development of drug resis-
tance and the occurrence of even adverse effects of clinically approved BRAFi
caused by perturbance of feedback mechanisms or activation of redundant signaling
pathways are severe drawbacks. Here, the development of more specific inhibitors,
combinations of inhibitors, or specific targeting of PPIs appear to be promising
strategies. Obviously, the paramount medical relevance of deregulated or mutated
MYC or RAF genes is the impulse for intensive research into their role as major
cancer driver genes. Similarly, the physiological roles of MYC and RAF as master
regulator of transcription or key cytoplasmic signal transducer, respectively, are an
important source for further research into fundamental principles of regulatory
networks in normal cells. Also, the transition from physiological to oncogenic
function, particularly in the case of MYC, may be gradual and dependent on cellular
context and critical threshold levels. Hence, the oncogenic and proto-oncogenic
facets of MYC and RAF will remain in the focus of biochemical and biomedical
research.
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Oncogenic Roles of the PI3K/AKT/mTOR
Axis

Masahiro Aoki and Teruaki Fujishita

Abstract The PI3K/AKT/mTOR pathway is frequently activated in various human
cancers and has been considered a promising therapeutic target. Many of the
positive regulators of the PI3K/AKT/mTOR axis, including the catalytic (p110a)
and regulatory (p85a), of class IA PI3K, AKT, RHEB, mTOR, and eIF4E, possess
oncogenic potentials, as demonstrated by transformation assays in vitro and by
genetically engineered mouse models in vivo. Genetic evidences also indicate their
roles in malignancies induced by activation of the upstream oncoproteins including
receptor tyrosine kinases and RAS and those induced by the loss of the negative
regulators of the PI3K/AKT/mTOR pathway such as PTEN, TSC1/2, LKB1, and
PIPP. Possible mechanisms by which the PI3K/AKT/mTOR axis contributes to
oncogenic transformation include stimulation of proliferation, survival, metabolic
reprogramming, and invasion/metastasis, as well as suppression of autophagy and
senescence. These phenotypic changes are mediated by eIF4E-induced translation
of a subset of mRNAs and by other downstream effectors of mTORC1 including
S6K, HIF-1a, PGC-1a, SREBP, and ULK1 complex.
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1 Introduction

The PI3K (phosphatidylinositol-4,5-bisphosphate 3-kinase)/AKT (v-akt murine
thymoma viral oncogene homologue)/mTOR (mechanistic target of rapamycin)
pathway is frequently activated in various human cancers and has been considered a
promising therapeutic target (Arteaga 2010; Maira et al. 2010; Fruman and Rommel
2014; Mayer and Arteaga 2014; Thorpe et al. 2015). Temsirolimus and everolimus,
rapamycin-derivative mTOR complex 1 (mTORC1) inhibitors, have been approved
for therapies of advanced renal cell carcinoma, and everolimus has also been
approved for treating patients of various malignancies including advanced breast
cancer (Meng and Zheng 2015). Many therapeutic agents that interfere with
mTORC1 and its downstream effectors are under active development (Feldman and
Shokat 2010; Bhat et al. 2015), and various pan-PI3K inhibitors, isoform-selective
inhibitors, and PI3K/mTOR dual inhibitors are also currently in clinical testing
(Mayer and Arteaga 2014; Yap et al. 2015). Although the efficacy of the inhibitors
of this pathway in the clinic may fall short of our expectations so far (LoRusso
2016), it does not necessarily mean that the PI3K/AKT/mTOR pathway is not an
essential player in carcinogenesis. Cancer cells can be intrinsically resistant to
targeted therapies through additional genetic or epigenetic changes that activate the
alternative pathways, or they can acquire resistance through feedback activation of
such pathways in response to the treatment (Holohan et al. 2013). In this chapter,
we address the oncogenic roles of the PI3K/AKT/mTOR axis, an arguably the most
important pathway downstream of PI3K in carcinogenesis, by focusing our atten-
tion to studies using transformation assays in vitro and genetically engineered
mouse models (GEMMs) in vivo.
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2 Overview of the PI3K/AKT/MTOR Signaling Pathway

2.1 PI3Ks and PI3K-Associated Phosphatases

Today, PI3Ks are grouped into three classes, according to their structure and
substrate specificity (Vanhaesebroeck et al. 1997; Fruman et al. 1998; Thorpe et al.
2015). In vivo, class IA and class IB PI3Ks phosphorylate PtdIns(4,5)P2 into
PtdIns(3,4,5)P3, which serves as an important signaling molecule (Fig. 1).

Fig. 1 Schematic view of the PI3K/AKT/mTOR signaling pathway. Upstream signals from
receptor tyrosine kinases (RTKs) or RAS activate PI3K, leading to generation of PtdIns(3,4,5) P3.
PtdIns(3,4,5) P3 recruits AKT to the cell membrane, where AKT is activated by phosphorylation.
AKT phosphorylates TSC2, which relieves RHEB from inhibition by the TSC1/TSC2 complex,
and GTP-loaded RHEB activates mTOR complex 1 (mTORC1). mTORC1 activation causes
phosphorylation of S6K and eIF4E-binding protein 1 (4E-BP1), leading to enhanced mRNA
translation of a subset of mRNAs through liberation of eIF4E. eIF4E and other mTORC1 effectors
including HIF1a, PGC-1a, SREBP, and ULK1 complex regulate various cellular functions related
to oncogenic phenotypes. Oncoproteins and the tumor suppressors in the PI3K/AKT/mTOR axis
are marked with yellow and red lightning symbols, respectively
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The class III enzyme Vps34 (PIK3C3) phosphorylate PtdIns into PtdIns(3)P on
early and late endosome membranes and thereby controls membrane dynamics
including autophagy (Simonsen and Tooze 2009). Although not much was known
about functions of class II PI3Ks, recent studies suggest that the class II enzyme
PI3K-C2a phosphorylates PtdIns into PtdIns(3)P at perinuclear recycling endocytic
compartment at the base of primary cilia and regulates a PtdIns(3)P pool (Franco
et al. 2014), whereas it phosphorylates PtdIns(4)P into PtdIns(3,4)P2 at the plasma
membrane and thereby controls clathrin-mediated endocytosis (Posor et al. 2013).
Class IA PI3Ks form heterodimers containing one of the three isoforms of the
catalytic subunit p110a, p110b, and p110d (encoded by PIK3CA, PIK3CB, and
PIK3CD, respectively), as well as one of the five isoforms of the so-called p85-type
regulatory subunit, namely p85a, p55a, p50a (encoded by PIK3R1), p85b (en-
coded by PIK3R2), and p55c (encoded by PIK3R3). Class 1A PI3Ks mediate
signals from receptor tyrosine kinases (RTKs) and G-protein-coupled receptors
(GPCRs) (Thorpe et al. 2015). p110a contains an adaptor-binding domain (ABD), a
RAS-binding domain (RBD), a C2 domain, a helical domain, and a catalytic
domain (Walker et al. 1999; Amzel et al. 2008), while p85a contains two SH2
domains, an inter-SH2 (iSH2) domain that binds to p110a, a N-terminal SH3
domain, and a RhoGAP domain (Mellor et al. 2011). Binding of the p85a regu-
latory subunit in the absence of upstream activating signals suppresses the lipid
kinase activity of p110a. p85a binding to phosphorylated tyrosine residues on
activated RTKs via SH2 domain recruits the heterodimers to the plasma membrane,
relieving p110a from inhibition by p85a (Mellor et al. 2011; Thorpe et al. 2015).
Class IB PI3K is a heterodimer of p110c catalytic subunit (encoded by PIK3CG)
and p101 (encoded by PIK3R5), p84, or p87PIKAP (encoded by PIK3R6) regu-
latory subunit and transduces signals from GPCRs (Stephens and Hawkins 2013).

2.2 PTEN and INPP4B

The phosphatase PTEN (phosphate and tensin homolog deleted on chromosome 10)
dephosphorylates PtdIns(3,4,5)P3 at 3-OH position of the inositol ring and thereby
counteracts class I PI3Ks (Fig. 1) (Hollander et al. 2011a). The loss or decreased
level of PTEN thus leads to activation of the PI3K/AKT/mTOR pathway.
5-position phosphate of the inositol ring of PtdIns(3,4,5)P3 is dephosphorylated by
the phosphatase SHIP or phosphatidylinositol 4,5-bisphosphate 5-phosphatase
(PIB5PA)/proline-rich inositol polyphosphate phosphatase (PIPP), generating
PtdIns(3,4)P2 (Bunney and Katan 2010). PtdIns(3,4)P2 and PtdIns(3,4,5)P3 can
both bind to the pleckstrin homology (PH) domains containing proteins such as
AKT, PDK1. INPP4A and INPP4B (inositol polyphosphate 4-phosphatase type II)
have lipid phosphatase activity and hydrolyze PtdIns(3,4)P2 to PtdIns(3)
P. INPP4A/B can both positively and negatively regulate the pathway in a
cell-context-dependent manner. These negative regulators of PI3K are also
involved in cancer progression (Bunney and Katan 2010).
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2.3 AKT

PtdIns(3,4,5)P3 generated by class I PI3Ks serves as a second messenger by binding
to PH domain (Vivanco and Sawyers 2002) (Fig. 1). Among many
PH-domain-containing proteins, of the highest importance in the PI3K signaling is
the serine/threonine kinases AKT (Vasudevan and Garraway 2010; Toker and
Marmiroli 2014). There are three isoforms of mammalian AKT: AKT1, AKT2, and
AKT3, which are encoded by different genes. AKT1 and AKT2 are ubiquitously
expressed, although AKT2 tends to be expressed highly in insulin-responsive tis-
sues such as the liver, skeletal muscle, and adipose tissue. AKT3 expression is
restricted to heart, kidney, brain, testis, lung, and skeletal muscle. Binding of PtdIns
(3,4,5)P3 or PtdIns(3,4)P2 to the PH domain of AKT induces localization of AKT to
cell membrane and induces phosphorylation and activation of AKT at serine 473
and threonine 308 by mTOR complex 2 (mTORC2) and PDK1, respectively.
Activated AKT then phosphorylates its substrates. More than 200 AKT substrates
have been identified, including FoxO transcription factors, GSK3b, TSC2, and
PRAS40 (Manning and Cantley 2007; Vasudevan and Garraway 2010). They share
a consensus the AKT phosphorylation motif RxxRxS/TФ (where R is Arg, S is Ser,
T is Thr, x can be any amino acid, and Ф is as hydrophobic amino acid) and are
involved in various cellular functions (Toker and Marmiroli 2014). Negative reg-
ulation of AKT following activation can be achieved by the phosphatases PP2A and
PHLPP, which dephosphorylate AKT at Thr 308 and Ser 473, respectively (Gao
et al. 2005; Toker and Marmiroli 2014).

2.4 mTOR

mTOR exists complexes called mTOR complex 1 (mTORC1) and mTORC2
(Laplante and Sabatini 2012). mTORC1 and mTORC2 share mTOR,
mLST8/G-protein b-subunit-like protein (GbL), and DEP domain-containing
mTOR-interacting protein (DEPTOR). Whereas mTORC1 additionally contains
regulatory associated protein of mTOR (RAPTOR) and 40 kDa Pro-rich Akt
substrate (PRAS40), mTORC2 contains rapamycin-insensitive companion of
mTOR (RICTOR), mammalian stress-activated map kinase-interacting protein 1
(mSIN1; also known as MAPKAP1), and protein observed with RICTOR
(PROTOR). mTORC1 integrates four major regulatory signals, namely nutrients,
growth factors, energy, and stress (Zoncu et al. 2011). AKT activates mTORC1 by
phosphorylation of tuberous sclerosis complex 2 (TSC2) (Manning et al. 2002;
Inoki et al. 2002; Potter et al. 2002). The phosphorylated TSC2 translocates from
the membrane to the cytosol, which disrupts the TSC1/TSC2 complex and thereby
relives the membrane-bound RAS homologue enriched in brain (RHEB) from
repression (Cai et al. 2006). AKT can also phosphorylate PRAS40 at threonine 246,
which generates a binding site for 14-3-3, leading to liberation of RAPTOR from
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inhibition by PRAS40 (Vander Haar et al. 2007; Sancak et al. 2007). GTP-loaded
RHEB enhances mTORC1, but GTP hydrolysis to GDP stimulated by the
TSC1/TSC2 complex inactivates RHEB. mTORC1 activation causes phosphory-
lation of ribosomal S6 protein kinase 1 (S6K1) and eukaryotic initiation factor 4E
(eIF4E)-binding protein 1 (4E-BP1), leading to enhanced protein synthesis.
Unphosphorylated 4E-BP1 binds to and thereby inhibits eukaryotic translation
initiation factor 4E (eIF4E) (Bhat et al. 2015). eIF4E is a component of the eIF4F
complex and binds to the cap structure (m7GpppN, where m is a methyl group and
N is any nucleotide) found in all mRNAs transcribed in the nuclei. Phosphorylation
of 4E-BP1 relieves eIF4E, which leads to eIF4F formation and translation initiation,
the rate-limiting step of cap-dependent mRNA translation. The eIF4E can affect
general translation, but eIF4E facilitates the translation of a subset of mRNAs that
contain complex and structured 5’ untranslated regions (UTRs) (Bhat et al. 2015).
S6K1 phosphorylates S6, as well as other substrates including eIF4B, SKAR,
eEF2K, CBP80, and PDCD4 (Ma and Blenis 2009). Although S6K1 was impli-
cated in regulating translation of a subset of mRNAs containing 5’-TOP sequences,
the role of S6K1 in their translation remains elusive. Increased protein synthesis
helps cell growth (increase in cellular mass). Functional consequences of mTORC1
activation are discussed in Sect. 5 of this chapter.

3 Oncoproteins of the PI3K/AKT/MTOR Signaling Axis

3.1 PI3K

3.1.1 p110a

While association between PI3K and viral oncoproteins including Src and polyoma
middle T antigen suggested an oncogenic role of PI3K (Macara et al. 1984;
Sugimoto et al. 1984; Whitman et al. 1988), a direct evidence was missing. Viral
oncogenes played essential roles in our understanding of the signaling pathways
involved in human cancers (Vogt 2012), and the evidence for PI3K involvement in
oncogenic transformation was also provided by a new oncogene found in the
genome of the avian retrovirus ASV16 in 1997 (Chang 1997). ASV16 contained in
its genome a cell-derived oncogene (v-p3k) encoding a truncated p110a fused to
viral Gag sequences at the N-terminus (Chang 1997). In 2004, Vogelstein and
colleagues reported frequent somatic mutation of the PIK3CA gene encoding p110a
in human cancers (Samuels et al. 2004). Since then, PIK3CA mutations have been
found in various cancers including those of the colon, breast, brain, liver, and ovary
(Samuels and Waldman 2010; Thorpe et al. 2015), with mutation hot spots in the
helical domain (e.g., E542K and E545K) and the kinase domain (e.g., H1047R).
Oncogenic activity of the mutant class IA PI3Ks has been demonstrated both
in vitro and in vivo (Vogt et al. 2010). The v-P3k oncoproteins from ASV 16 and
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ASV8905, an independently isolated avian retrovirus, were shown to transform
chicken embryo fibroblasts (CEF) (Chang 1997; Aoki 2000). Overexpression of
mutant forms of p110a found in human cancers including E542K, E545K, and
H1047R, but not wild-type p110a transformed CEF (Kang et al. 2005), as well as
mammalian fibroblast or epithelial cell lines (Ikenoue 2005; Isakoff et al. 2005;
Zhao et al. 2005). The p110a mutants with transforming activity have elevated
associated lipid kinase activity and can constitutively activate downstream signaling
when overexpressed in cells (Samuels et al. 2004; Ikenoue 2005; Isakoff et al. 2005;
Kang et al. 2005; Zhao et al. 2005). Helical domain mutations such as E542K and
E545K are considered to reduce inhibition of p110a by p85 as in the case of
growth-factor-induced activation (Huang et al. 2007; Zhao and Vogt 2008a, b;
Burke et al. 2012), or by facilitating interaction between p110a and insulin receptor
substrate 1 (IRS1) (Hao et al. 2013). The kinase-domain mutations like H1047R
confer a conformational change in the proposed lipid-binding region of the kinase
domain, which leads to increased affinity for membranes (Mandelker et al. 2009;
Hon et al. 2012).

