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HE development of cancer in humans involves

a complex succession of events that usually oc-

cur over many decades. During this multistep
process, the genomes of incipient cancer cells acquire
mutant alleles of proto-oncogenes, tumor-suppressor
genes, and other genes that control, directly or indi-
rectly, cell proliferation. Different combinations of
these mutant alleles are found in the genomes of the
many distinct types of human cancer as well as in dif-
ferent cancers from the same tissue. An ever-increas-
ing number of these genes have been shown to make
contributions to the distinct steps involved in neo-
plastic transformation. The complexity of these obser-
vations provokes the question of whether these genes
and the more than 100 distinct types of human cancer
can ever be rationalized in terms of a small number
of underlying biologic and biochemical principles.
Recent successes in the experimental transformation
of human cells indicate that the disruption of a limit-
ed number of cellular regulatory pathways is sufficient
to impart a tumorigenic phenotype to a wide variety
of normal cells. These results, in turn, suggest a series
of genetic and cellular principles that may govern the
formation of most, if not all, types of human cancers.

MULTIPLE ALTERATIONS
IN THE GENOMES OF CELLS

During the past 25 years, cancer researchers have
enumerated a bewildering array of phenotypes and
have catalogued thousands of molecular alterations as-
sociated with the malignant state. The rate at which
these molecular markers are being identified continues
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to increase rapidly. Indeed, the recent use of transcrip-
tional profiling to analyze human cancer cells has ac-
celerated the tempo at which descriptions of cancer-
related genes appear in the literature.:6

Many of these studies have been motivated by the
notion that the complex phenotypes of cancer cells
will ultimately be explained by discovering associated
changes in the genomes of these cells. There is also the
hope of understanding the complex process of neo-
plastic transformation at the cellular level in terms of
a small number of underlying genetic changes. Iden-
tification of the genetic changes in cancer cells and of
the proteins that these changes affect promises to pro-
vide diagnostic and prognostic markers as well as mo-
lecular targets for therapeutic intervention.

Simple Transforming Systems

For those who believe in the simplification and ra-
tionalization of the cancer process, the actual course
of research on the molecular basis of cancer has been
largely disappointing. Rather than revealing a small
number of genetic and biochemical determinants op-
erating within cancer cells, molecular analyses of hu-
man cancers have revealed a bewilderingly complex
array of such factors.” In the early 1970s, research on
transforming retroviruses indicated that the neoplastic
phenotype could be conferred on virus-infected cells
by the actions of a limited number of genes. For exam-
ple, the actions of a single virus-borne gene allowed
Rous sarcoma virus to transform the chicken cells that
it infected.® An independent line of research, which
involved the transfer of genes from tumor cells into
established rodent cells, identified specific oncogenes
in the genomes of the tumor cells that could trans-
form these recipient cells.1017 In these cases, the can-
cer-causing genes were found to be mutant versions
of normal growth-controlling genes, which came to
be called proto-oncogenes.!

Collaborating Oncogenes in Rodent Cells

In fact, the rodent cells used as recipients in these
gene-transfer studies were not completely normal,
since they had previously undergone immortalization
in culture and thus had acquired the ability to prolif-
erate indefinitely.12! When truly normal rodent cells
— specifically, those recently prepared from rat em-
bryos (primary cells) — were tested, single oncogenes
failed to induce transformation. Ultimately, these ex-
periments revealed that at least two oncogenes needed
to be introduced into the recipient cells to prompt
them to enter a tumorigenic state.?2?¢ In a general
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sense, these observations indicated that under most
conditions, the conversion of normal cells into tumor
cells requires multiple mutant genes.

The transformation of cultured primary cells from
rodents involved the introduction of two collaborat-
ing oncogenes, such as 7as and myc.2%23 These exper-
iments were subsequently extended in studies with
transgenic mice, in which these two oncogenes were
placed under the control of a transcriptional promot-
er that ensured their expression in certain tissues.2526
In mice carrying in their germ line either a 7as or a myc
transgene under the control of mammary- or prostate-
specific promoters, dysplasia of mammary or prostate
tissues developed at high rates. However, when mice
carrying 7as transgenes were bred with carriers of myc
transgenes, cancers developed in the resulting double-
transgenic mice; this synergy of the actions of #yc and
rasin vivo provided strong support for the oncogene
collaboration that had been observed earlier in cul-
tured cells. However, the kinetics of tumor develop-
ment in these doubly transgenic mice indicated that
the two oncogenes, expressed together in specific tis-
sues of the mice, were still not sufficient to effect full
tumorigenic transformation of the cells in these tis-
sues. Indeed, further alterations — ostensibly, the mu-
tation of additional genes — appeared to be required
for neoplastic transformation in these animal models.