Oncogenic activity of the H1047R and E545K mutants and an artificially gen-
erated constitutively active mutant of p110a has been addressed in vivo using
genetically engineered mouse models (GEMMs) (Table 1). Conditional transgenic
expression of p110a-H1047R in mammary epithelial cells using MMTV-driven Cre
and ROSA26 knock-in system (R26-Pik3caH1047R; MMTV-Cre) resulted in
development of mammary tumors, specifically adenosquamous carcinoma or ade-
nomyoepithelioma (Adams et al. 2011). In ROSA26 knock-in system, expression of
the transgene preceded by a loxP-flanked STOP cassette in the Rosa26 knock-in
allele is induced by Cre-mediated recombination. In contrast, transgenic expression
of p110a-H1047R in luminal mammary epithelial cells using WAP-Cre resulted in
development of diverse spectrum of mammary tumors, including adenosquamous
carcinomas, adenomyoepitheliomas, and adenocarcinomas (Meyer et al. 2011).
Intriguingly, Koren et al. and Van Keymeulen et al. recently demonstrated through
lineage tracing that H1047R mutation causes loss of lineage restriction. Namely,
induction of p110a-H1047R expression in luminal epithelial cells led to basal
epithelial progeny, and vice versa, generating multipotency and tumor hetero-
geneity (Koren et al. 2015; Van Keymeulen et al. 2015). Engelman et al. reported
that transgenic expression of p110a-H1047R under control of tet-inducible pro-
moter and Scgb1a1-promoter resulted in development of mixed adenocarcinomas
with bronchioloalveolar features (Engelman et al. 2008). However, Trejo et al.
reported that p110a-H1047R expression in the lung epithelium failed to induce
tumor formation (Trejo et al. 2013). The reason for the apparent discrepancy
between reports from two groups is currently unclear. The same group showed that
p110a-H1047R cooperated with BRAF-V600E in lung tumorigenesis (Trejo et al.
2013), and also enhanced tumorigenesis induced by KRAS-G12D (Green et al.
2015). Transgenic expression of p110*, a constitutively active chimeric construct in
which the iSH2 domain of p85a is connected to the N-terminus of p110a via a
flexible linker sequence, in intestinal epithelial cells using ROSA26 knock-in
system with FABP-Cre resulted in development of hyperplasia and invasive

Oncogenic Roles of the PI3K/AKT/mTOR Axis 159



T
ab

le
1

Se
le
ct
ed

ge
ne
tic
al
ly

en
gi
ne
er
ed

m
ou

se
m
od

el
s
of

ca
nc
er

in
du

ce
d
by

th
e
on

co
pr
ot
ei
ns

in
th
e
PI
3K

/A
K
T
/m

T
O
R

ax
is

O
nc
op
ro
te
in

E
xp
re
ss
io
n
m
od
e

Pr
om

ot
er

an
d/
or

dr
iv
er

A
K
T
/m

T
O
R

si
gn
al
in
g

st
at
us

R
ef
er
en
ce

Ph
en
ot
yp
es

M
am

m
ar
y
gl
an
d

p1
10

a
-H

10
47
R

T
ra
ns
ge
ni
c
(D

ox
yc
yc
lin

e
in
du
ci
bl
e)

M
M
T
V
-t
et

on
pA

K
T
,
pS

6
L
iu

et
al
.
(2
01
1)

H
et
er
og
en
eo
us

m
am

m
ar
y
tu
m
or
s

R
os
a2
6-
kn
oc
k-
in

L
SL

**
M
M
T
V
-C
re

A
da
m
s
et

al
.
(2
01
1)

M
am

m
ar
y
tu
m
or
s.
p5
3-
lo
ss

de
cr
ea
se
s
su
rv
iv
al

K
no
ck
-i
n
L
SL

M
M
T
V
-C
re

T
ik
oo

et
al
.
(2
01
2)
,

Y
ua
n
et

al
.
(2
01
3)

M
am

m
ar
y
gl
an
d
tu
m
or
s
(E
R
-p
os
iti
ve
)
w
ith

a
lo
ng

la
te
nc
y

T
ra
ns
ge
ni
c
L
SL

C
A
G
;
M
M
T
V
-C
re

M
ey
er

et
al
.
(2
01
1)

H
et
er
og
en
eo
us

m
ul
til
in
ea
ge

m
am

m
ar
y
tu
m
or
s

K
rt
8-
C
re
E
R
T
2

K
or
en

et
al
.
(2
01
5)

K
no
ck
-i
n
L
SL

V
an

K
ey
m
eu
le
n

et
al
.
(2
01
5)

A
kt
1-
T
30
8D

/S
47
3D

T
ra
ns
ge
ni
c

M
M
T
V

pA
K
T

H
ut
ch
in
so
n
et

al
.

(2
00
1)
,
H
ut
ch
in
so
n

et
al
.
(2
00
4b

)

A
cc
el
er
at
es

m
am

m
ar
y
tu
m
or

fo
rm

at
io
n
by

po
ly
om

a
m
id
dl
e
T
an
tig

en
or

M
M
T
V
-E
rb
B
2

M
yr
-A

K
T
1

T
ra
ns
ge
ni
c

M
M
T
V

pA
K
T

Y
ou
ng

et
al
.
(2
00
8)

A
cc
el
er
at
es

m
am

m
ar
y
tu
m
or

fo
rm

at
io
n
in

M
M
T
V
-c
-E
rb
B
2
tr
an
sg
en
ic

m
ic
e

A
K
T
2-
T
30
9D

/S
47
4D

T
ra
ns
ge
ni
c

M
M
T
V

pA
K
T

D
ill
on

et
al
.
(2
00
9)

A
cc
el
er
at
es

m
am

m
ar
y
tu
m
or

m
et
as
ta
si
s
in

E
rb
B
2
or

po
ly
om

a
m
id
dl
e
T
tr
an
sg
en
ic

m
ic
e

A
K
T
1-

E
17
K

T
ra
ns
ge
ni
c

(T
et
ra
cy
cl
in
e-
co
nt
ro
lla
bl
e)

M
M
T
V
-t
et

of
f

pA
K
T

M
an
ci
ni

et
al
.(
20
16

)
M
am

m
ar
y
gl
an
d
hy
pe
rp
la
si
a.

Su
pp
re
ss
es

E
rb
B
2/
H
E
R
2-
m
ed
ia
te
d
tu
m
or
ig
en
es
is

Lu
ng

p1
10

a
-H

10
47
R

T
ra
ns
ge
ni
c
(D

ox
yc
yc
lin

e
in
du
ci
bl
e)

Sc
gb
1a

-t
et

on
pA

K
T
,
pS

6,
p4
E
-B
P1

E
ng
el
m
an

et
al
.

(2
00
8)

L
un
g
tu
m
or
s
up
on

D
ox
yc
yc
lin

e
in
du
ct
io
n

K
no
ck
-i
n
L
SL

A
de
no
-C
re

G
re
en

et
al
.
(2
01
5)

p1
10

a
-H

10
47
R

en
ha
nc
es

K
ra
s-
in
du
ce
d
lu
ng

ad
en
oc
ar
ci
no
m
a
fo
rm

at
io
n

T
re
jo

et
al
.
(2
01
3)

p1
10

a
-H

10
47
R

en
ha
nc
es

B
R
A
F
V
60
0E

-i
nd
uc
ed

lu
ng

ad
en
oc
ar
ci
no
m
a
fo
rm

at
io
n

(c
on

tin
ue
d)

160 M. Aoki and T. Fujishita



T
ab

le
1

(c
on

tin
ue
d)

O
nc
op
ro
te
in

E
xp
re
ss
io
n
m
od
e

Pr
om

ot
er

an
d/
or

dr
iv
er

A
K
T
/m

T
O
R

si
gn
al
in
g

st
at
us

R
ef
er
en
ce

Ph
en
ot
yp
es

A
K
T
1-
E
17
K

R
os
a2
6-
kn
oc
k-
in

L
SL

A
de
no
-C
re

pA
K
T

M
al
an
ga

et
al
.

(2
01
6)

B
ro
nc
hi
al

an
d/
or

br
on
ch
io
la
r
hy
pe
rp
la
st
ic

le
si
on
s

O
va
ry

p1
10

a
-E
54
5K

K
no
ck
-i
n
L
SL

A
de
no
-C
re

pA
K
T

W
u
et

al
.
(2
01
3)

N
o
tu
m
or

fo
rm

ed
w
ith

p1
10

a
-E
54
5
K

al
on
e;

re
qu
ir
es

lo
ss

of
A
pc

an
d/
or

Pt
en

fo
r
tu
m
or

fo
rm

at
io
n

N
.D
.

Z
ha
i
et

al
.
(2
01
6)

p1
10

a
-H

10
47
R

K
no
ck
-i
n
L
SL

pA
K
T
,
pS

6
K
in
ro
ss

et
al
.
(2
01
2)

Se
ro
us

pa
pi
lla
ry

hy
pe
rp
la
si
a,

bu
t
no

tu
m
or
s.
T
um

or
fo
rm

at
io
n
w
ith

Pt
en

lo
ss

M
yr
-p
11
0a

T
ra
ns
ge
ni
c

M
IS
II
R

pA
K
T

L
ia
ng

et
al
.
(2
00
9)

H
yp
er
pl
as
ia

of
ov
ar
ia
n
su
rf
ac
e
ep
ith

el
iu
m
,
bu
t
no
t

tu
m
or
s

In
te
st
in
es

p1
10

*
R
os
a2
6-
kn
oc
k-
in

L
SL

Fa
bp
-C
re

pS
6,

p4
E
B
P1

,
pA

K
T

D
em

in
g
et

al
.(
20
14

)
In
cr
ea
se
s
in
te
st
in
al
tu
m
or

m
ul
tip

lic
ity

an
d
tu
m
or

si
ze

of
A
pc

M
in
/+
m
ic
e

L
ey
st
ra

et
al
.
(2
01
2)

In
va
si
ve

ad
en
oc
ar
ci
no
m
a

D
em

in
g
et

al
.(
20
13

)
R
ap
am

yc
in

tr
ea
tm

en
t
su
pp
re
ss
es

tu
m
or

fo
rm

at
io
n

p1
10

a
-H

10
47
R

K
no
ck
-i
n
L
SL

G
pa
33
-C
re

pS
6

H
ar
e
et

al
.
(2
01
4)

In
va
si
ve

ad
en
oc
ar
ci
no
m
a
co
m
bi
ne
d
w
ith

A
pc

lo
ss

E
nd
om

et
ri
um

p1
10

a
-E
54
5
K

K
no
ck
-i
n
L
SL

W
nt
7a

or
K
sp
1.
3-
C
re

pA
K
T

Jo
sh
i
et

al
.
(2
01
5)

N
o
tu
m
or
s,
bu
t
ca
rc
in
om

a
w
ith

Pt
en

lo
ss

in
a

sy
ne
rg
is
tic

m
an
ne
r

P
ro
st
at
e

M
yr
-A

K
T
1

T
ra
ns
ge
ni
c

Pr
ob
as
in

pA
K
T
,
pS

6
M
aj
um

de
r
et

al
.

(2
00
3)
,
M
aj
um

de
r

et
al
.
(2
00
4)

Pr
os
ta
tic

in
tr
ae
pi
th
el
ia
l
ne
op
la
si
a
(P
IN

).
E
ve
ro
lim

us
tr
ea
tm

en
t
su
pp
re
ss
es

PI
N

fo
rm

at
io
n

R
H
E
B

T
ra
ns
ge
ni
c

Pr
ob
as
in

pS
6,

p4
E
B
P1

N
ar
de
lla

et
al
.(
20
08

)
H
yp
er
pl
as
ia
an
d
a
lo
w
-g
ra
de

ne
op
la
st
ic
ph
en
ot
yp
e
in

pr
os
ta
te

(c
on

tin
ue
d)

Oncogenic Roles of the PI3K/AKT/mTOR Axis 161



T
ab

le
1

(c
on

tin
ue
d)

O
nc
op
ro
te
in

E
xp
re
ss
io
n
m
od
e

Pr
om

ot
er

an
d/
or

dr
iv
er

A
K
T
/m

T
O
R

si
gn
al
in
g

st
at
us

R
ef
er
en
ce

Ph
en
ot
yp
es

K
id
ne
y

R
H
E
B

T
ra
ns
ge
ni
c

C
A
G

pS
6K

,
p4
E
B
P1

Ji
an
g
et

al
.
(2
01
3)

Pr
og
re
ss
iv
e
ki
dn
ey

fi
br
os
is

E
pi
th
el
ia
l
ba
sa
l
ce
lls

or
sk
in

ep
ith

el
ia
l
ce
lls

M
yr
-A

K
T
1

T
ra
ns
ge
ni
c

K
rt
5

pA
K
T
pS

6K
Se
gr
el
le
s
et

al
.

(2
00
7)

Sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a
or

he
ad

an
d
ne
ck

sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a
in

so
m
e
m
ic
e

R
H
E
B

T
ra
ns
ge
ni
c

K
14

pS
6K

,
pS

6
L
u
et

al
.
(2
01
0)

Sk
in

ne
op
la
si
a

M
el
an
oc
yt
es

p1
10

a
-H

10
47
R

K
no
ck
-i
n
L
SL

T
yr
-C
re
/E
R
T
2

pA
K
T

D
eu
ke
r
et

al
.
(2
01
5)
,

D
ur
ba
n
et

al
.
(2
01
3)

N
o
tu
m
or
s,
bu
t
en
ha
nc
es

B
R
A
F-
V
60
0E

-i
nd
uc
ed

m
el
an
om

a

Th
yr
oi
d

p1
10

a
-H

10
47
R

K
no
ck
-i
n
L
SL

T
hy
ro
gl
ob
ul
in
-C
re
E
R
T
2

N
.D
.

C
ha
rl
es

et
al
.
(2
01
4)

N
o
tu
m
or
s,
bu
t
en
ha
nc
es

B
R
A
F-
V
60
0E

-i
nd
uc
ed

th
yr
oi
d
ca
rc
in
om

a

P
an
cr
ea
s

p1
10

a
-H

10
47
R

K
no
ck
-i
n
L
SL

Pt
f1
a-
C
re

pA
K
T
,

pG
SK

3b
E
se
r
et

al
.
(2
01
3)

A
D
M

an
d
pr
em

al
ig
na
nt

Pa
nI
N

Pd
x1
-C
re

N
.D

C
ol
lis
so
n
et

al
.

(2
01
2)

N
o
Pa
nI
N

fo
rm

at
io
n

M
yr
-A

K
T
1

T
ra
ns
ge
ni
c
L
SL

Pd
x1
-C
re

E
la
st
as
e-
C
re

N
.D
.

E
lg
ha
zi

et
al
.
(2
00
9)

In
du
ce
s
m
al
ig
na
nt

tr
an
sf
or
m
at
io
n
in

pa
nc
re
at
ic

pr
og
en
ito

r
ce
lls

Ly
m
ph
oc
yt
es

p1
10

*
R
os
a2
6-
kn
oc
k-
in

C
c1

-C
re

N
.D
.

Sa
nd
er

et
al
.
(2
01
2)

N
o
tu
m
or
s,
bu
t
ly
m
ph
om

ag
en
es
is
w
ith

M
Y
C

M
yr
-A

K
T
1

T
ra
ns
ge
ni
c

L
ck

N
.D
.

M
al
st
ro
m

et
al
.

(2
00
1)

T
hy
m
ic

ly
m
ph
om

as

A
K
T
1-
E
4
K

(c
on

tin
ue
d)

162 M. Aoki and T. Fujishita



T
ab

le
1

(c
on

tin
ue
d)

O
nc
op
ro
te
in

E
xp
re
ss
io
n
m
od
e

Pr
om

ot
er

an
d/
or

dr
iv
er

A
K
T
/m

T
O
R

si
gn
al
in
g

st
at
us

R
ef
er
en
ce

Ph
en
ot
yp
es

M
yr
-A

K
T
1

In
tr
od
uc
ed

in
to

E
l
-M

yc
H
SC

s
by

re
tr
ov
ir
us

pA
K
T
,
pS

6,
p4
E
B
P1

W
en
de
l
et

al
.
(2
00
4)

E
ar
lie
r
on
se
to

f
E
l
-M

yc
B
-c
el
ll
ym

ph
om

a
pr
om

ot
es

ch
em

or
es
is
ta
nc
e
th
at

ca
n
be

re
ve
rs
ed

by
ra
pa
m
yc
in

M
yr
-A

K
T
2

T
ra
ns
ge
ni
c

L
ck

pA
K
T
,
pS

6,
p4
E
B
P1

M
en
de

et
al
.
(2
00
1)
,

H
si
eh

et
al
.
(2
01
0)

T
hy
m
ic

ly
m
ph
om

as

B
ra
in

p1
10

a
-E
54
5
K

K
no
ck
-i
n
L
SL

B
lb
p-
C
re

pS
6,

p4
E
B
P1

R
ob
in
so
n
et

al
.

(2
01
2a
)

N
o
tu
m
or
s,
bu
t
ac
ce
le
ra
te
s
m
ed
ul
lo
bl
as
to
m
a
in

C
tn
nb
1+

/l
ox
(E
x3
) ;T

p5
3+

/fl
ox

m
ic
e

Sy
st
em

ic

eI
F4

E
T
ra
ns
ge
ni
c

b-
ac
tin

pr
om

ot
er

N
.D
.

R
ug
ge
ro

et
al
.(
20
04

)
V
ar
io
us

tu
m
or
s
in
cl
ud
in
g
B
-c
el
l
ly
m
ph
om

as
an
d

lu
ng

ad
en
oc
ar
ci
no
m
a.