Further Complexity in the Transformation of Human Cells

Indications that the neoplastic transformation of
human cells is even more complex than that of an-
imal cells came from numerous attempts to transform
cultured normal human cells into tumor cells by in-
troducing ras, myc, and other oncogenes. Invariably,
such attempts failed, whereas identical experimental
protocols in rodent cells yielded large numbers of
transformed, tumorigenic cells.2728 This dichotomy
indicated that human and rodent cells respond very
differently to introduced oncogenes and that human
cells require an even greater number of genetic alter-
ations than rodent cells for transformation to a neo-
plastic state. Indeed, subsequent attempts to transform
primary human cells with combinations of oncogenes
failed unless chemical or physical agents or stringent
selection for rare immortalized variants was used.29-32

Without experimentally transformed human cancer
cells, researchers were limited to the study of human
cancer cells derived from tumor-biopsy specimens. In
many cases, the cells from these tumors were adapted
to growth in culture and were used to create tumor-
cell lines.33 Though useful for many studies, these hu-
man tumor cells, whether prepared directly from tu-
mor samples or from cell lines, had limited usefulness
for determining the genetic and biochemical rules gov-
erning the transformation of human cells. The avail-
able technology allowed only partial identification of
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the mutant genes (such as oncogenes and tumor-sup-
pressor genes) in a cancer cell. Indeed, to this day, no
one has sequenced the entire genome of a neoplastic
human cell or has determined the entire set of mutant
alleles that coexist within such a genome. In sum,
these difficulties have made it impossible to identify a
set of genetic alterations that are required, in concert,
to program the neoplastic phenotype of a human can-
cer cell.

Gene Silencing by Methylation of DNA

Even if rapid sequencing of an entire cancer-cell
genome were possible, as it surely will be sometime
during the next decade, yet another factor will stand
in the way of determining definitively the number of
changes that are required for neoplastic transforma-
tion of a human cell. In addition to the presence of
dominantly acting oncogenes, the functional loss of
proteins encoded by tumor-suppressor genes also con-
tributes, to an equal extent, to the neoplastic pheno-
type.3+36 In many cases, inactivation of tumor-suppres-
sor genes occurs through mutation or loss of a large
portion of their genetic sequence.’” However, recent
evidence indicates that an equally effective mecha-
nism of eliminating the function of tumor-suppres-
sor genes entails the methylation of nucleotides in the
promoter sequences that control the expression of
these genes.38

Such methylation occurs in mammalian cells
through the actions of DNA methylases that attach
methyl groups to the cytidine residues of cytidine—
guanosine (CpG) sequences in the cell genome. When
CpG methylation occurs in an unregulated fashion,
as it frequently does during tumor progression, the
expression of various genes may be silenced.? DNA
sequencing fails to detect these epigenetic alterations,
and therefore even exhaustive sequencing of tumor-
cell genomes will inevitably underestimate the num-
ber of genes that have a central role in programming
the phenotype of a tumor cell. Moreover, expression
profiling and functional genomics will also fail to iden-
tify the small number of altered, aberrantly function-
ing control genes responsible for orchestrating the
malignant phenotype, since complex regulatory cir-
cuits are interposed between these control genes and
the thousands of other genes whose expression they
regulate.

THE GENETIC HISTORY
OF HUMAN CANCER

The Complexity of Tumor Pathogenesis

The various factors described above have frustrated
efforts to elucidate the complex genetic and epigenet-
ic alterations that affect the genomes of human cells
and that are required in concert for malignant trans-
formation. Epidemiologic analyses of the incidence
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with which specific types of cancer appear in the hu-
man population as a function of age provide some
measure of the number of distinct changes that must
occur for tumorigenesis to reach completion and
hence suggest the complexity of the problem. Kinetic
analyses have shown that in the case of most tumors,
four to six rate-limiting events must occur before the
tumor becomes clinically apparent.#04! Presumably,
these critical events result from somatic mutations that
have a low probability of occurrence with cell division.
However, such analyses, like the others described
above, provide only a minimal estimate of the number
of genetic changes that must occur for cancer to erupt,
since they register only the rate-limiting steps in tu-
mor progression and overlook other steps that may
be equally important but occur far more rapidly.

Colorectal Cancer

A more compelling analysis of the complexity of
the genetic program of cancer development in humans
has come from detailed studies of colorectal carcino-
ma, undertaken more than a decade ago by Vogelstein
and colleagues.*2 These researchers catalogued the
genetic alterations present in a series of colonic-tissue
biopsy specimens representing the various histopath-
ological stages from normal epithelium to frank car-
cinoma.*34* They found that the great majority of
early adenomatous polyps carried mutant, inactivated
forms of the tumor-suppressor gene APC. About half
of the adenomas of intermediate size carried mutant,
activated 7as oncogenes. A portion of the adenomas
of yet larger size also carried an alteration of a chro-
mosome 18—associated tumor-suppressor gene. Fi-
nally, perhaps half of the advanced colon carcinomas
showed evidence of mutational inactivation of the
tumor-suppressor gene 17P53.4 These observations
suggested a genetic path that leads, in a subgroup of
colon carcinomas, to the neoplastic state. The nature
and role of additional genetic alterations in these tu-
mor cells remain undefined.*> Nevertheless, these ob-
servations provide an important example of how the
genetic history of human cancer can be traced.

Unfortunately, no other epithelial cancer has yet
been described in such detail, and even this scheme
fails to define the precise number and nature of the
genetic alterations that are required in concert for nor-
mal cells to grow as tumor cells in humans. As a con-
sequence, it remains possible that each tumor is unique
and that the spectrum of genetic changes that culmi-
nate in human tumors is infinitely variable. According
to this point of view, no underlying rules govern the
formation of all types of human cancers, and as we dis-
cover more about the mutant genes present in these
cancers, our understanding of the biology of these
tumors will become a phenomenology of unlimited
complexity.

A LIMITED NUMBER OF ACQUIRED
PHENOTYPES IN ALL CANCERS

On the basis of several lines of recent research, we
embrace an alternative point of view: that the patho-
genesis of human cancers is governed by a set of ge-
netic and biochemical rules that apply to most and
perhaps all types of human tumors.* We believe that
the identities of the mutant genes in human tumor
cells will one day be conceptualized in terms of these
underlying rules. As we discuss below, these rules re-
flect the operations of a few key intracellular regula-
tory circuits that operate in the majority of human cell
types. Although we still do not fully understand the
detailed operations of these regulatory circuits, exper-
imental observations during the past several years
make it possible to outline the basic rules governing
the neoplastic transformation of normal human cells.#7

Part of this evolution in thinking about the ori-
gins of cancer comes from numerous observations in-
dicating that most, if not all, cancer cells seem to share
a common set of biologic attributes — essentially,
changes in cell physiology — termed “acquired capa-
bilities.”#¢ These attributes include the ability of can-
cer cells to generate their own mitogenic signals, to
resist exogenous growth-inhibitory signals, to evade
apoptosis, to proliferate without limits (i.e., to under-
go immortalization), to acquire vasculature (i.e., to
undergo angiogenesis), and in more advanced cancers,
to invade and metastasize.

Genetic Instability

We imagine that these acquired capabilities are suf-
ficient to explain the malignant behavior that charac-
terizes cancer cells. In addition, human cancer cells
often reveal an additional attribute — genetic insta-
bility — that enables them to acquire the other attrib-
utes. The measured rate of mutation in normal human
cells is so low that during the course of a person’s life-
time, they may not acquire the full array of mutant al-
leles that are required to complete the progression to
a highly neoplastic state.*8 This calculation implies
that the genomes of preneoplastic cells must become
unstable for tumor progression to proceed to comple-
tion over a period of several decades.* Indeed, even
cursory examinations of human tumor-cell genomes
usually reveal instability at the level of either the DNA
sequence or the karyotype — an observation that
helps support the notion that increased mutability is
essential for the development of many types of cancer
in humans.#5 Such increased mutability is acquired
when the genes and proteins that ordinarily protect
the genome by detecting and repairing damage in
chromosomal DNA are inactivated. In addition, the
cellular mechanisms (notably apoptosis) that usually
eliminate cells with damaged DNA are often compro-
mised in tumor cells; the result is the survival of a mu-
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tant cell and the possible outgrowth of a large popu-
lation of its similarly mutated descendants.