A
cc
el
er
at
ed

M
Y
C
-i
nd
uc
ed

B
-c
el
l
ly
m
ph
om

ag
en
es
is

* p
11
0*

is
a
co
ns
tit
ut
iv
el
y
ac
tiv

e
ch
im

er
ic

co
ns
tr
uc
t
in

w
hi
ch

th
e
iS
H
2
do
m
ai
n
of

p8
5a

is
co
nn
ec
te
d
to

th
e
N
-t
er
m
in
us

of
p1
10

a
vi
a
a
fl
ex
ib
le

lin
ke
r
se
qu
en
ce

**
lo
xP

-S
T
O
P-
lo
xP

Oncogenic Roles of the PI3K/AKT/mTOR Axis 163



mucinous adenocarcinomas in the proximal colon (Leystra et al. 2012). However,
their intestinal tumors did not show nuclear localization of b-catenin, suggesting no
aberration of Wnt signaling, and the mice did not develop polypoid precursor
lesions. The same group crossed the mice with ApcMIN/+ mice, a model of familial
adenomatous polyposis, and showed increased number and size of the intestinal
polyps in the combined mutant mice as compared to ApcMIN/+ mice, as well as
development of invasive adenocarcinomas (Deming et al. 2014). Hare et al. also
demonstrated the development of invasive adenocarcinomas in combined mutant
mice in which conditional knockout of Apc (Apc580D/580D) and conditional
expression of p110a-H1047R from the knock-in Pik3ca locus were induced by
Gpa33-Cre, indicating the synergistic effect of p110a mutation with Wnt activation
in intestinal tumor progression (Hare et al. 2014). Ovarian cancer models suggested
differential oncogenic activity between H1047R and E545K mutants. Conditional
expression of p110a-H1047R from the targeted knock-in allele or transgenic
expression of Myr-p110a induced premalignant hyperplasia of the ovarian surface
epithelium, but no tumors (Liang et al. 2009; Kinross et al. 2012). In contrast,
expression of E545K from the knock-in allele did not induce hyperplastic growth of
ovarian surface epithelial cells (Wu et al. 2013). The oncogenic role of PIK3CA
was also studied in GEMMs of thyroid cancer and melanoma, tumor types with
high frequency of BRAF mutation in clinical samples. Although expression of
PIK3CA in thyroid cells or melanocytes by itself did not result in tumor formation,
it cooperated with BRAF-V600E in enhance its tumorigenic potentials (Durban
et al. 2013; Charles et al. 2014). Conditional expression of p110a-H1047R from the
targeted knock-in Pik3ca allele using Pdx1-CreERT2 did not result in tumor for-
mation in the pancreas (Collisson et al. 2012). In clear contrast, transgenic expres-
sion of p110a-H1047R from the Rosa26 locus in pancreatic acini, ducts, and islets
induced by Ptf1a-Cre driver resulted in massive induction of acinar-to-ductal
metaplasia, as well as pancreatic intraepithelial neoplasia (PanIN), a precursor of
pancreatic ductal adenocarcinoma (PDAC) (Eser et al. 2013). All the aged mice
developed PDAC. The reason for the discrepancy between the two studies is not
clear, but it can be due to different target cells of the Cre-driving promoters, different
expression levels of mutant p110a, or a slight difference in the genetic background
of the mice (e.g., number of backcross). Conditional expression of E545K mutant
from the targeted knock-in allele by Blbp-Cre driver, which induces efficient
recombination in progenitor cell populations across the hindbrain, did not result in
tumor formation, but accelerated medulloblastoma formation induced by b-catenin
stabilization (Robinson et al. 2012b). The roles of class IA PI3Ks in tumorigenesis
induced by RTK or RAS oncoproteins have also been determined using GEMMs.
Gupta et al. generated mice with knock-in alleles for Pik3ca gene in which the region
encoding RAS-binding domain was mutated to disrupt the interaction with RAS, and
showed that binding or KRAS to p110a is required for KRAS-driven carcinogenesis
in the lungs of KRAS-LA2 transgenic mice (Gupta et al. 2007). The same group also
demonstrated later that the disruption of the interaction between p110a and KRAS
is required not only for development, but also for maintenance of the
established KRAS-driven lung tumors (Castellano et al. 2013).
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Consistently, Engelman et al. showed that ablation of p85 inhibited tumorigenesis in
the KRAS-G12D lung cancer model (Engelman et al. 2008). Baer et al. showed that
the p110a-selective inhibitor A66 blocked the formation of tissue-injury-induced
acinar-to-ductal metaplasia (ADM) and PanIN in KRAS LSL-G12D; Pdx1-Cre mice
(Baer et al. 2014). Consistently, tissue-specific ablation of p110a prevented the
occurrence of lesions induced by mutant KRAS, whereas ablation of p110b failed to
prevent the formation of preneoplastic lesions (Baer et al. 2014). Wu et al. employed
KRAS LSL-G12D; Ptf1a-Cre mice and showed that ablation of p110a, but not
p110b, prevents pancreatic tumor formation (Wu et al. 2014a). However, they show
that the oncogenic function of p110a in this KRAS-induced tumor formation is
dependent on RAC1 and independent of AKT. The role of p110a in RAS-induced
leukemogenesis was also addressed. Gritsman et al. showed that conditional deletion
of p110a in hematopoietic stem cells markedly prolonged the latency of myelo-
proliferative neoplasm (MPN) induced by mutant KRAS (Gritsman et al. 2014).
Tissue-specific ablation of p110a was also shown to retard mammary cancers
induced by polyoma middle T antigen and ERBB2 (Utermark et al. 2012).
Interestingly, p110b ablation accelerated mammary tumor formation in these models
(Utermark et al. 2012).

3.1.2 Other Isoforms of PI3Ks

Somatic mutations in human cancers have also been found in genes encoding
regulatory subunits of class I PI3Ks, namely PIK3R1 encoding p85a, p55a, and
p50a; PIK3R2 encoding p85b; and PIK3R5 encoding p101 (Thorpe et al. 2015).
PIK3R1 mutations have been identified in several cancers including endometrial
carcinomas and pancreatic cancers, and most of them are clustered in the inter-SH2
(iSH2)-domain-mediating interaction with C2 domain of p110 (Thorpe et al. 2015).
The mutations relieve p110a from inhibitory activity of p85, causing increased lipid
kinase activity which leads to oncogenic transformation (Jaiswal et al. 2009; Wu
et al. 2009; Sun et al. 2010). Mutations in PIK3R2, PIK3R4, and PIK3R5 genes
encoding p85b, p150, and p101, respectively, have also been identified in
endometrial and colorectal cancers (Jaiswal et al. 2009; Cheung et al. 2011).
Transforming activities of the catalytic subunits of the class IA PI3K isoforms other
than p110a, namely p110b and p110d, as wells as the catalytic subunit of the
class1B PI3K, namely p110c, were also evaluated in CEF (Zhao and Vogt 2008a).
Whereas overexpression of wild-type p110a failed to transform CEF, overexpres-
sion of wild-type p110b, p110d, or p110c efficiently transformed CEF, probably
because of their higher basal lipid kinase activity (Kang et al. 2006). However, they
differ in activation of downstream pathways, interaction with RAS, and sensitivity
to MEK inhibition (Denley et al. 2008). Although mutations of PIK3CB, PIK3CD,
and PIK3CG are rare in human cancers, their overexpression by copy number gain
or amplification is found frequently in some cancer types (Thorpe et al. 2015).
p110d is a major subclass in B lymphocytes and plays an essential role in B-cell
receptor signaling. Heterozygous PIK3CD mutations have been identified in
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patients of activated phosphoinositide-3 kinase d syndrome (APDS), a primary
immunodeficiency disease (Angulo et al. 2013). E1021K mutation in p110d con-
ferred increased lipid kinase activity, like H1047R mutation in p110a. One study
showed that 75% of APDS patients suffer nonneoplastic lymphoproliferation, and
13% of them develop cutaneous T-cell lymphoma (Coulter et al. 2017). p110d is
also essential in the pathogenesis of B-cell malignancies, the p110d-specific inhi-
bitor idelalisib has been approved by FAD for treating patients with B-cell
malignancies including relapsed follicular B-cell non-Hodgkin lymphoma and
small lymphocytic lymphoma, and chronic lymphocytic leukemia (CLL) (Furman
et al. 2014; Gopal et al. 2014; Yang et al. 2015).

3.2 AKT

More than a decade after identification of AKT as an important effector of PI3K, a
somatic mutation of AKT1 (E17K) was identified in breast cancer, as well as in
lung, endometrial, colorectal, and prostate cancers (Carpten et al. 2007). An anal-
ogous mutation has been found in AKT2 and AKT3 in various cancers including
breast cancer and melanoma (Parsons et al. 2005; Sasaki et al. 2008; Banerji et al.
2012; Stephens et al. 2012). One of the three paths that led to the original identi-
fication and molecular cloning of AKT (or PKB) was through finding the retroviral
oncogene Akt (Bellacosa et al. 1991). Transforming activity of constitutively active
forms of AKT, namely v-AKT, AKT with a myristoylation signal on the
N-terminus (Myr-AKT), and E40K with increased affinity for PI3,4,5P3
(AKT-E40K), was demonstrated in chicken embryo fibroblasts (Aoki et al. 1998),
as well as in Rat1 cells (Mirza et al. 2000) and NIH3T3 cells (Sun et al. 2001).
AKT-E17K, a mutant found in human cancers, also transformed Rat1 cells in
culture (Carpten et al. 2007). Oncogenic roles of AKT1 in vivo have been
addressed by GEMMs (Table 1). Transgenic mice that over express Myr-AKT1 or
AKT1-E40K under control of Lck promoter developed lymphomas (Malstrom et al.
2001). Although transgenic expression of Myr-AKT1 or AKT1-T308D/S473D, a
phospho-mimetic constitutively active mutant, in mammary epithelial cells driven
by MMTV-promoter did not result in tumor formation, transgenic expression of
Myr-AKT1 or AKT1-T308D/S473D accelerated tumorigenesis induced by
ErbB2/HER2 (Hutchinson et al. 2004a; Young et al. 2008). However, in clear
contrast with this mammary tumor-promoting effect of the two AKT mutants,
transgenic mice expressing AKT1-E17K harboring a mutation found in human
cancers developed mammary hyperplasia with increased expression of estrogen
receptor, but suppressed ErbB2/HER2-mediated tumorigenesis (Mancini et al.
2016). Mancini et al. proposes that AKT1-mediated negative feedback on the
receptor tyrosine kinase ErbB2 can be overcome by strong kinase activity of
Myr-AKT1 or AKT1-T308D/S473D, but not by relatively weak kinase activity of
AKT1-E17K (Mancini et al. 2016). Their finding is consistent with the finding that
AKT1-E17K mutation in breast cancer is mutually exclusive with HER2-positive
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status (Stemke-Hale et al. 2008). Further studies will clarify the role of
AKT1-E17K mutation in mammary carcinogenesis. Notably, co-expression of
AKT1-T308D/S473D suppressed the metastasis of mammary tumors to the lungs
induced by transgenic expression of ErbB2 or polyoma middle T antigen
(Hutchinson et al. 2004a), whereas co-expression of AKT2-T309D/S474D, the
AKT2 version of AKT1-T308D/S473D, did not affect tumor formation but mark-
edly enhanced the metastasis in the same models. Distinct roles of AKT1 and
AKT2 in mammary tumor induction and metastasis have been supported by
extensive studies from multiple laboratories (Toker 2012). Transgenic expression of
Myr-AKT1 in prostate epithelial cells driven by the probasin promoter resulted in
formation of prostate intraepithelial neoplasia (PIN) (Majumder et al. 2003).
Co-expression of Myr-AKT1 and Myc led to accelerated progression to microin-
vasive adenocarcinoma (Clegg et al. 2011). Overexpression of wild-type AKT1 or
Myr-AKT1 in the basal layer of stratified epithelia using the bovine keratin K5
(Krt5) promoter caused epidermal hyperplasia and a variety of tumors in epithelial
organs, including prostate, mammary, cervix, and skin tumors (Segrelles et al.
2007). The same group reported that K14-Cre-mediated conditional knockout of
p53 in the Krt5-Myr-AKT1 mice resulted in development of oral cavity tumors that
phenocopy human head and neck squamous cell carcinoma (HNSCC) (Moral et al.
2009). Adeno-Cre-mediated expression of AKT-E17K in bronchioepithelial cells
resulted in hyperplasia of bronchi and bronchiole, which can progress to overt
adenocarcinoma at low frequency (Malanga et al. 2016). Pdx1-Cre-driven expres-
sion of a constitutively active AKT1 (no detailed information provided) in pan-
creatic progenitor cells resulted in development of ADM and intraductal papillary
mucinous neoplasia (IPMN) in younger mice (*3 months old), as well as acinar
cell carcinoma and pancreatic ductal adenocarcinoma in older mice (*8 months
old) (Elghazi et al. 2009). Myr-AKT2 and Myr-AKT3 transformed CEF in culture,
and transgenic expression of Myr-AKT2 under control of the Lck promoter resulted
in lymphomagenesis, suggesting that constitutively active AKT1, AKT2, and
AKT3 have similar oncogenic activity (Mende et al. 2001). However, a recent study
suggests differential roles of AKT isoforms in glioma progression. Turner et al.
employed RCAS/tv-a glioma model, in which avian retroviral vectors are injected
intracranially into transgenic mice expressing the avian retrovirus receptor tv-a
(Turner et al. 2015). They tested the effect of co-expression of the constitutively
active forms of the three AKT isoforms on platelet-derived growth factor B
(PDGFB)-driven low-grade glioma and identified AKT3 as the dominant AKT
isoform that robustly stimulates glioma progression (Turner et al. 2015). AKT
activation has been shown to enhance chemical carcinogenesis in vivo. Expression
of wild-type AKT1 or Myr-AKT1 in the basal layer of stratified epithelia enhanced
susceptibility to carcinogenesis by 7,12-dimethylbenz(a)anthracene (DMBA) and
12-O-tetradecanoyl-phorbol-13-acetate (TPA) (Segrelles et al. 2007). Increased
susceptibility to DMBA-induced carcinogenesis was also observed in mammary
tumor mouse models that overexpress Myr-AKT1 under control of the
MMTV-promoter (Blanco-Aparicio et al. 2007; Wu et al. 2014b). AKT-E17K
overexpression in mouse lung epithelial cells also cooperated with urethane to
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induce fully malignant lung cancer (Malanga et al. 2016). These findings indicate
that constitutive activation of AKT is sufficient for oncogenic transformation. There
are also evidences that suggest AKT is required for transformation induced by
PI3K-activating signals. Primary AKT1-deleted mouse embryo fibroblasts (MEFs)
showed a dramatically reduced susceptibility to oncogenic transformation by com-
bination of a mutant HRAS with MYC or a dominant-negative p53 (Skeen et al.
2006). MEFs with double knockout for AKT1 and AKT2 were almost completely
resistant to oncogenic transformation (Skeen et al. 2006). They further showed that
AKT1 deletion was sufficient to impair mammary tumorigenesis induced by
MMTV-v-HRAS in vivo (Skeen et al. 2006). AKT1 deficiency suppressed tumor
development in Pten+/− mice (Chen et al. 2006), whereas AKT2 deletion had little
effect on the incidence of tumors in prostate, uterus, intestines, and adrenals (Xu
et al. 2012). However, AKT2 deficiency significantly decreased the incidence of
thyroid tumors in Pten+/− mice (Xu et al. 2012). Differential requirement for AKT
isoforms has also been demonstrated in lung tumorigenesis induced by mutant
KRAS. Hollander et al. showed that ablation of AKT1, but not AKT2 or AKT3
prevents lung tumorigenesis in KRAS LA2 mice (Hollander et al. 2011b).