Disrupted Regulatory Circuits

The catalogue of these acquired attributes and an
additional characteristic — genetic instability — sug-
gest that a limited set of governing principles may
someday be used to explain the pathogenesis of can-
cer. Yet another indication that the process can be sim-
plified comes from biochemical and molecular analy-
ses of the regulatory pathways that have key functions
in most types of normal human cells. Comparative
studies of various types of human cancer cells indicate
that the regulation of each of these pathways can be
disrupted by a number of alternative genetic and epi-
genetic alterations.

The Retinoblastoma Protein

The pathway governed by the retinoblastoma pro-
tein (pRB) plays a central part in determining wheth-
er a cell will proceed through the G, phase of the cell
cycle (Fig. 1).5° This control circuit can be disturbed
by several alternative genetic and biochemical mech-
anisms. In retinoblastomas, osteosarcomas, and small-
cell lung carcinomas, the pRB protein is absent be-
cause of mutations that disable the RB gene.’! In
many cervical carcinomas, the pRB protein is seques-
tered and tagged for degradation by the E7 oncopro-
tein of type 16 and 18 human papillomaviruses.5253
In a diverse array of cancers, inactivation of the
plOINK#4 gene, by genetic lesions or by methylation,
disrupts the regulation of phosphorylation and caus-
es functional inactivation of pRB.5455 In breast cancer,
overexpression of cyclin D1 or cyclin E has the same
outcome.%57 Indeed, the weight of evidence suggests
that such alterations, all of which converge on the loss
of growth suppression by pRB, exist in the majority
of cancers in humans.5!

The p53 Protein

The pathway controlled by the p53 tumor-suppres-
sor protein is also altered in most, if not all, cancers
in humans (Fig. 1).58 In normal cells, p53 is responsi-
ble for temporarily arresting cell growth in response
to certain types of molecular and biochemical dam-
age until such damage can be repaired; other types of
damage and physiologic stress act by way of the p53
protein to trigger a program of apoptosis (cell sui-
cide), which eliminates the damaged cell.58-¢0 In-
deed, the TP53 gene is mutated in as many as half of
all human tumors; by now, more than 15,000 mutant
TP53 alleles have been sequenced and have been found
to carry inactivating mutations.°-¢2 In some tumors
without any signs of 7P53 mutation, the p53 antago-
nist, the human form of murine double minute 2 pro-
tein (HDM2), is overexpressed, driving the prema-
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ture degradation of p53 protein.®3-%¢ In other tumors,
the gene encoding the HDM2 antagonist, p194RE is
deleted or its expression is suppressed by methylation;
its absence permits HDM2 to drive the degradation
of p53.54%5 As before, a diverse array of biochemical
and genetic changes converge on a common biochem-
ical, and thus cellular physiologic, outcome.

The drive to eliminate functional p53 in evolving,
prencoplastic cells suggests that there is pressure in
these cells to reduce or eliminate the actions of proap-
optotic proteins. When present, these proteins togeth-
er orchestrate the cell-suicide program, and their con-
tinued presence in functional form in incipient cancer
cells is a major obstacle to tumor formation. Elimi-
nation of functioning p53 appears to be sufficient to
inactivate the apoptotic machinery in many types of
cancer cells.*” In others, specific components of the
apoptotic machinery are discarded or inactivated.6871

Telomeres

Maintenance of telomeres, protective sequences that
constitute the ends of chromosomes, also appears to
be an important ingredient in the formation of most
and probably all types of human cancers (Fig. 2).7275
Ongoing maintenance of telomeres is a prerequisite
for the indefinite proliferation of cells — the pheno-
type of cell immortalization — and is clearly an intrin-
sic part of the neoplastic-growth program. In perhaps
90 percent of tumors in humans, the maintenance of
telomeres and thus replicative immortality are achieved
through reactivation of telomerase, the expression of
which is suppressed in most normal human cell types;
in the remaining tumors, telomeres seem to be main-
tained by the actions of a telomerase-independent
mechanism, termed “alternative lengthening of tel-
omeres.”””

Mitogenic Stimulation

Another biochemical pathway reveals that normal
and neoplastic cells differ in their dependence on mi-
togenic stimulation. The proliferation of normal cells
appears to depend on the presence of growth factors
in their surroundings; in the absence of these external
signals, cells will not make the commitment to prolif-
erate. Cancer cells, in stark contrast, have a strongly
reduced dependence on external mitogenic stimula-
tion.”® This acquired independence derives from the
activities of oncogenes that generate constitutive mi-
togenic signals.® For example, the 7as oncogene, which
is found in its mutant, activated state in perhaps one
quarter of all tumors in humans, encodes a mutant
protein that releases a continuous stream of mitogen-
ic signals into the cell cytoplasm, thereby obviating the
need for a cancer cell to encounter growth factors in
its external environment (Fig. 3).82 A similar stream
of growth-stimulation signals can result from alter-
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Figure 1. The Retinoblastoma Protein and p53 Tumor-Suppressor Pathways.