3.3 mTOR and RHEB

Roles of mTORC1 in mediating the oncogenic signal from the PI3K/AKT pathway
have been demonstrated using the mTORC1 inhibitor rapamycin and its derivatives
(rapalogs), or more recently with mTOR kinase inhibitors (Zaytseva et al. 2012).
The mTORC1 pathway was shown to be hyperactivated in CEF transformed by
Myr-p110a or Myr-AKT, and rapamycin treatment efficiently inhibited the onco-
genic transformation induced by these oncoproteins, but not that by other onco-
proteins such as v-Src or v-Jun (Aoki et al. 2001). Soon after, treatment of Pten+/−

mice with temsirolimus (CCI-779), a rapamycin derivative currently used in the
clinic, was shown to prevent growth and proliferation of uterine and adrenal tumors
(Podsypanina et al. 2001), and to suppress the growth of Pten-null MEF in vitro, as
well as that of Pten-null ES cells in vivo (Neshat et al. 2001). Suppressive effect of
rapalogs and mTOR kinase inhibitors on tumor formation and progression has also
been demonstrated in other tumor models with Pten mutations. The growth of
ovarian endometrioid adenocarcinomas induced by conditional inactivation of
PTEN and APC in ovarian surface epithelium was significantly reduced by rapa-
mycin treatment (Wu et al. 2011). The growth of invasive mucinous adenocarci-
nomas induced by conditional expression of p110* was also inhibited by rapamycin
(Deming et al. 2013). In the above-mentioned model of PIN induced by
Myr-AKT1, treatment with everolimus led to the complete reversal of the neo-
plastic phenotype (Majumder et al. 2003). Interestingly, prostate tumors induced by
co-expression of Myr-AKT1 and Myc were resistant to everolimus treatment
(Clegg et al. 2011). Genetic evidence for the requirement of mTOR signaling
activation in oncogenic transformation induced by the PI3K/AKT pathway was
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provided for prostate tumors. Namely, Nardella et al. showed that conditional
knockout of mTOR in adult mouse prostate markedly suppressed PTEN-loss-
induced tumor initiation and progression in the prostate (Nardella et al. 2009). The
suppressive effect of mTOR deletion was more pronounced than that of everolimus,
which was explained by the finding by Guertin et al. which showed requirement of
mTORC2 in the PTEN-loss-induced tumorigenesis in the prostate (Guertin et al.
2009). In addition to the requirement of mTORC1 in oncogenic transformation as
described above, several lines of evidence suggest that mTORC1 activation is
sufficient for transformation. Such evidences include transforming activity of
RHEB, an activator of mTORC1, eIF4E, a downstream effector of mTORC1, and
more recently mTOR itself. Jiang and Vogt showed that overexpression of two
constitutively active mutants of RHEB, namely RHEB/Q64L and RHEB/N153T,
induced oncogenic transformation of CEF in culture (Jiang and Vogt 2008).
Transformation induced by RHEB/Q64L was markedly suppressed by rapamycin
treatment, indicating RHEB-induced transformation was mediated by mTORC1
activation. Overexpression of wild-type RHEB barely transformed CEF (Jiang and
Vogt 2008). Lu et al. reported frequent overexpression of RHEB in human cancers
and showed that transgenic expression of RHEB in basal epidermal keratinocytes
driven by K14 promoter resulted in epidermal neoplasia formation. Unlike
PI3K3CA or AKT1, mTOR was not well accepted as a bona fide oncogene until
recently. Edinger and Thompson demonstrated that expression of an mTOR mutant
with a deletion in its repressor domain conferred the ability to grow in soft agar
(anchorage-independent growth) in p53-mutant mouse embryonic fibroblasts
(Edinger and Thompson 2004). Ohne et al. then identified hyperactive mTOR
mutants by a genetic screen, but those mutants did not transform NIH3T3 cells
(Ohne et al. 2009). Thereafter, Sato et al. found mTOR mutations in human cancers
using public database and showed that two of them, namely S2215Y and R2505P,
conferred constitutive activation of the mTOR signaling (Sato et al. 2010).
However, they showed that mTOR/S2215Y did not induce oncogenic transfor-
mation of Rat1 cells. More recently, Murugan et al. generated constitutively active
mutants of mTOR and demonstrated that overexpression of P2273S and E2288 K,
the two most catalytically active mutants, in NIH3T3 cells induced oncogenic
transformation and enhanced their invasion activity (Murugan et al. 2013).
Subcutaneous inoculation of the transfected cells induced tumor formation in nude
mice (Murugan et al. 2013). Yamaguchi et al. recently identified L2209 V mutation
in large cell neuroendocrine carcinoma and showed a marked transforming activity
of mTOR-L2209V in a focus formation assay using mouse 3T3 fibroblasts
(Yamaguchi et al. 2015). They identified more mutations in various cancers using
public databases and showed that such mTOR mutants (T1977K, T1977R, S2215F,
and S2215Y) efficiently transformed 3T3 cells in vitro. The transforming mutants of
mTOR conferred constitutive activation of the mTOR signaling, and the oncogenic
transformation by these mutants was sensitive to rapamycin (Yamaguchi et al.
2015). Discrepancy on the transforming activity of mTOR-S2215Y between Sato
et al. and Yamaguchi et al. was not discussed, but it may be due to a differential
sensitivity for transformation between Rat1 cells and mouse 3T3 cells, or to the
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expression level of transduced mTOR. It should be noted that the 3T3 cells
transformed by these mTOR mutants did not form tumors when transplanted into
immunocompromised mice in vivo (Yamaguchi et al. 2015). In addition to the
somatic mutations in the mTOR gene found by Sato et al., Gerlinger et al. reported
L2431P mutation in a subset of a primary renal cell carcinoma (Gerlinger et al.
2012), and many more somatic mTOR mutations have been identified by cancer
genome sequencing projects recently; Grabiner et al. cataloged those mutations and
showed that 33 of them conferred hyperactivation of the mTORC1 pathway
(Grabiner et al. 2014). Although their transforming activities were not assessed,
they were shown to remain sensitive to inhibition by rapamycin (Grabiner et al.
2014). No reports have demonstrated the oncogenic activity of these mTOR
mutants in genetically engineered mouse models.

3.4 eIF4E

Among downstream effectors of mTORC1, eIF4E has been shown to behave as an
oncogene. Lazaris-Karatzas et al. demonstrated oncogenic transformation of
NIH3T3 cells by overexpression of eIF4E (Lazaris-Karatzas et al. 1990).
Overexpression of eIF4E was also shown to induce clonal expansion and
anchorage-independent growth in immortalized 184-A1 human mammary epithelial
cells (Avdulov et al. 2004). Ruggero et al. showed that transgenic expression of
eIF4E under control of b-actin promoter resulted formation of various tumors,
including B-cell lymphomas, angiosarcomas, lung adenocarcinomas, beginning at
16 months of age (Ruggero et al. 2004). They also showed that crossing the eIF4E
transgenic mice with El-Myc mice resulted in accelerated lymphomagenesis.
Similar acceleration of MYC-induced lymphomagenesis by eIF4E was also
demonstrated by another group, using adoptive transfer of retrovirally transduced
hematopoietic progenitor cells (Wendel et al. 2004; Mavrakis et al. 2008). It should
be noted that the oncogenic transformation by eIF4E requires phosphorylation at
Ser209 by MNK1. Overexpression of eIF4E/S209A failed to transform NIH3T3
cells and to accelerate lymphoma genesis in the El-Myc model (Topisirovic et al.
2004). Subsequent studies using eIF4E/S209A knock-in mice showed that S209A
phosphorylation is essential for PTEN-deletion-induced prostate tumor formation
(Furic et al. 2010). Hsieh et al. genetically dissected the pathways downstream of
mTORC1 using tet-inducible transgenic mice that express 4E-BP1 mutant in which
all five rapamycin-sensitive 4E-BP1 phosphorylation sites (T37, T46, S65, T70,
and S82) were mutated to alanine. They demonstrated the importance of eIF4E
hyperactivation, rather than S6 phosphorylation, in lymphomagenic activity of
Myr-AKT2 driven by Lck promoter (Hsieh et al. 2010). Truitt et al. nicely addressed
the requirement of eIF4E in oncogenic transformation. Namely, they demonstrated
that eIF4E heterozygous mice developed normally, but Eif4e+/− MEFs that suf-
fered 50% reduction in eIF4E protein level were dramatically resistant to
oncogenic transformation induced by HRASV12 and Myc (Truitt et al. 2015).
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They also showed that crossing of KRAS LA2 model mice for lung cancer with
Eif4e+/− mice resulted in marked reduction in tumor number and burden, compared
with Eif4e-wild-type KRAS LA2 mice (Truitt et al. 2015).

4 Negative Regulators of the PI3K/AKT Axis
in Oncogenic Transformation

4.1 PTEN

PTEN is the most frequently mutated gene among cancer-related genes encoding
signaling molecules of the PI3K/AKT/mTOR pathway and was originally identified
as a candidate tumor suppressor gene in a region of human chromosome 10q23
(Song et al. 2012). Germ-line mutations or deletions of PTEN are associated with
autosomal dominant tumor predisposition syndromes (collectively called the PTEN
hamartoma tumor syndrome), including Cowden syndrome, Bannayan-Riley-
Ruvalcaba syndrome, Lhermitte-Duclos disease, PTEN-related Proteus syndrome,
and Proteus-like syndrome (Leslie and Longy 2016). Roles of PTEN loss/mutation
in oncogenic transformation have been extensively studied using GEMMs. Mice
heterozygous for null-mutant allele of Pten develop cancers in multiple organs
including prostate, mammary gland, uterus, and colon (Cristofano et al. 1998;
Podsypanina et al. 1999; Stambolic et al. 2000). Subsequently, a variety of con-
ditional knockout mice for tissue-specific PTEN deletion have been generated for
modeling PTEN-loss-driven neoplasias (Nardella et al. 2010). A recent study
demonstrated that PTEN functions as lipid phosphatase as a homodimer and that
cancer-associated PTEN mutants heterodimerize with wild-type PTEN and acts in a
dominant-negative manner to suppress the phosphatase activity (Papa et al. 2014).
Consistently, while tumors that develop in mice heterozygous for a null-mutant
allele of Pten tend to lose the wild-type allele, the wild-type Pten allele was retained
in most tumors in mice heterozygous for point-mutation alleles of Pten (i.e., C124S
or G129E). Differential roles of p110a and p110b in PTEN-loss-induced tumors
have been uncovered. Namely, tumor formation in anterior prostate induced by
conditional knockout of Pten using PB-Cre driver was suppressed by ablating
p110b but not p110a (Jia et al. 2008). In contrast, ablation of either p110b or p110a
did not block formation of Pten-deficient tumors in ventral prostate, but co-ablation
of p110b or p110a efficiently suppressed tumorigenesis in the ventral prostate of
these mice (Jia et al. 2013). Leukemogenesis induced by conditional knockout of
Pten in hematopoietic stem cells using Mx1-Cre driver was dependent on p110b,
but independent of p110a (Yuzugullu et al. 2015). Formation of dermal hamar-
tomas induced by deleting Pten using K14-Cre driver were slightly inhibited by
ablating p110a alone and strongly suppressed by ablating both p110a and p110b.
A recent study using an ovarian cancer model demonstrated that the apparent p110b
dependence of Pten-null tumors could be altered by the genetic context
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(Schmit et al. 2014). Specifically, development of ovarian endometrioid adeno-
carcinoma induced by PTEN loss and KRAS activation was blocked by ablation of
p110a. Intriguingly, Nakanishi et al. reported recently that treatment of
PTEN-mutant cell lines with the pan-PI3K inhibitor GDC-0941 caused emergence
of resistant cells that harbor D1067Y mutation in p110b. They then found recurrent
mutations of p110b at D1067 in diverse cancers using TCGA database. Prior to this
report, only one report showed p110b mutation in a single case of breast cancer.
Certain PTEN-deficient tumors depend on p110b (Jia et al. 2008; Ni et al. 2012;
Wee et al. 2008).

4.2 INPP4B

INPP4B, a phosphatase that terminates PtdIns(3,4)P2 signals by hydrolyzing 4’-
phosphate of the inositol ring of PtdIns(3,4)P2, was identified as a putative tumor
suppressor in a functional shRNA-library screen in human mammary epithelial
cells. Knockdown of INPP4B in human mammary epithelial cells resulted in
anchorage-independent growth and increased migratory/invasive activity
(Gewinner et al. 2009). Studies on breast cancer clinical samples showed that the
reduced level of INPP4B was associated with higher tumor grade and poor survival.
LOH of the region containing INPP4B locus was found in basal-like breast tumors,
as well as in ovarian cancers and melanomas (Gewinner et al. 2009; Fedele et al.
2010). Although these data were consistent with a tumor suppressor function of
INPP4B, recent studies suggest oncogenic function of INPP4B in leukemia, as well
as in breast and colorectal cancers (Gasser et al. 2014; Dzneladze et al. 2015; Guo
et al. 2015; Rijal et al. 2015). Importantly, Gasser et al. showed that PI3P, a lipid
product of INPP4B, binds to PX domain of SGK3 and thereby activates the SGK3
signaling, which is required for proliferation, invasion/migration, and tumorigenesis
of breast cancer cells with PIK3CA mutation (Gasser et al. 2014). These findings
suggest that INPP4B can be oncogenic or tumor-suppressive, depending on the
cellular context.

4.3 PIPP

PIPP dephosphorylates PtdIns(3,4,5)P3 and generates PtdIns(3,4)P2. Denley et al.
showed that the oncogenic activity of class I PI3K is linked to the ability to produce
PtdIns(3,4,5)P3 and that reduction of PtdIns(3,4,5)P3 levels by PIPP interferes with
oncogenic transformation of PI3K (Denley et al. 2009). Consistentlywith this finding,
Ooms et al. showed that crossing Pipp knockout mice with MMTV-PyMT mice
resulted in increased mammary hyperplasia, accompanied by enhanced AKT acti-
vation, suggesting essential roles of PtdIns(3,4,5)P3 in oncogenicity of PI3K (Ooms
et al. 2015). They also found that Pipp knockout reduced the metastatic activity of
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mammary tumors ofMMTV-PyMTmice. This apparent paradox is reminiscent of the
opposing roles of AKT1 andAKT2 in breast cancer metastasis, and the authors reason
that PIPP lossmay result in greater activation ofAKT1overAKT2 (Ooms et al. 2015).

4.4 PHLPP1

PHLPP1 (protein phosphatase 2 (PP2A) complex and PH-domain and leucine-rich
repeat protein phosphatase 1) and PHLPP2 were shown to inactivate Akt by
dephosphorylating S473. PHLPP1 was subsequently demonstrated to serve as a
prostate cancer suppressor in GEMM (Chen et al. 2011). Specifically, Chen et al.
showed that Phlpp1 knockout caused formation of high-grade prostatic intraep-
ithelial neoplasia (HGPIN) and that crossing of Pten+/− mice with Phlpp1−/− mice
resulted in progression to carcinoma. Comprehensive genomic analysis revealed
that PHLPP1 gene is frequently deleted in primary and advanced prostate cancer.

4.5 TSC1 and TSC2

Germ-line mutations of TSC1 or TSC2 genes are involved in TSC, an autosomal
dominant tumor syndrome from which their names are derived; the mutations affect
multiple soft tissues of mesenchymal origin, resulting in formation of hamartomas
and other benign tumors in various organs including the brain, kidney, skin, heart,
and lungs (Huang and Manning 2008). Consistently, heterozygous knockout mice
for Tsc1 or Tsc2 developed tumors in multiple organs, accompanied by the loss of
the wild-type alleles due to LOH (Onda et al. 1999; Kobayashi et al. 1999, 2001).
More recently, Yang et al. showed that rapamycin treatment efficiently blocked
kidney tumor formation in Tsc2+/− mice, indicating the role of mTORC1 (Yang
et al. 2014).

4.6 LKB1

mTORC1 integrates multiple signals involved in cell growth regulation, namely the
growth factor signals from PI3K/AKT pathway, nutritional (amino acids) signals,
and energy signals (Ma and Blenis 2009; Dazert and Hall 2011). AMP-activated
protein kinase (AMPK) is an energy sensor and negatively regulates mTORC1 by
phosphorylating TSC2 and/or RAPTOR (Inoki et al. 2003; Gwinn et al. 2008). The
tumor suppressor LKB1 (liver kinase B1) encoded by STK11 phosphorylates and
thereby activates AMPK, and the loss of LKB1 function leads to mTORC1 acti-
vation (Shaw et al. 2004). Somatic inactivation of LKB1 has also been found in
sporadic cancers including lung cancer (Korsse et al. 2013).
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5 Mechanisms of Oncogenic Transformation
by the PI3K/AKT/mTORC1 Signaling

The molecular mechanisms by which activation of the PI3K/AKT/mTORC1 sig-
naling induces oncogenic transformation are not fully understood. However, our
knowledge on the outputs from mTORC1 in cellular functions is accumulating, and
many of them are related to hallmarks of cancer (Hanahan and Weinberg 2011).