The retinoblastoma protein (pRB) and p53 tumor-suppressor protein have central roles in regulating the cellular re-
sponse to external signals. Each of these tumor-suppressor proteins is itself regulated by a series of other proteins that
together constitute a molecular pathway. Mutations or alterations in expression for each component of these pathways
have been described in human cancers, suggesting that disruption of the regulation of these pathways can occur at
multiple points. E2F is a family of transcription factors that regulates cell-cycle progression. Arrows represent activating
interactions, and barred lines indicate inhibitory interactions. The pathway leading to apoptosis involves many steps that

are not shown.

ations in growth-factor receptors on the cell surface.
In a diverse array of human tumors, these receptors
have been found to be overexpressed or structurally
altered. For example, K-74s mutations are highly prev-
alent in lung, pancreatic, and colon cancers®384; am-
plification of the receptor tyrosine kinase HER2 /neu
occurs in a considerable proportion of aggressive
breast cancers$>86; and mutations of the BRaf protein,
which lies immediately downstream of Ras (Fig. 3),
are found in up to 66 percent of melanomas.8” It
seems that a signaling pathway involved in receiving

and processing biochemical signals is disturbed in
the majority of cancers in humans.

Angiogenesis

Yet another biologic commonality among diverse
tumors in humans is their angiogenic powers.®8 Incip-
ient tumors cannot grow to sizes greater than 2 mm
in diameter unless they succeed in acquiring access
to the circulatory system.3?° They do so through their
ability to release angiogenic signals, which attract and
stimulate endothelial cells. The latter, in turn, con-
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Figure 2. Telomeres, Telomerase, and Cancer.

The shortening of telomeres has a dual role in the development
of cancer. Telomere attrition limits the replicative life span of a
cell; however, such shortening eventually prevents telomeres
from adequately protecting the ends of chromosomes from
damage and further degradation. Studies in human cells and in
animal models reveal that widespread cell death occurs at this
point, termed “crisis,” which is associated with substantially in-
creased chromosomal instability. Such karyotypic instability
not only drives the selection of cells that reactivate telomerase
but also promotes the acquisition of other mutations that may
participate in further oncogenic progression.”

struct capillaries within the tumor mass, and the cap-
illaries forge direct connections with the existing vas-
culature of the host, providing nutrients and oxygen
to the tumor cells and facilitating the evacuation of
their metabolic wastes.

All solid tumors achieve angiogenesis by secreting
proangiogenic factors, notably vascular endothelial
growth factor or basic fibroblast growth factor, and
by down-regulating the expression of antiangiogenic
proteins, such as thrombospondin-1.8%91 However,
this is a simplified view of what is actually a far more
complex process, one that involves an array of signal-
ing proteins and a number of distinct stromal cell
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Figure 3. Mitogenic Signaling Pathways.

Many oncogenes activate mitogenic signaling pathways, such as
those controlled by receptor tyrosine kinases and Ras. Mutations
or alterations in the expression of each of the members of this
pathway are associated with cancer; in most cases, such chang-
es lead to activation or unrestrained functioning of the pathways.
Normally, the binding of a growth factor to a receptor tyrosine
kinase recruits and activates the adaptor proteins growth factor
receptor—bound protein 2 and son-of-sevenless, which in turn re-
cruit the small guanosine triphosphate—binding protein Ras.
This association activates a cascade of serine—threonine kinases
(Raf and mitogen-activated and extracellularly activated kinase
[MEK]), culminating in the activation of a mitogen-activated pro-
tein kinase (MAPK). MAPKs then move to the nucleus, where, by
phosphorylating transcription factors, they modulate the expres-
sion of a wide range of genes involved in cell growth and sur-
vival. Ras has a number of effectors (not all shown) other than
MAPK,” many of which may also impinge on the malignant phe-
notype.