5.1 Cell Proliferation and Survival

Accelerated cell proliferation or increased cell survival by mTORC1 activation may
be explained by enhanced translation of a subset of mRNAs by eIF4E activation.
Overexpression of eIF4E can transform cells as described above, and protect cells
against apoptosis (Li et al. 2004; Wendel et al. 2004; Mamane et al. 2007; Wendel
et al. 2007; Hsieh et al. 2010). Consistently, eIF4E enhances translation of mRNAs
coding for various regulators of cell cycle or apoptosis, including cyclin D1, cyclin
D3, CDK2, MYC, PIM1, Bcl-2, Bcl-xL, MCL1, VEGF, ornithine decarboxylase,
osteopontin, and survivin (Graff and Zimmer 2003; Mamane et al. 2004; Larsson
et al. 2007; Mamane et al. 2007). They belong to the so-called eIF4E-sensitive
mRNAs, most of which have long and highly structured 5’UTRs and are more
dependent on the unwinding activity of eIF4A, an RNA helicase subunit of eIF4F
complex (Siddiqui and Sonenberg 2015). eIF4E is limiting for eIF4F complex
formation, and its increase leads to enhanced unwinding by eIF4A. eIF4E has also
been shown to stimulate the helicase activity of eIF4A by another mechanism.
Specifically, eIF4E binding to eIF4G alleviates the inhibitory effect of eIF4G on
eIF4A helicase activity (Siddiqui and Sonenberg 2015). More recently, important
progress has been made regarding the role of eIF4E-mediated translational control
in cancer cell survival. In the study mentioned above, in which 50% reduction of
the eIF4E level resulted in resistance of MEF to transformation, Truitt et al. per-
formed unbiased translational profiling approach and found that translation of a
subset of transcripts is sensitive to the eIF4E dose during oncogenic transformation
(Truitt et al. 2015). The affected gene classes included those involved in cell
signaling, apoptosis, ribosome biogenesis, the proteasome, nucleotide biosynthesis,
oxidative phosphorylation, and the oxidative stress response (Truitt et al. 2015).
They further demonstrated that ferritin heavy chain (Fth1) and the catalytic subunit
of glutamate-cysteine ligase (Gclc), key eIF4E-dependent ROS targets, are required
for cell transformation and that the reduced level of eIF4E increased
oncogene-induced intracellular ROS accumulation and sensitized tumor cells to
ROS-induced apoptosis (Truitt et al. 2015).
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5.2 Metabolic Reprogramming

Recent studies revealed that oncogenic transformation is accompanied by drastic
shift in cell metabolism, which enables efficient production of biomass (cellular
building blocks such as nucleotides, amino acids, and lipids) required for rapid
growth and proliferation of neoplastic cells (Vander Heiden et al. 2009). This
so-called metabolic reprogramming is now considered one of the hallmarks of
cancer (Hanahan and Weinberg 2011; Ward and Thompson 2012) and is coupled
with aerobic glycolysis (the Warburg effect). Specifically, neoplastic cells shift from
oxidative phosphorylation to less effective glycolysis for ATP production and
thereby drive the pentose-phosphate pathway, which leads to efficient production of
nucleotides and amino acids, as well as NADPH, helping synthesize lipid, together
with acetyl-CoA generated by enhanced glutamine metabolism. The link of
mTORC1 activation to the metabolic reprogramming has been suggested by various
studies (Lien et al. 2016). mTORC1 can increase expression of glucose transporter
and glycolysis genes by inducing HIF1a and/or MYC, important transcription
factors implicated in metabolic reprogramming of cancer cells (Hudson et al. 2002;
Düvel et al. 2010; Dodd et al. 2015; Stine et al. 2015). mTORC1 enhances protein
synthesis through eIF4E as discussed above. mTORC1 is also involved in glu-
tamine metabolism. Glutamine plays essential roles in highly proliferating cells
including cancer cells; in a process called glutamine anaplerosis, glutamine is
converted to glutamate by glutaminase, which is then converted to a-ketoglutarate
by glutamate dehydrogenase. a-ketoglutarate then enters TCA cycle, the critical
anaplerotic step for production of biomass (DeBerardinis et al. 2008). Cancer cells
are often addicted to glutamine, and Csibi et al. showed that mTORC1 stimulates
glutamine anaplerosis by activating GDH through transcriptional repression of
SIRT4, an inhibitor of GDH, by inducing degradation of CREB2 (Csibi et al.
2013). mTORC1 also affects energy metabolism by activating important tran-
scriptional regulators including YY1-PGC-1a complex, SRE-BP1/2 and HIF-1a
(Cunningham et al. 2007; Porstmann et al. 2008; Düvel et al. 2010). Morita et al.
demonstrated that mTORC1 enhances translation of a subset of nucleus-encoded
mitochondria-related mRNAs through eIF4E activation and thereby regulates
mitochondrial activity and biogenesis (Morita et al. 2013). Such mRNAs included
those encoding components of complex V such as ATP5D, 5G1, 5L, and 5O, as
well as TFAM, which promotes mitochondrial DNA replication and transcription.
mTOR inhibition can lead to decreased mitochondrial biogenesis and respiration in
a manner dependent on the 4E-BP1/eIF4E axis (Morita et al. 2013). mTORC1 thus
coordinates protein synthesis, mitochondria biogenesis, and proliferation (Morita
et al. 2015). mTORC1 stimulates lipid synthesis by activating SREBP1/2, a critical
regulator of fatty acid and cholesterol biosynthetic gene expression. Peterson et al.
demonstrated that mTORC1 regulates SREBP by controlling the nuclear entry of
lipin 1, a phosphatidic acid phosphatase (Peterson et al. 2011). mTORC1 also
stimulates nucleotide synthesis by activating carbamoyl-phosphate synthase 2,
aspartate transcarbamylase, dihydroorotase (CAD), which catalyzes the first three
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steps in de novo pyrimidine synthesis (Ben-Sahra et al. 2013; Robitaille et al.
2013). More recently, Ben-Sahra et al. showed that mTORC1 also induces purine
synthesis through ATF4-mediated transcriptional upregulation of the mitochondrial
tetrahydrofolate (mTHF) cycle enzyme methylenetetrahydrofolate dehydrogenase 2
(MTHFD2) (Ben-Sahra et al. 2016).

5.3 Suppressing Autophagy and Senescence

In addition to stimulating anabolic processes as described above, mTORC1 can also
inhibit autophagy, a major catabolic process. mTORC1 phosphorylates and thereby
inhibits two autophagy-promoting factors, namely unc-51-like kinase 1 (ULK1) and
autophagy-related gene 13 (ATG13) (Jung et al. 2009; Ganley et al. 2009; Utani
2010; Kim et al. 2011). mTORC1 has also been shown to inhibit autophagy by
blocking lysosome biogenesis through inhibition of nuclear translocation of tran-
scription factor EB (TFEB). Although the role of autophagy in cancer cells remains
elusive and is probably context specific, it is considered anti-neoplastic at early
steps of carcinogenesis (Laplante and Sabatini 2012). Suppression of autophagy
may thus contribute to oncogenic transformation of normal cells induced by
PI3K/AKT/mTORC1 activation. Like autophagy, cellular senescence is a
double-edged sword that can promote or suppress oncogenic transformation
in vivo. Excessive proliferative signals can trigger senescence, and such
cell-autonomous senescence can be regarded as a tumor-suppressive mechanism.
On the other hand, senescent cells are known to produce large amounts of secretory
proteins including pro-inflammatory cytokines and chemokines. This so-called
senescence-associated secretory phonotype (SASP) can help generate both
tumor-suppressive and tumorigenic tumor microenvironment (Pérez-Mancera et al.
2014). The link between mTOR and SASP was first provided by Narita et al., who
identified a cellular compartment at the trans side of the Golgi apparatus where
lysosomes and mTOR accumulated during RAS-induced senescence (Narita et al.
2011). They termed this compartment the TOR-autophagy spatial coupling com-
partment (TASCC) and showed that mTOR recruitment to TASCC, mediated by
autolysosome-derived amino acids, was required for SASP. Iglesias-Bartolome
demonstrated that mTORC1 inhibition by rapamycin increased the clonogenic
capacity of primary human oral keratinocytes and resident self-renewing cells by
preventing stem cell senescence through increased expression of mitochondrial
superoxide dismutase (Iglesias-Bartolome et al. 2012). mTORC1 inhibition also
blocked the loss of proliferative basal epithelial stem cells upon ionizing radiation
in vivo, and rapamycin reduced the secretion of most senescence-associated cyto-
kines. More recently, two groups provided molecular mechanisms by which
mTORC1 inhibition suppresses SASP. Namely, Laberge et al. and Herranz et al.
independently showed that rapamycin suppressed the secretion of inflammatory
cytokines by senescent cells, and demonstrated that IL1a was the cytokine whose
translation was the most affected by mTOR inhibition. While Laberge et al. claimed
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that IL-1a was responsible for SASP, Herranz et al. further demonstrated that
mTOR controls SASP by regulating the translation of mitogen-activated protein
kinase-activated protein kinase 2 (MAPKAP2) through 4E-BP1. MAPKAP2
phosphorylates the ZFP36L1, an RNA-binding protein, and thereby inhibits
ZFP36L1-mediated degradation of the mRNAs encoding many SASP components.

5.4 Invasion/Metastasis, EMT

Several studies using cancer cell lines have suggested the involvement of activated
PI3K/AKT/mTORC1 signaling in cancer cell invasion and metastasis. For example,
TGF-b-induced EMT in NMuMG mammary epithelial cells accompanied
PI3K/AKT/mTORC1 activation, and mTORC1 inhibition suppressed the invasion
activity of TGF-b-treated cells without affecting EMT itself (Lamouille and
Derynck 2007). Gulhati et al. reported that mTOR signaling inhibition by rapa-
mycin or knockdown of RAPTOR and RICTOR suppressed migration and invasion
activity of colorectal cancer cells (Gulhati et al. 2011). They also showed that
knockdown of mTORC1 and mTORC2 induced a mesenchymal–epithelial transi-
tion (MET) (Gulhati et al. 2011). Cai et al. demonstrated that 4E-BP1 knockdown
causes colorectal and breast cancer cells to undergo EMT, accompanied by
upregulation of SNAIL, and enhanced migration and invasion activities as well as
metastasis, while a dominant active mutant 4E-BP1 effectively downregulated
SNAIL and suppressed cell migration and invasion (Cai et al. 2014). Intriguingly,
Hsieh et al. performed a sophisticated ribosome profiling using prostate cancer cells
and mTOR inhibitors and identified a class of translationally controlled
pro-invasion messenger RNAs that direct prostate cancer invasion and metastasis
downstream of mTORC1 (Hsieh et al. 2012). They found that the largest fraction of
mTOR-responsive mRNAs clustered into a node consisting of key components of
the translational apparatus, whereas the second largest node comprised bona fide or
putative regulators of cell invasion and metastasis, such as Y-box binding protein 1
(YB1), vimentin, metastasis associated 1 (MTA1), and CD44 (Hsieh et al. 2012).
Defining the roles of mTORC1 signaling in cancer metastasis using GEMMs can be
challenging, because it is generally difficult to distinguish the effect on growth of
primary tumors and metastasis itself. Further technical advances are awaited to
address this important question.

6 Conclusions

Almost 30 years have passed since Cantley and colleagues discovered PI3K
activity associated with polyoma middle T antigen (Whitman et al. 1988). The
PI3K/AKT/mTOR axis is now considered one of the most frequently activated
signaling pathways in human cancers, and major efforts are made in developing
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preventive or therapeutic agents targeting the pathway (Arteaga 2010; Maira et al.
2010; Fruman and Rommel 2014; Mayer and Arteaga 2014; Thorpe et al. 2015;
Yap et al. 2015). However, we still do not clearly understand how activation of the
PI3K/AKT/mTOR axis induces oncogenic transformation. Elucidating the molec-
ular mechanisms by which downstream effectors of mTORC1 contribute to each
trait of transformed cells may facilitate development of novel strategies for inter-
vening the pathway with less probability of causing drug resistance, a major hurdle
for targeted cancer therapies.
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MicroRNA Dysregulation to Identify
Novel Therapeutic Targets

Carlo M. Croce

Abstract This paper describes how we discovered the juxtaposition of the MYC
gene to the human immunoglobulin loci and how that finding was extended to
characterize molecularly the t(14;18) chromosome translocation of follicular lym-
phoma and to clone the BCL2 gene. BCL2 is also overexpressed in CLL, the most
common human leukemia. We discovered that most of human CLLs have a deletion
of two microRNAs residing in the same polycistronic RNA, miR-15a and
miR-16-1, and that these two microRNAs are negative regulators of BCL2. Thus,
loss of miR-15/16 leads to overexpression of BCL2 that can be targeted by the new
drug, venetoclax, that was recently approved by the FDA for the treatment of
aggressive CLLs.
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1 Introduction

1.1 A Long Journey

A long time ago my laboratory was interested in human gene mapping by taking
advantage of somatic cell hybrids between mouse and human cells that segregate
human chromosomes, allowing the establishment of a correlation between the
presence or absence of a specific human trait and the presence or absence of a
specific human chromosome. Although, at that time, probes for the human
immunoglobulin loci were not available, we decided to map the human
immunoglobulin loci by taking advantage of somatic cell hybrids between mouse
myeloma cells and a variety of human B-cell lines (Croce et al. 1979). Since these
hybrids express human immunoglobulins, we thought that we could map the
chromosomal location of the immunoglobulin loci by looking at the segregation of
the expression of the different human immunoglobulin chains in the hybrids (Croce
et al. 1979). A complication of this approach was the phenomenon of allelic
exclusion, meaning that only one of the loci of heavy and light chain is expressed
while the other is silenced (Croce et al. 1979).

In 1979, we examined the expression of human heavy chains (l, c and a) in the
hybrids between mouse myeloma and human B-cell lines and observed that the
expression of the human immunoglobulin heavy chains in the hybrids required the
presence of human chromosome 14 (Croce et al. 1979). This was the first mapping
of genes that require genetic rearrangement to be expressed, like immunoglobulin
and T-cell receptor genes (Croce et al. 1979).

2 Burkitt Lymphoma

After this mapping, we decided to map the chromosomal location of the human
immunoglobulin light chain genes. In 1981, in a paper in Nature, we showed that
the immunoglobulin k chain locus is on human chromosome 22 (Erikson et al.
1981). The fact that the human heavy chain locus is on human chromosome 14 and
the lambda light chain locus was on human chromosome 22, made us speculate that
in Burkitt lymphoma, that carries translocation between human chromosome 8 and
either human chromosome 14, 2, or 22, the rearrangement could involve the human
immunoglobulin loci, the enhancers of which could dysregulate a cellular proto
oncogene (Erikson et al. 1981). This hypothesis we made in 1981 (Erikson et al.
1981) received further support when the laboratory of Dr. Philip Leder, then at
NIH, mapped the K locus of human immunoglobulin light chain genes to human
chromosome 2 (Kirsch et al. 1982). Some of the hybrids were produced at that time
were between different mouse cell lines and human Burkitt lymphoma cells car-
rying the t(8;14) translocation (Erikson et al. 1982). Some of the hybrids retained
human chromosomes 14q+ or 8q− that resulted from the reciprocal chromosome
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translocation t(8;14), (Fig. 1) the hallmark of approximately 80% of Brukitt lym-
phomas. The others carry the variant translocations (Fig. 1). Since (in 1981) we
obtained probes for the constant and variable chain of human immunoglobulin
heavy chain, we were able to ask the question of whether the human
immunoglobulin heavy chain locus (that we mapped to human chromosome 14)
was directly involved in the chromosomal translocation observed in Burkitt lym-
phomas with the t(8;14) chromosome translocation (Fig. 1). By having hybrids with

Fig. 1 The three different translocations in Burkitt lymphoma. We first demonstrated that the t
(8;14) translocation involved the immunoglobulin heavy chain locus (Erikson et al. 1982). Then
that the t(8;14) translocation juxtaposes the MYC gene to the immunoglobulin heavy chain locus.
In 1983 we resolved the molecular genetics of the variant translocations
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the 14q+ and the 8q− from Burkitt lymphoma cells, it became easy to show that
while the genes for the constant regions of the immunoglobulin heavy chain locus
remained on the 14q+ chromosome, the genes for the variable genes were
translocated to the 8q− chromosome, demonstrating that the human immunoglob-
ulin heavy chain locus was directly involved in the translocation t(8;14) in Burkitt
lymphoma (Fig. 1) (Erikson et al. 1982). Thus, this result proved that Burkitt
lymphoma was caused by the juxtaposition of a human immunoglobulin locus to a
presumable oncogene on human chromosome 8 (Erikson et al. 1981).

3 Follicular Lymphoma

At the same time, our laboratory was involved in mapping the human homologues
of retroviral oncogenes in collaboration with Dr. Riccardo Dalla-Farvera at NCI
(Dalla-Favera et al. 1982), a probe Dr. Dalla-Favera obtained was for the human
homologue of the MYC oncogene present in the avian myelocytomatosis virus that
can induce B-cell lymphomas in chicken (Dalla-Favera et al. 1982). In 1982, we
observed that the human homologue of this retroviral oncogene was present in the
hybrids with the 14q+ chromosome only and in those with normal chromosome 8,
but not in those with the 8q−, demonstrating that the MYC gene of Burkitt lym-
phoma was juxtaposed to the human immunoglobulin locus in Burkitt lymphomas
with the t(8;14) chromosome translocation through a head to head recombination
event (Dalla-Favera et al. 1982, 1983; Marcu et al. 1983) resulting in the dysreg-
ulation of the expression of the MYC gene involved in the translocation (ar-Rushdi
et al. 1983; Nishikura et al. 1983) while the normal MYC allele on human chro-
mosome 8 remained transcriptionally silent (ar-Rushdi et al. 1983; Nishikura et al.
1983) (Fig. 1).

This was a stunning discovery because it showed that a specific human cancer
could be caused by the activation of a specific oncogene, MYC. In 1983, our
laboratory investigated also the two variant chromosomal translocations in Burkitt
lymphomas and we found that those translocations juxtapose the human MYC
oncogene to the human immunoglobulin light chain loci (Croce et al. 1983; Erikson
et al. 1983) (Fig. 1). Since 100% of Burkitt lymphomas carry translocations that
activate the MYC oncogene and 100% of the cells of each Burkitt lymphoma carry
the same translocation, we could infer that MYC must be the driver of this
malignancy and its activation must be the earliest, or one of the earliest, genetic
event leading to Burkitt pathogenesis (Dalla-Favera et al. 1982, 1983; ar-Rushdi
et al. 1983; Croce et al. 1983; Erikson et al. 1983; Marcu et al. 1983; Nishikura
et al. 1983). The concept of cancer driver and of targeted therapy are essentially
based on this fundamental discovery (Dalla-Favera et al. 1982, 1983; ar-Rushdi
et al. 1983; Croce et al. 1983; Erikson et al. 1983; Marcu et al. 1983; Nishikura
et al. 1983).
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Our studies of Burkitt lymphomas suggested to us that it should have been
possible to clone and characterize unknown oncogenes by taking advantage of
chromosome translocations involving the human immunoglobulin loci.

At first, we studied the t(11;14) translocation characterization of mantle cell
lymphoma and we were able to clone the t(11;14) chromosomal break points by
walking away from the immunoglobulin heavy chain locus into the chromosome 11
and cloned the BCL1 locus (Tsujimoto et al. 1984b), which turned out to be the
Cyclin D1 gene. Interestingly, sequencing of the breakpoints involved in the
translocations indicated that the t(11;14) chromosome translocation must have been
caused by an error during the process of V-D-J joining, where the recombinase
made an error by joining a segment of human chromosome 11 to a segment of
human chromosome 14 or the basis of signal sequences for V-D-J joining
(Tsujimoto et al. 1985c).

After the characterization of the t(11;14) chromosome translocation, we focused
on the t(14;18) chromosome translocation characteristic of follicular lymphoma, the
second most common lymphoma in man (Tsujimoto et al. 1984a, 1985a). This
translocation is also observed in 20–30% of diffuse large cell lymphomas (DLCLs),
the most common lymphoma in man. Thus, the t(14;18) translocation is the most
common cytogenetic alteration in human lymphomas.

Through the work of a fantastic postdoctoral fellow in the lab, Yoshihide
Tsujimoto, in 1984 we were able to clone and characterize the t(14;18) chromo-
some translocation and in 1985 to characterize the gene we called BCL2 (Tsujimoto
et al. 1984a, 1985a) (Fig. 2).

In 1986, we reported the entire sequence of the gene and of its protein
(Tsujimoto and Croce 1986). We also found that the t(14;18) translocation occurred
through mistakes in V-D-J joining and characterized the variant chromosome
translocations that juxtaposed the BCL2 gene to the light chain loci of
immunoglobulins (Tsujimoto et al. 1985b; Adachi et al. 1989). Analysis of the

Fig. 2 This is the t(14;18)
translocation in hallmark of
follicular lymphoma. In this
translocation the BCL2 is
juxtaposed to the
immunoglobulin heavy chain
locus
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joints between the BCL2 locus and of the heavy chain locus, clearly indicated that
the t(14;18) translocations occurred during the physiological process of V-D-J
joining (Tsujimoto et al. 1985b).

Thus, this study identified a gene at 18q21 that is involved in essentially all
follicular lymphomas and in a significant fraction (20–30%) of diffuse large cell
lymphomas.

At the time immediately after the discovery of BCL2, the mechanism of action
of the Bcl2 protein was not clear, until in 1988 when the Australian group of Vaux,
Adams, and Cori found that Bcl2 inhibits the process of programmed cell death or
apoptosis (Vaux et al. 1988). Thus, oncogenes cannot only affect the process of cell
proliferation but also that of cellular survival by inhibiting apoptosis.

4 Chronic Lymphocytic Leukemia

Following these discoveries, it was found that the Bcl2 protein is located in
mitochondria and dimerizes with the Bax protein. It was also found that is over-
expressed in chronic lymphocytic leukemia (CLL). At this point, it became obvious
that Bcl2 could become an important target for treatment, but nobody before was
able to inhibit protein–protein (Bcl2-Bax) interactions with small molecules. After
it was found that the BH3 domain of Bcl2 mediates dimerization, Steve Fesig at
Abbott determined the Bcl-XL + BH3 3D structure and then the Bcl2 3D structure
(Fig. 5, shows the interaction between the Bcl2 pocket and venetoclax).

While we were continuing to clone and characterize oncogenes and tumor
suppressor genes on the basis of consistent chromosomal alterations in human
tumors, such as ALL1 (MLL1) (Gu et al. 1992), FHIT (Ohta et al. 1996; Sozzi et al.
1996), TCL1 (Russo et al. 1989), etc., we also attempted to figure out the molecular
genetic events that results in the pathogenesis of the most common human leuke-
mia, chronic lymphocytic leukemia (CLL).

Figure 3 shows the four most common cytogenetic alterations observed in CLL.
For the most part, CLL is an indolent B-cell malignancy, like follicular lymphoma,
although a significant fraction of indolent CLLs can progress to aggressive CLL
because of additional genomic alterations. The 13q14 deletion that is observed by
cytogenetics in approximately 55% of CLLs occurs, for the most part, in indolent
CLLs, or in indolent CLLs that have progressed to aggressive CLL. The deletion of
11q23 is observed in approximately 12% of CLLs and is characteristic of aggres-
sive CLLs. Trisomy of chromosome 12 is observed in indolent CLLs or in indolent
CLLs that have progressed to aggressive CLL because of activating mutations of
the Notch 1 gene (Balatti et al. 2012), while the deletion of 17p, where many year
ago we mapped the gene for p53, occurs in only 7–10% of CLL, predominantly
aggressive CLLs (Fig. 3).

Since the loss at 13q14 is the most common alteration in CLL, we decided to
characterize the genomic region involved in the loss with the scope of identifying
genes, the loss of which may be critical for the development of CLL. By carrying

196 C.M. Croce



out loss of heterozygosity study (LOH), we identified a region of approximately
700 kB that is the epicenter of loss and the genes present in the region (Fig. 4a).
Then we asked the question of whether any gene present in the region was
specifically mutated or lost in CLL. After a research that lasted approximately
7 years, we were unable to find any gene in the critical region that was specifically
mutated or lost in CLL. Thus, after the LOH study that indicated the loss of a
specific region of 13q14 in CLL, we were unable to identify a specific gene that
may be involved in the pathogenesis of CLL.

Fig. 3 Shows the most
common chromosomal
rearrangements in CLL

Fig. 4 In a and b we show the epicenter of loss, a region of approximately 700 kB, in CLL. In
a we described the region involved in the t(2;13) translocation (green arrow) and the region of
31.4 kB involved in the small deletion (d)
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At this point we decided to try to find rare chromosomal translocations in CLL
that may interrupt the 13q14 chromosomal region, providing us with the precise
location of the CLL gene. We found that Michael Keating at MD Anderson Cancer
Center had a patient with a CLL carrying a t(2;13) chromosome translocation with a
break at 13q14. We got the cells from Dr. Keating and made somatic cell hybrids to
immortalize the genome of the CLL cells and analyzed the hybrid clones for the
presence of the chromosome involved in the translocation. A postdoctoral fellow in
the lab, George Calin, was involved in the study and was able to map and clone the
breakpoint (Fig. 4). Figure 4 shows the mapping of the critical region at 13q14
involved in the LOH (upper horizontal bar) and the t(2;13) breakpoint in this
patient’s CLL (green arrow). When we looked at whether the break involved a
gene, presumably the one involved in CLL, we found none. The breakpoint,
however, occurred in the precise region defined by the LOH study of CLLs. At this
point we were still in the dark. The break came from a discussion with Kanti Rai,
the father figure of CLL research. He told us he had a patient with familial
retinoblastoma and CLL. Since the gene for retinoblastoma (Rb) is also on 13q14,
but way on the left of the epicenter of loss, we thought that CLL might have had a
loss of both the Rb and of the CLL gene. Thus, we tried to determine whether that
was the case. We obtained the CLL cells from this patient from Dr. Rai, made
somatic cell hybrids between the CLL cells and mouse cells, and analyzed the
hybrids for the segregation of the two chromosomes 13 in the hybrids. We found
that one of the two chromosomes 13 of this patient had a very small deletion
approximately 31.4 kB, which occurred precisely in the same region of the
translocation breakpoint observed in the CLL of the previous patient (Fig. 4) (Calin
et al. 2002). Thus, the CLL gene had to be there, but no protein coding gene was
present in the involved region.

5 miR-15a and miR-16-1 Are Deleted in CLL

At this point, we started thinking that the gene involved in CLL might not be a
protein coding gene. In 1993, Victor Ambros found that mutations of a gene of
Caenorhabditis elegans, Lyn 4, affected the development of C. elegans, but it
encoded a short non coding RNA, a microRNA. After 1993, nobody seemed to be
interested in microRNAs, until 1998 when small interfering RNAs (siRNAs) were
discovered. Since microRNAs seemed to act quite similarly to siRNAs, this dis-
covery boosted further studies of microRNAs, and in the year 2000 it was found
that Drosophila melanogaster (fruit fly) had in its genome microRNA genes and in
year 2001 it was found that mice, rats, and human beings carried microRNA genes.
In 2001 we discovered where the CLL gene had to be (Fig. 4 upper bar) and asked
the question of whether microRNA genes mapped precisely in the small region
defined by the translocation breakpoint and by the small deletion (Fig. 4 lower bar).
At this point, we found that two microRNA genes, miR-15a and miR-16-1, mapped
precisely to that region, indicating that loss of function of miR-15/16 was the cause
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of the development of CLL, and providing the first evidence that alterations in non
coding genes could be the cause of disease (cancer) (Calin et al. 2002, 2005).

We know that less than 2% of the human genome is protein coding, while the
remaining 98% was considered junk (garbage), although most of it is transcribed.
Our results indicated that the non-coding genome could be involved in cancer
causation. Immediately after this finding, we examined many CLLs for loss of
miR-15/16 and found that these two microRNA genes are lost in approximately
70% of CLLs providing evidence that such alterations must be occurring very early
during the pathogenesis of indolent CLLs. At this point we sequenced many
microRNAs in a large panel of 75 CLLs and 160 normal controls, and found rare
cases of mutations in CLLs (Calin et al. 2005). Among the mutated microRNA
genes we found miR-15/16 were mutated in two cases out of 75 (Calin et al. 2005).
Interestingly, the mutations occurred 7 nucleotides 3′ of miR-16 and affected the
processing of the precursor by the Drosha complex (Calin et al. 2005). One of the
two CLL patients with the mutation was a female who previously developed breast
cancer, her mother died of CLL (therefore, this was a familial CLL) and her sister
died of breast cancer (Calin et al. 2005). Thus, loss of function of miR-15/16 can
also cause familial CLL (Calin et al. 2005). Interestingly, a specific mouse strain,
the NZB mouse, develops an indolent form of CLL late in life, like in humans.
Elizabeth Raveche mapped the disease in the mouse to mouse chromosome 14 in a
region that is homologous to region 13q14 in humans (Raveche et al. 2007). Thus,
she sequenced the locus in the mouse and found a mutation 6 nucleotides 3′ to
miR-16 that also affected the processing of the precursor; such mutation was present
only in the NZB mouse strain. Therefore, loss of function of miR-15/16 causes the
indolent form of CLL both in humans and the mouse.

At this point, we needed to define the critical target(s) of miR-15/16 that may be
responsible for the development of CLL. We were stunned to find that at the top of
the list of predicted targets of miR-15/16, was the gene we identified in 1984,
BCL2. This prediction made a lot of sense because in humans, there are two major
indolent B-cell malignancies, one is follicular lymphoma that is caused by a t
(14;18) chromosome translocation that activates the BCL2 gene and the other is
CLL that is caused, for the most part, by the loss of miR-15/16. We discovered that
BCL2 is a target of miR-15/16 and that the level of expression BCL2 is inversely
correlated to the loss of miR-15/16. Hence, the overexpression of BCL2 in CLL,
which was reported extensively, is caused by the loss of specific microRNAs that
are negative regulators of BCL2 expression (Cimmino et al. 2005).

In summary, the overexpression of BCL2, the driver in CLL is caused by the
genetic loss of two negative regulators of this gene, miR-15/16. These two
microRNAs map to the same polycistronic RNA.

We also found that MCL1, another gene of the BCL2 family of anti-apoptotic
genes is also targeted by miR-15/16 (Fabbri et al. 2011).
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6 Interaction of Venetoclax with BCL2

Following our discovery and sequencing of BCL2 (Tsujimoto et al. 1984a, 1985a;
Tsujimoto and Croce 1986), a pharmaceutical company, Abbott, decided to develop
small molecule inhibitors of Bcl2. This was a very difficult task because at that time
people thought that was impossible to inhibit protein–protein interactions
(Bcl2-Bax) with small molecules. Fortunately, under the scientific leadership of
Steve Fesig, Abbott determined at first the 3D structure of the BH3 domain of
BCLXL and then of BCL2 and were able to develop a series of inhibitors (Shuker
et al. 1996; Chang et al. 1997). The last of which was specific for Bcl2, ABT199 or
venetoclax (Fig. 5) (Souers et al. 2013). This drug inhibits Bcl2 at nanomolar
concentrations, is capable of inducing leukemic cell lysis in CLL patients, and
complete remission even without detectable minimal residual disease. This drug has
been approved for the treatment of aggressive CLL, by the FDA last April. Thus, it
took 32 years from the discovery of BCL2 to the FDA approval of a drug that
targets the driver of malignant transformation in CLL. The history of this devel-
opment, “Finally, An Apoptosis-Targeting Therapeutic for Cancer”, has been
recently published in Cancer Research (Croce and Reed 2016).

Of course it is likely that CLL patients we treat with venetoclax may develop
resistance to the drug. CLL patients carry billions of leukemic cells, among which a
very few may not respond to the drug because of different mechanisms. We

Fig. 5 The interaction between the BH3 domain of the human Bcl-2 protein and venetoclax is
represented based on the crystal structure of (4(4-{[4-(4-chlorophenyl)-5,6-dihydro-2H-pyran-3yl]
methyl}piperazin-1-yl)-N-{[3-nitro-4-(tetrahydro-2H-pyran-4-ylamino)phenyl]sulfonyl}benza-
mide), a close analog. The Connolly surface of the protein is colored by mapped atom type (carbon
white; nitrogen blue; oxygen red; sulfur yellow) (Croce and Reed 2016)
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reasoned that since miR-15/16 target a number of genes, it may be possible to use
an additional drug to kill CLL cells by avoiding the possibility of resistance. Since
we found that MCL1 is also overexpressed by CLL cells because of the loss of
miR-15/16, a drug specifically targeting Mcl1 may be a possibility, but at the
moment it is not available.

Interestingly, very recently we have discovered that ROR1, an orphan receptor,
is also regulated by miR-15/16 and found coordinated overexpression of BCL2 and
ROR1 in CLLs. Since antibodies against ROR1 are available, we are proposing a
combination therapy of CLL by using venetoclax and monoclonal antibodies
against ROR1 for the cure of CLL.
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The Evolution of Tumor Formation
in Humans and Mice with Inherited
Mutations in the p53 Gene

Arnold J. Levine

Abstract While tumors are very heterogeneous in their origins, mutations in the
p53 gene and inactivation of p53 gene functions are the most common feature that
predispose to the formation of cancers in humans. Inherited p53 mutations lead to
different tumor types at very different frequencies and at very different ages than
somatic p53 mutations. The reasons for this are explored. When the first mutation
arises in a stem cell (a gatekeeper mutation) it selects for a specific subset of second
mutations which in turn select for mutations in a third subset of genes. The nature of
the first mutation in a tumor determines, by selection, the functional types of
subsequent mutations. Inherited mutations occur at different developmental times
and in different orders of mutational sequences than somatic mutations. The excess
risk of developing a cancer with an inherited p53 mutation is two- to three-fold in
endodermal derived tissues compared with 100- to 1000-fold for ectodermal and
mesenchymal derived tissues. By contrast, endodermal derived tumors with somatic
p53 mutations occur at very high frequencies (70–100%). These evolutionary
restrictions upon the mutational path that tumor development may take could open
up new avenues for therapy and prevention.
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1 Background

In 1979, four research groups described a cellular tumor antigen, which was
detected in viral, chemical and spontaneously transformed cells and came to be
called the p53 protein (Linzer and Levine 1979; Lane and Crawford 1979; DeLeo
et al. 1979; Kress et al. 1979). The p53 protein was shown to form a protein
complex with the viral SV40 oncogene product, the large T-antigen (Linzer and
Levine 1979; Lane and Crawford 1979; Kress et al. 1979) but was also shown to be
found at high concentrations in chemically transformed cells (DeLeo et al. 1979)
and in cell lines from testicular teratocarcinomas (Linzer and Levine 1979).
Animals bearing tumors inoculated with these cell lines all produced tumors that
produced antibodies directed against the p53 protein, classifying it as a tumor
antigen. Subsequently, the p53 protein was found in a protein complex with the
Adenovirus oncoprotein, the E1B 55Kd tumor antigen (Sarnow et al. 1982) and the
Human Papilloma virus 12 and 18 E6 oncoprotein (Werness et al. 1990) demon-
strating that several unrelated and diverse small DNA tumor viruses target this same
p53 cellular protein by forming protein complexes. The Papilloma virus E6 protein
was shown to aid in the polyubiquitination and ultimate degradation of the p53
protein (Scheffner et al. 1990) suggesting that the p53 protein was targeted by these
viruses for inactivation or degradation. Oren and Levine (Oren and Levine 1981)
first demonstrated that the levels of the p53 protein in non-transformed cells were
regulated by a post-translational process producing a protein with a short half-life
(degraded in 6–20 min).