A second pathway activated by growth factors is the phospha-
tidylinositol 3-kinase pathway, which activates the serine—threo-
nine kinase Akt (also known as protein kinase B [not shown]).8
Inactivation of the lipid phosphatase called phosphatase and
tensin homologue deleted on chromosome 10 (PTEN) also re-
sults in activation of this pathway, and inherited loss of PTEN
confers susceptibility to many types of cancer.8’ Ras activation
can also lead to activation of phosphatidylinositol 3-kinase, in-
dicating that many connections unite these pathways. Ras can
activate other signaling pathways, such as Ral-guanine nucle-
otide dissociation stimulator (Ral-GDS).
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types that collaborate with cancer cells to prompt the
growth of new blood vessels. As with the other ac-
quired capabilities, it is apparent that angiogenesis is
a common attribute of all solid tumors and perhaps
of certain types of hematopoietic cancers as well. An-
giogenesis is probably regulated by a common molec-
ular circuitry in many different types of cells, although
the detailed design of this circuitry remains poorly un-
derstood.

EXPERIMENTAL EVIDENCE OF KEY
REGULATORY PATHWAYS

The list of biologic and biochemical attributes
shared by many if not all types of tumors, as discussed
above, is persuasive evidence that a set of common
rules governs the neoplastic transformation of a wide
spectrum of human cells. Still, this evidence fails to
address a critical question: How many distinct regu-
latory changes are required in aggregate to transform
a normal human cell into a tumor cell?

Introduction of Genes into Cultured Cells

The above-mentioned biochemical changes — in
the pRB, p53, and Ras pathways; in the telomere-
maintenance system; and in the circuitry that regulates
angiogenesis — may well include all the changes that
are required for the neoplastic transformation of hu-
man cells. In that case, this list provides a compelling
guide to the entire process of the transformation of
human cells (Fig. 4). It is also possible that several oth-
er changes still awaiting discovery are required. An ef-
fective way of resolving these ambiguities involves the
experimental genetic manipulation of human cells#:
the genotype of cultured normal human cells can be
changed in defined ways through the introduction of
specific genes and subsequent determination of wheth-
er the introduced genetic elements are sufficient to
prompt the cells to enter a tumorigenic state. Success
in this undertaking should reveal the overall complex-
ity of the neoplastic transformation of human cells.

Such experimental transformation of human cells
became possible several years ago with the isolation
of the #TERT gene, which encodes the catalytic sub-
unit of telomerase.92%¢ Telomerase expressed by an
experimentally introduced gene in human cells stabi-
lized their telomeres and facilitated their immortal-
ization.s Findings such as this one permitted subse-
quent demonstration of the neoplastic transformation
of these cells.?¢-101 The rationale behind these exper-
iments came from studies in the early 1980s that
showed that experimental transformation of normal
rodent cells into tumor cells involved two distinct
steps.2223 The first is cell immortalization, which is
required to make cells susceptible to the second step
— transformation by an oncogene, such as 7as.2197

The immortalization of cultured human cells is it-

self a process of some complexity. When normal hu-
man fibroblasts are grown in culture, they proliferate
for 60 to 80 cell generations and then enter a non-
growing but viable state termed replicative senes-
cence.192 The introduction of genes encoding viral on-
coproteins, such as the large T antigen of simian virus
40 (SV40), allows presenescent cells to circumvent
senescencel%3; the large T oncoprotein accomplishes
this task by sequestering and inactivating the two crit-
ical proteins encoded by tumor-suppressor genes:
pRB and p53.104

Immortalization, Crisis, and Transformation

Having circumvented senescence, cells bearing the
large T antigen can then continue to double an addi-
tional 10 to 20 times, at which point they enter the
crisis state, in which the majority of them show kary-
otypic disarray and die by apoptosis.10510¢ Crisis clear-
ly is provoked by telomere attrition in these cells
(Fig. 2).207 In culture, the telomeres of normal human
cells shorten by 50 to 100 base pairs during each cell
generation.9 We now know that the timing of the
onset of crisis is governed by the time required for the
initially long telomeres of early-passage cells to erode
and shorten until they are no longer able to protect the
ends of chromosomal DNA. Emerging from popula-
tions of cells in crisis are rare variants (1 in 10 million
cells) that have acquired the ability to proliferate indef-
initely. These cells express the #TERT gene, which is
strongly repressed in most lineages of normal human
cells.107 It thus becomes clear how ectopic expression
of /TERT can ensure the immortalization of many
normal cell types.109-111