Several groups were able to clone p53 c-DNAs from a diverse set of cell lines in
culture. Two of these clones were shown to transform normal cells in culture
(Eliyahu et al. 1984) while one of these clones not only failed to transform cells in
culture but also prevented cells from being transformed by oncogene products
(Finlay et al. 1989). The p53 c-DNA clones that transformed cells in culture were
shown to arise from mutations in the p53 gene producing a protein that acted in a
dominant negative fashion to transform cells (Hinds et al. 1989). The fact that the
p53 gene functioned as a tumor suppressor gene preventing cancers was confirmed
in cell lines (Wolf and Rotter 1984) and in human colorectal carcinomas where both
alleles of this gene were found to harbor the same mutation (Nigro et al. 1989).
Human families with germ line heterozygous mutations in the p53 gene were
shown to develop tumors with a penetrance of about 93% (Hainaut and Pfeifer
2016) and knock out mice with a p53 gene deletion develop tumors with almost
100% penetrance (Donehower 1996) demonstrating that the p53 gene and its
protein help to prevent tumors in mice and humans. The DNA sequencing projects
of human tumors carried out over the past few years have demonstrated that p53
mutations are the single most common mutations found in human cancers sug-
gesting a special role for the p53 protein in preventing cancers. There is a great
diversity in the frequencies of p53 mutations in human cancers (serous ovarian
cancers about 100% and testicular teratocarcinomas about 2%) suggesting that the
cell type of origin and tissue type play an important role in p53 functions.
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What are the functions of the p53 protein? It rapidly became clear that the p53
protein acted as a transcription factor binding to a specific set of DNA sequences to
regulate gene transcription (Beckerman and Prives 2010; Zambetti et al. 1992;
El-Deiry et al. 1992). Among the first set of genes shown to be regulated by the p53
protein were the p21 gene which blocks cell cycle progression in the G-1 phase of
the cell cycle (El-Deiry et al. 1992) and the MDM-2 gene (Momand et al. 1992)
which is an E-3 ubiquitin ligase that polyubiquitinates the p53 protein and leads to
its degradation. The crystal structure of the p53–MDM-2 complex was elucidated
(Kussie et al. 1996) and this led to the development of a class of drugs, called the
nutlins (Vu et al. 2013) that disrupt the p53–MDM-2 protein complex and this
activates the wild type p53 protein which causes a reduction in tumor growth by
killing the cancer cells. The fact that the p53 protein promotes the transcription of
the MDM-2 gene while MDM-2 leads to the degradation of the p53 protein, creates
an auto-regulatory feedback loop (Wu et al. 1993) and the oscillation of these two
proteins 180 degrees out of phase in the cell (Bar-Or et al. 2000; Lahav et al. 2004).
As the number of diverse genes regulated by the p53 transcription factor became
clear (Riley et al. 2008) several transcriptional programs that enhance tumor sup-
pression were uncovered. The activation of the p53 protein, so that it functions as a
transcription factor, could lead to apoptosis or cellular senescence killing the cell
before it can become cancerous. p53 was shown to mediate G-1 and G-2 cell cycle
arrest. p53 regulated the number of centrosomes produced during the cell cycle. It
had a large impact upon the metabolic profiles used by cells regulating the
insulin-like growth factor pathway, mitochondrial functions, glutathione production
and shifts between the Warburg effect and normal oxidative phosphorylation. p53
regulated cell mobility, invasiveness and wound healing. The p53 protein was
shown to regulate many genes involved in DNA repair processes and epigenetic
changes in cells. Each of these diverse transcriptional programs is regulated by an
activated p53 protein that is modified by a variety of enzyme activities that are also
employed to modify histones forming the chromatin template for transcription.
These p53 protein modifications (phosphorylation, methylation, acetylation, ubiq-
uitination, etc.), arise in a cell undergoing one or more types of stress.

A wide variety of DNA damaging agents promote p53 activation, and an
increase in p53 levels. The high levels and protein modifications result in p53
dependent transcriptional programs resulting in the transcription of genes whose
products are involved in DNA repair and/or cell death (Maltzman and Czyzyk
1984; Kastan et al. 1991). These two publications by Maltzman in 1984 (Maltzman
and Czyzyk 1984) and Kastan in 1991 (Kastan et al. 1991) demonstrate a common
issue in scientific research; an important discovery made seven years before and
forgotten by the field is rediscovered and becomes a central core in our under-
standing of how cancers are prevented by the p53 protein. Maltzman was trained at
Stanford in a laboratory that worked on DNA repair processes. He carried out his
postdoctoral work at Princeton working on the p53 protein in the Levine laboratory
and then took a position at Rutgers. There he met Evelyn Witkin who had dis-
covered the rec A gene central in controlling cell division in E. coli and responding
to DNA strand breaks. Witkin was reading a paper about the p53 protein and its
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fluctuations in the cell cycle (Reich and Levine 1984) and saw real similarities
between Rec A functions and p53 functions and she told Maltzman about that.
Maltzman (Maltzman and Czyzyk 1984) (in 1984) then carried out the experiments
that demonstrated that the p53 protein responds to DNA damage by ultraviolet
exposure increasing its concentration (no longer being regulated by MDM-2 which
would be found eight years later), acquiring post-translational modifications, and
transcribing a set of genes to kill the cell (which would be uncovered ten years
later). No one followed up these experiments until Kastan rediscovered that p53
responds to DNA damage in 1991. At that point, the p53 field was ready and
realized that the p53 protein functioned to respond to stresses like DNA damage.

Today, a large number of cellular stresses, in addition to DNA damage, are
known to activate the p53 protein and initiate a transcriptional program that
responds to stress. Hypoxia, nutrient deprivation, telomere shortening, oncogene
activation by Ras, myc or viral oncogenes, epigenetic reprograming of cells and
virus infections, cytokine exposures and failures in ribosomal biogenesis are all
activators of a vigorous p53 response. Just which transcriptional program is then
carried out by p53 to repair or kill the cell depends upon a large number of
variables: the cell and tissue type, whether a cell is transformed by an oncogene or
not, the chromosomal ploidy of a cell, the stage of differentiation of a cell (stem
cell, progenitor cell, differentiated cell) and the lineage of a cells’ differentiation
program. The p53 transcriptional program can synthesize cytokines or interferons
and call in the immune system to clear out dead cells and present neo-antigens to
the immune response. A role for p53 in the central nervous system where it can
sense DNA damage and respond with cell death and neurodegeneration is a viable
hypothesis that needs to be tested in more detail. A role for p53 in sensing and
responding to the microbiome is also suggested by some observations and now
requires a set of follow-up experiments. The p53 protein is known to monitor
ribosomal biogenesis making sure cells will produce enough ribosomes for cell
division to proceed. Inherited mutations in some ribosomal protein genes give rise
to defects in an optimal rate of ribosomal biogenesis and activation of p53, which
can result in Diamond Blackfan Anemia in humans do to inhibition of cell cycle
progression and death of reticulocytes during red blood cell production in the bone
marrow. Clearly, the p53 tumor suppressor is a double edge sword both protecting
against errors during cell division and preventing cancers from arising but also
responding to stresses by killing essential cells that can then compromise normal
physiology.

2 The Li-Fraumeni Syndrome

The Li-Fraumeni Syndrome (Oliveri et al. 2010) is an autosomal dominant disorder
that results in human families that develop a characteristic subset of tumors com-
monly at a young age. About 70% of these families harbor p53 mutations in the
heterozygous state, which reduce to homozygosity at a high rate and begin a
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process, which results in one or more cancers appearing over a lifetime with a
penetrance of 93%. The International Association of Cancer Research (IARC,
Lyon, France) collects and stores a great deal of information about these families
and the analysis described herein was carried out by Pierre Hainaut and is based
upon the R16 version of the IARC database (November, 2012). These data sets
describe 634 families with p53 germ line mutations producing 2483 cancer cases
with a 30,000 person-year follow-up of these individuals. One of the surprising
observations made with these families was that individuals who inherit a p53
mutation develop cancers during their lifetime that derive from an ectodermal and
mesenchymal lineage with a ten- to one-thousand-fold excess risk than are observed
in wild type p53 populations, while the excess risk of developing a tumor derived
from the endodermal lineage is only two- to three-fold higher than the wild type
population (Table 1).

This is in contrast to tumors with spontaneous somatic p53 mutations acquired
over a lifetime in endodermal tumors of the colon (75% mutations), lung (75% p53
mutations), pancreas (80% p53 mutations), and serous ovarian tumors (100% p53
mutations). Clearly, there is a remarkable difference in the frequencies of p53
mutations that cause endodermal tumor types produced by inherited p53 mutations
and spontaneous p53 somatic mutations and the reasons for this remain unclear.
Note, however, that inherited p53 mutations position the p53 mutation to be the first
mutation in a series of mutations that cause the cancer. Thus, the p53 mutation can
be classified as the gatekeeper mutation and this modifies the cell so that additional
mutations in other genes can be selected for that contribute to cell growth and
division. Spontaneous p53 mutations that occur in somatic tissues over a lifetime
are not commonly the gatekeeper or first mutation in a series, so the selection for
the next set of mutations in progressing to a tumor alters the evolution of that tumor.
This explanation suggests that the order of mutations in the formation of a tumor
determines the subsequent genes selected for based upon the nature of the gate-
keeper mutation. There are a growing number of studies that support this
hypothesis.

In mice that have inherited p53 mutations in both alleles, the next mutation is
always a PTEN mutation, followed by a cdk6 and cyclin D amplification and finally
a notch pathway defect (Fig. 1) (Dudgeon et al. 2014).

Cells carrying a p53 mutation are more susceptible to promoting genomic
instability. If the rare cell that has p53 mediated genomic instability acquires a

Table 1 The impact of the germ line cell types upon the excess risk of developing a tumor with
inherited p53 mutations or the frequency of somatic p53 mutations in tumors that arise over a
lifetime

Germ line
contribution

Inherited
excess risk

Somatic mutation frequency (%)

Ectoderm 10–1000� 2–35

Mesoderm 10–100� 50–60

Endoderm 2–3� 70–100
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homozygous PTEN mutation, it provides higher glucose levels for the cell to alter
its metabolic program so as to support enhanced cell division, increasing the clone
size. This is followed by enhancing the rate limiting steps in the G-1 phase of the
cell cycle, cyclin D-cdk4/cdk6 phosphorylation of Rb. In p53–/− cells, this is
accomplished by gene amplifications of any one of the three cyclin D-1, 2 or 3
genes and the gene for cdk6. By shortening the G-1 phase of the cell cycle and
constantly bring cells back into cell cycle while the need for high levels of glucose
is maintained, one continues the clonal expansion of the precursor to a thymic
lymphoma (Dudgeon et al. 2014). Finally, mutations in the notch pathway restrict
the T-cells from fully differentiating keeping a progenitor cell in division (the tumor
is a CD-4+/CD-8+ double positive T-cell lymphoma). Each of these four steps in
the development of the tumor is ordered and contribute to different cellular pro-
cesses: 1. Genomic instability and loss of apoptosis, 2. An increased ability to take
up glucose and to employ Warburg aerobic glycolysis to supply both energy and
substrates for growth, 3. Enhanced rates of cell division by reducing the rate lim-
iting aspects of the G-1 phase of the cell cycle and 4. Eliminating the final steps in
differentiation of T cells giving rise to a thymic lymphoma.

In colon cancers, the most common gatekeeper mutation is in the Wnt pathway
(APC mutation or beta catenin mutation), which is followed by a Ras mutation,
then a TGF-beta mutation and finally a p53 mutation (Fearon and Vogelstein 1990).
That the order of these mutations was critical to the development of colon cancers
was demonstrated in mice (Takeda et al. 2015). Insertional mutagenesis was
employed to promote colon cancers in mice that inherited (the gatekeeper mutation)
an APC mutation, a Ras mutation, a TGF-beta mutation or a p53 mutation. Tumors
arose fastest in time in the genetic background that carried the APC mutation. They
arose second in time in the RAS-mutated background, third in time in the TGF-beta
background and it took the longest time to observe tumors of the colon in mice with
a mutation in the p53 gene. Since these mutations likely occur spontaneously in

Fig. 1 The order of selection of mutations in thymic lymphomas from ten different p53–/– mice,
the p53 mutation, –/–, was inherited, the PTEN deletions arose before the rearrangement of the
T-cell receptors in the progenitor T cells. Gene amplifications were then observed in cyclin D1, 2
or 3 genes and the cdk6 gene followed by mutations in the notch pathway. The p53 mutations give
rise to genomic instability. The PTEN mutations give rise to the high utilization of glucose and
metabolic alterations permitting rapid cell division. The cyclin D-cdk6 mutations accelerate the
cell cycle times and the notch mutations block T cell development and differentiation keeping the
tumor stem cells progenitor cells
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populations that do not start with a gatekeeper mutation and therefore occur
stochastically over time and cell divisions, the simplest explanation for these
observations is that the order of mutations results from the selection of the next
mutation in cells that divide and survive so as to expand the lineage ultimately
leading to a rapidly growing and dividing cancer. In other words, a Wnt pathway
mutation next selects for a Ras mutation to get the cells into cycle, followed by the
loss of the negative regulator of growth and division, TGF-beta. All of these
mutations may happen in the stem cell of the colon keeping the benign tumor or
polyp in situ or in the crypt. A final p53 mutation enhances cell migration, invasion
and penetration of the colon wall, giving rise to a colon or colorectal carcinoma.
This line of reasoning does not eliminate the possibility that the first or previous
mutation results in the enhancement of the mutation rate in a cell, resulting in an
optimal order of mutations that give rise to a tumor rapidly. These ideas do help to
explain why one can find tumor suppressor gene mutations and oncogene cancer
driver mutations in cells in the body that have not given rise to a cancer and must be
awaiting a mutation in a gene that expands the clone and results in a malignant
cancer. The fact that many stem cells (colon, skin, pancreas, breast, etc.) rely upon
stem cells that are driven by the Wnt pathway predicts that Wnt pathway mutations
might well be a common gatekeeper mutation.

A second interesting observation that derives from the Li-Fraumeni data set is
that the age range at which different tumor types occur and are diagnosed in a
Li-Fraumeni patient are limited to specific times during a life span and are repro-
ducible in many different patients. For example, adrenalcorticocarcinomas
(ADC) occur between the ages of 6 months to 4 years; choroid plexus papillomas
(CPT) between 6 months and 3 years, medullary blastomas (MED) between 2 and
9 years and Rhabdomyosarcomas (RMS) between 1 and 4 years of age, all at 50- to
1000-fold higher excess risk than observed in the wild type population (Table 2).

Liposarcomas (LPS) and osteogenic sarcomas (OST) commonly occur from 1 to
15 to 20 years of life with a ten-fold excess risk compared to the wild type pop-
ulation. Breast cancers (BC) occur in 50% of the Li-Fraumeni females between

Table 2 The ages of diagnosis and excess risk of different tissue types of inherited p53 mutations
ADC, Adrenalcortococarcinomas; CPT, Choroid Plexus Tumors; MED, Medulloblastomas; RMS,
Rhabdomytosarcomas; LPS, Liposarcomas; OST, Osteogenic sarcomas; BC, Breast Cancers,
LMS, Leiomyosarcomas

Tumor type Ages Excess risk

ADC 6 months–4 years 100–1000�
CPT 6 months–3 years 100–1000�
MED 2–9 years 100–1000�
RMS 1–4 years 100–1000�
LPS, OST 1–20 years 10–1000�
BC 18–45 years 50% of females

LMS 20–55 years 10–100�
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18 and 45 years of age and leiomyosarcomas (LMS) and liposarcomas (LPS) occur
about 20–55 years of age (Table 2). In other words, in patients with Li-Fraumeni
syndrome and heterozygous for a p53 mutation, tumors of specific tissue types
occur at specified times or ages during a life span. This suggests that p53 loss and
functions act differently in different tissues. Alternatively, p53 functions could be
most important in actively growing tissues or stem or progenitor cells which are
determined by developmental programs active at different times during the life span
of a person.

Interestingly, the excess risk of developing a first cancer in an individual with a
heterozygous p53 mutation falls below 1.0, or lower than the wild type population,
when the individual with a p53 mutation is over the age of 65–70 years. This of
course is a time when the wild type population is increasingly at risk for developing
cancers. So why would a person at age 75 or 80 years of life with a p53 mutation
that failed to promote a detectable cancer over a lifetime actually have a lower risk
of developing a cancer than a person born with two wild type alleles in the p53
gene? This observation may be ascribed to good luck, remaining in a good envi-
ronment with a low mutation rate over a lifetime or the presence of genetic sup-
pressors in an individual that are able to compensate for the presence of only one
copy of a wild type p53 gene over a lifetime. The fact that enzymatic activities, like
histone acetyltransferases or methylases, that modify the p53 protein can impact its
activity and specificity as a transcription factor, suggest one class of p53 modifiers,
activators or suppressor polymorphisms that may increase the levels or activity of a
p53 protein that is made from a single wild type copy of DNA so that it would be
equal or better than two copies of wild type p53 in a person. Mutations or poly-
morphisms in enzymatic activities that alter the epigenetic program might also
result in greater longevity, a healthier life at older ages and resistance to the
development of cancers. This provides a hypothesis that is testable in the 7% of
individuals that have p53 mutations, with Li-Fraumeni syndrome, but fail to
develop cancers over their lifetime. It may also be testable in centenarians that are
in good health and have never developed a cancer.

Individuals that have inherited p53 mutations and develop cancers throughout
their lifetimes are at risk for different tumor types at different ages of developmental
time (Table 2). An examination of the tissue types susceptible to developing can-
cers in Li-Fraumeni patients with a p53± genotype occurs during the time of life
with very active cell divisions and the activities of tissue-specific stem cells in the
mesenchymal and ectodermal lineages, but not the endodermal lineage. These data
link p53 functions to selected stem cell populations derived from ectodermal and
mesenchymal lineages during their most active rates of cell growth and division.
Here, p53 functions as a tumor suppressor by eliminating actively dividing cells
that undergo stresses that create high error rates in DNA sequences, processes of
cell division, faithful segregation of chromosomes or even undergo abnormal epi-
genetic alterations.
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3 Li-Fraumeni Syndrome in Mice

The observations made in humans with a p53± genotype provide interesting
associations and correlations, but the diverse genetic backgrounds of humans and
different environmental exposures over a lifetime introduce quite a few variables
that can influence the results and interpretations of these data sets. Even the rare
occurrence of identical twins with p53± genotypes that are brought up in the same
family and environment provide limited examples and environmental differences
that are difficult to control. For example, a Li-Fraumeni family in Malaysia had a
pair of identical twins who were confirmed to both have the same p53 mutation and
almost identical DNA sequences (there are about sixty differences in nucleotide
sequences mostly in non-coding regions) and were brought up in similar environ-
ments in the same family. One twin developed independent tumors at 4, 9 and
21 years of age while the other twin has not developed any tumors as of today. This
difference could be an example of an environmental triggering event (exposure to
X-ray DNA damage, etc.) in only one of the twins but this is not recorded in the
medical records. At the minimum, we can conclude that random or stochastic
events could be a determining factor in tumor initiation.

One solution to the limited number of identical twins with Li-Fraumeni
Syndrome in humans is to create mice with p53–/– genotypes and ± genotypes from
an inbred strain and who share the same cages in an animal colony over a lifetime.
We can then record the frequencies of tumors, tumor types that develop and the
ages of onset of the tumors. This type of study produces better statistics, permits
one to vary the genetic background and even the environment such as the exposure
to radiation. p53–/– mice of many inbred stains develop thymic lymphomas as a
tumor early in life and if they survive they can develop tumors of the mesenchymal
and ectodermal lineages later in life. Thymic lymphomas are never or rarely
observed in human Li-Fraumeni Syndrome patients. p53 heterozygous, p53± mice
develop tumors later in life with more mesenchymal and ectodermal tumors
observed and fewer thymic lymphomas. If these mice are irradiated with X-rays,
then tumors develop earlier in life and both leukemias, lymphomas and solid tumors
arise.

A p53 male mouse homozygous for the p53 172 mutation in the C57 Bl/6
genetic background was mated to p53+/+ females from eight different genetic
backgrounds, and the type of tumors that were formed in the F-1 hybrid offspring
mice were determined at autopsy by histological study analyzed by a pathologist.
This experiment was carried out to determine whether different inbred stains of
mice carried dominant (in the F-1 offspring) suppressors or modifiers of the tissue
types that would form tumors in a p53± mouse. Does the genetic background of the
host help to determine or modify the probability of tumor formation due to loss of
the p53 gene function? Table 3 presents the results of this experiment. Based upon
this analysis, it is quite clear that the genetic background of the host can influence
the frequencies and types of tumors that arise in cells with a p53 deficiency.
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The great majority of tumors have lost the wild type copy of the p53 gene in the
tumor but occasionally the tumors are heterozygous for the p53 gene. There are
some genetic backgrounds (C3H, C57Bl/6, DBA) where 50–60% of the mice
develop thymic lymphomas, some (NOD, SWR) where 40–43% of the mice
develop thymic lymphomas and others like AJ mice had no thymic lymphomas (out
of 14 tumors produced) or BALB/c mice had only 4% thymic lymphomas (2/26
tumors produced). 5/7 liposarcomas produced in 191 tumors observed in these mice
from diverse genetic backgrounds were produced in the AJ mice. 7/15 angiosar-
comas were made in the BALB/c F-1 mice. Mice with diverse genetic backgrounds
have different predispositions to develop different tumor types, and the loss of the
p53 tumor suppressor gene appears to exaggerate these predispositions. In all of
these mice, 66/191 tumors were thymic lymphomas (34% of the tumors formed),
and this type of tumor is not observed in humans with a p53± genotype. Clearly, the
species under study introduces differences we need to understand if we are to use
these animals as models for the human disease.

A number of these tumors have had their DNA sequenced so that one can ask
whether all thymic lymphomas have the same genes mutated when p53 mutations act
as the gatekeeper independently of the genetic background or the age of the animal
when the tumor developed? In p53–/– mice in the C57Bl/6 genetic background, all
the thymic lymphomas harbored a common set of mutations (Dudgeon et al. 2014).
The p53 mutation is inherited. The next mutation selected for is a homozygous loss
of the PTEN gene. That is followed by gene amplifications in the cyclin D genes and
the cdk6 gene or alternatively the deletion of Rb (retinoblastoma gene), which is the
substrate for the cyclin D-cdk6 kinase. Finally, mutations in the notch pathway are
found that compromise the differentiation of the T cells that form the lymphoma
(Table 2). In the SWRxC57Bl/6 F-1 mice with a p53± genotype, thymic lymphomas
can be detected as early as 4.7 months after birth or as late as 18.5 months after birth.
We are sequencing these early and late thymic lymphomas to determine if the
differences in the time it took for the formation of a tumor result in differences in the
genes that contribute to the formation of that tumor. Similarly, we observe osteo-
genic sarcomas arising in SWRxC57Bl/6 F-1 mice at 11 months of age and at
19.6 months of age. We are sequencing these two tumors to examine the variables of
age of tumor formation, mutation frequencies, and accumulation over a life span.
These experiments permit us to study the nature of the driver mutations in tumors
with diverse incubation periods in mice that are genetically identical and environ-
mentally constant and when the tumor tissue type producing a tumor is identical.

4 Quantitation of the Clonal Evolution of Thymic
Lymphomas in Mice with Mutant p53 Proteins

The thymic lymphomas produced in p53–/– mice in the C57Bl/6 genetic background
permit us to ask a specific set of questions about the cellular clonal evolution of these
tumors. During fetal life, a precursor to the T-cell lineage migrates to the thymus
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where the T cells will produce unique receptors by both recombination of the V-D-J
genes and the insertion of nucleotides by terminal transferase to produce four dif-
ferent chains of the T-cell receptor dimer. Each T cell that is produced has a distinct
T-cell receptor amino acid sequence in the hyper-variable region of the gene and
protein. This region at the DNA level spans about 200 nucleotides in the DNA copy
of a T-cell receptor and it has been possible to set PCR primers on either side of this
DNA region, amplify the sequences from millions of T-cell receptors produced in a
thymus in a quantitative and reproducible fashion and sequence these receptors
(Dudgeon et al. 2014). This permits us to ask a number of questions: Are the thymic
lymphomas that are formed several weeks after the birth of a mouse clonal, that is
derived from a cell with a single T-cell receptor sequence, or are they oligoclonal? If
they are oligoclonal tumors what is the frequency of transformation in the thymus?
Howmany new cancer cells arise per day or week? Do different clones that arise then
compete so that an oligoclonal tumor early in life resolves itself into a dominant
clone later in life, which then kills the host? What are the nature of the additional
mutations that permit some malignant cell clones to be the most fit for survival? By
sequencing the DNA from heterogeneous or homogeneous tumors can we determine
a frequency of point mutations in the genome? Can we determine the frequency of
copy number variations or gene amplifications, deletions, inversions, insertions,
aneuploidy or other types of mutations that are mediated by the absence of the p53
gene and protein? By carrying out these experiments (Dudgeon et al. 2014), it has
been possible to answer some of these questions. First, mice that are born with p53
mutations in both alleles do not have evidence of a thymic lymphoma. p53 is
necessary but not sufficient for the production of these tumors. By nine weeks of life,
the first indication of thymic lymphomas is observed, so that additional mutations are
required to produce a tumor when p53 mutations are the gatekeeper. At nine weeks,
the thymic lymphomas are oligoclonal, with 2–10 different T-cell receptors being
detected in a thymus. The clones continue to be produced with new receptors (de
novo) and some existing clones continue to expand becoming dominant clones in the
thymus and other lymphoid organs (up to 70–90% of the tumor). Between nine
weeks of life as malignant clones arise and twenty weeks of life as some mice die of
their disease, new clones continue to arise in the thymus at an average frequency of
0.13–0.80 clones per day (from nine weeks to twenty weeks) with that much vari-
ation between different mice of the same genetic background and the same gate-
keeper mutation (Table 4).

Sequencing the DNA from these thymic lymphomas at 20 weeks (70–90%
homogeneous tumors) demonstrates a point mutation frequency of single nucleo-
tides of one per megabase. This is not extraordinarily high, being a similar fre-
quency for human breast or pancreatic cancers. However, aneuploidy is very
common; with 4–8 chromosomes per tumor with one or more aneuploidy chro-
mosomes (chromosome 5) reproducible between tumors from different mice. There
were also a large number of copy number variations (276–422 per tumor) pro-
ducing deletions, amplifications, inversions, recombinations in every tumor. Up to
175 different genes or regions of chromosomes were commonly amplified in most
tumors (Table 4). Chromothripsis, where a chromosome is broken into many parts
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and reassembled in a more random order, was fairly common in p53 mutant cells of
these tumors. It appears that the absence of p53 as a gatekeeper mutation permits a
much higher frequency of copy number variations in the genome and most of the
losses of tumor suppression genes arise from deletions and most of the oncogene
activations occur from gene amplifications and aneuploidy. In this case, p53 is
correctly named “the guardian of the genome.”

5 Conclusions

Evidence is presented that cancers arise from the presence of a first or gatekeeper
mutation in a stem cell or progenitor cell. The nature and functions of a gatekeeper
mutation then determine the order of subsequent mutations, which are selected for
by a clonal expansion. Each subsequent mutation only functions to contribute to the
formation of a cancer when it is selected for by the functions of the previous
mutations. Mutations may well arise in a random fashion but are only selected for
by the properties of a cell that will enhance its fitness from that mutation. This helps
to explain why inherited mutations in tumor suppressor genes (where they are
gatekeepers) produce tumors of different tissue types, then when the same mutation
in the same gene acts as a somatic mutation later in life (not a gatekeeper mutation).
The order of a set of mutations plays a critical role in the tissue type, outcome and
evolution of a cancer. This also helps to explain the ever more common observation
that mutations in cancer driver genes are detected (by sequencing or single cell
sequencing) in stem cells or progenitor cells of people that do not have a cancer.
Such mutations are predispositions in the sense they are waiting to be paired with a
gatekeeper mutation that permits them to be selected for in the population.

This hypothesis would seem to predict that all tumors of a particular tissue tumor
type would follow a single order of selected mutations and produce homogeneous
tumors, when in fact we are finding great heterogeneity between tumors of the same
tissue types. This can largely be understood by the hundreds of additional and
unique mutations that arise in these tumors (genomic instability, epigenomic
instability). They may contribute to invasiveness, metastasis, metabolic differences,

Table 4 The clonal evolution of thymic lymphomas in p53–/– mice, the DNA exons from three
independent thymic lymphomas that arose in three different p53–/– mice were sequenced giving a
frequency of point mutations per megabase and the number of copy number variations (CNV) per
genome in the tumors. The T-cell receptors from these tumors were sequenced and the number of
abnormally high levels of clonal T-cell receptors (tumor cells) detected in the tumor indicated the
number of independently transformed cells that produce a tumor over the period of 9–20 weeks
expressed as the transformation frequency per day. These data are from 20 different tumors

1. Frequency of point mutations 1/megabase

2. Number of CNV 276–422/genome

3. Number of transformed clones (9–20 weeks) 0.13–0.80/day
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altered mutation rate, altered DNA repair, drug resistance, etc. These mutations may
arise during the competition for fitness of clones that are produced by the tumor
cells. But the take home message for successful treatment is our focus upon
inhibiting or activating those gatekeepers and subsequently selected mutant genes
that are fundamental drivers of the tumor. BRAF mutations alone produce a nevus
or benign tumor. In a melanoma, BRAF mutations can be inhibited and contribute
to remission of the tumor, but resistance arises and the tumor proceeds. If it is
correct that most stem cells utilize the Wnt pathway for driving cell growth and
creating a pool of stem cells to produce progenitor cells and stem cells are the place
where gatekeeper mutations become established, then inhibitors of the Wnt path-
way might be the best drugs to treat cancers. However, we need to understand how
to block a Wnt pathway gene without stopping normal stem cell replication. We
rely upon these stem cells for regenerating ourselves throughout life. Perhaps we
can develop drugs that block cell division or promote cell death in a cell that has
two mutations like p53 and PTEN (thymic lymphomas) or Wnt and RAS (colon
cancers). We clearly need to better understand the fundamentals of the origins and
evolution of cancers, and we need real novelty in planning the path to treatments
and prevention of cancers.

As part of this challenge to the field, we have a real clue that must be followed.
The single most common mutation in human cancers occurs in the p53 gene. These
mutations are most often missense mutations largely localized to the DNA binding
domain of this transcription factor. There are more than 220 different mutant alleles
but each when measured has a similar defect, the protein only binds poorly to the
DNA sequence that the wild type p53 protein binds to and each allele tested is a
poorer transcription factor for a set of p53 regulated genes. These mutations are
therefore loss of function mutations. Can we restore their functions or find synthetic
lethal gene functions that kill cells with a p53 mutation? Many of these missense
mutant p53 proteins appear to bind to other cellular proteins, and there is
increasingly convincing evidence that these protein–protein interactions contribute
to several gain of function phenotypes that promote growth, alter metabolism, add
to drug resistance, enhance tumorigenic potential, enhance invasiveness of cancer
cells and may alter the tumor types observed with different alleles of p53 mutations.
If this is correct, will it be possible to develop drugs that eliminate the gain of
function phenotype? Will this be a useful therapeutic approach? One would think
that such a drug may have only limited or no side effects if it indeed acted to inhibit
a mutant gain of function, what normal cellular function would it act upon?

Finally, if we had an efficient way to introduce the wild type p53 gene or c-DNA
into all of the cancer cells in a patient, we could then kill these cells. To accomplish
this, we require two new technologies we do not have. We require a delivery system
(viral gene therapy, DNA or RNA, reagent or chemical) that targets cancer cells and
not normal cells, and we require a targeting therapy that is efficient enough to kill all
the cancer cells in the body. While to date this has not been a very productive path,
there are some new ideas or approaches that should be explored. Can we activate
and organize the immune system to work on these questions that require this type of
specificity and selectivity and efficiency, three interesting properties of the immune
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system. Can we modify immune cells to recognize cancer cells but not normal
cells? Could immune cells or products of immune cells be used to enhance
specificity and the efficiency of killing tumor cells? Alternatively, is there a role for
the microbiome to communicate with the immune system leading to tumor-specific
cell killing, activation of p53 in a cancer cell or introducing wild type p53 c-DNAs?
These kinds of ideas are likely to be funded and explored by private foundations
that are taking a leading role in the exploration of ideas that might lead us to new
technologies that in turn will move the field in new directions. This is basic science
and this is needed.
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A Personal Note As an undergraduate at The State University of New York at Binghamton,
Harpur College, I took a course in microbiology and became fascinated with viruses. Viruses were
too small to observe in a light microscope, were obligate intracellular parasites and yet reproduced
themselves in an infected cell. How much genetic information did it take to reproduce oneself? Are
viruses the smallest and simplest form of life? If so, would the study of viruses tell us what it was
about life, life processes and reproduction of self that would lead us to the fundamental principles
of biology. In the 1960s, I was a graduate student at The University of Pennsylvania and a
postdoctoral fellow at The California Institute of Technology and worked with viruses
(adenoviruses, SV40 and bacteriophages). That is when I learned it might well take a lifetime
to answer some of these questions. I also was exposed to many scientists in the literature, at
meetings and in courses taught at Cold Spring Harbor, Aspen Colorado, Woods Hole
Massachusetts, and Bar Harbor Maine. The 1960s were a time for virus isolation, classification,
uncovering the styles of virus replication and the role of the host cell. Among the leaders in
describing these events in the viruses of chickens was Peter Vogt. His clarity, organization,
attention to detail and insights set the standard for the field. By the 1970s, he laid the groundwork
and actively contributed to the major events and publications that changed the field, providing the
evidence that RNA tumor viruses, the retroviruses, contained oncogenes that were the mutant
forms of cellular genes. By contrast, the DNA tumor viruses that I worked with contained their
own oncogenes. Why? While the paths of the RNA and DNA virologists began to separate, Peter
continually provided direction to virology and virologists that pushed both fields to explore
common questions and new ideas. Peter always saw, discussed and explored those common
themes that led us to answer those fundamental processes of what it took to reproduce oneself. At
the end of the 1970s, we used those DNA tumor viruses as a tool to uncover a cellular protein, p53,
which was an anti-oncogene or a tumor suppressor gene. It is clear that the tumor viruses played an
important role in uncovering our present day understanding of human cancers.
In addition to his scientific contributions, Peter contributed to the development of the field of

virology so that it had outlets to communicate, so that it had standards to aspire to, so that it moved
toward original directions guided by each generation of leaders of the field. His service to the
community of virologists assured productivity, a style of leadership that was inclusive and soft,
uncovering new questions and directions that guided the field, and always holding to personal and
professional standards everyone admired and aspired to fulfill. This issue of Current Topics in
Microbiology and Immunology is a fitting tribute to Peter Vogt and his continuing and enormous
contribution to our field. Thank you Peter.
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