Informed by these observations, we and others suc-
cessively introduced the SV40 early region (which
encodes both the large T and small t oncoproteins)
and the ATERT gene into normal human fibroblasts
and kidney cells.?798.100.10L112 "Together, the proteins
corresponding to these genes succeeded in immor-
talizing the cells. The subsequent introduction of a
mutant 7as oncogene into the immortalized cells re-
sulted in their transformation to a tumorigenic state,
as gauged by their ability to form tumors in immu-
nocompromised animal hosts. The tumors were ana-
plastic, strongly angiogenic, and nonmetastatic. A sig-
nificant percentage of the transformed human kidney
cells retained a diploid karyotype, suggesting that
overt changes in chromosomal configuration were
not required to orchestrate cell transformation 105113114
Additional studies in a wide variety of primary human
cells have confirmed that these introduced genes are
sufficient to transform mammary epithelial cells, ep-
ithelial cells from the small and large airways of the
lung, prostate epithelial cells, ovarian epithelial cells,
mesothelial cells, melanocytes, and neuroectodermal
cells.96:98-10L114 Thege observations suggest that the
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Figure 4. Acquired Capabilities, Molecular Pathways, and the Transformation of Human Cells: Emerg-
ing Rules That Govern Cancer Formation.

Most if not all cancerous cells exhibit several distinct biologic phenotypes that distinguish their behav-
ior from that of normal cells. Recent advances in the experimental transformation of human cells, as
well as detailed elucidation of several key pathways involved in the regulation of cell growth and pro-
liferation, have begun to clarify the molecular machinery that programs cancer-cell behavior. These
connections, though certainly incomplete, identify promising targets for the development of novel di-
agnostic and therapeutic agents. The molecular pathways that lead to metastasis and invasion remain
unclear. pRB denotes the retinoblastoma protein, and SV40 simian virus 40. The SV40 large T antigen

binds to and inhibits both pRB and p53.

genetic elements that were introduced into the cells
provoked the cells’ transformation by disturbing a
small set of intracellular pathways, specifically those
involving pRB and p53 (through the actions of large
T antigen), the telomere-maintenance pathway, and
the mitogenic signaling pathway.

In addition, these experiments show that the SV40
small t protein is also required for transformation to
a tumorigenic state.!00.112 However, the precise bio-
chemical and physiologic actions of this protein re-
main elusive.!15116 The small t protein disturbs an
abundant cellular enzyme called protein phosphatase
2A, which acts on a wide variety of substrates to re-
move phosphate groups from serine and threonine
residues. Cancer-associated mutations have been re-
ported in some of the genes that encode subunits of
protein phosphatase 2A.117-119 To date, knowledge of
these mutations has shed little light on the biochem-

1600 - N Engl ] Med, Vol. 347, No. 20 - November 14, 2002 -

ical actions of this enzyme that are relevant to cell
transformation, since it is a complex enzyme and has
numerous cellular phosphoprotein substrates and
since the identities of the substrates that are critical
to transformation are not yet known.115.116

EMERGING RULES GOVERNING HUMAN
CANCER DEVELOPMENT

These diverse observations, taken together, em-
bolden us to conclude that five distinct alterations
suffice to transform normal human cells into tumor
cells. Interestingly, only two or three of these changes
seem to be required for rodent-cell transformation,
explaining in retrospect the great difficulty experienced
in early attempts to transform human cells.#” Our for-
mulation leaves open the question of whether these
five changes are also necessary and sufficient for the
spontancous development of primary tumors within
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the body. A comparison between our list of five req-
uisite changes and the list of five frequently observed
alterations in the genomes of spontancously arising
human tumors shows great overlap (Fig. 4). Pathways
involving the Ras, pRB, p53, and hTERT proteins are
components of both lists. Angiogenesis is accom-
plished by this same set of genes experimentally in-
troduced into human cells, as discussed above; the
angiogenic phenotype derives in part from the ac-
tions of the Ras oncoprotein.120.121 The exception here
comes from the observed importance of the inactiva-
tion of protein phosphatase 2A in experimental trans-
formation. Does alteration of some of the activities
of this enzyme also occur in spontancously arising
human tumors, and if so, is it a change that is essential
for transformation? The answers may be forthcoming
over the next several years.

These results, incomplete as they may be, provide
hope that similar conclusions and generalizations may
one day be extended to describe the behavior of tu-
mors encountered in the oncology clinic. If so, then
the complex array of mutant and methylated genes
found in human tumors may one day be understood
in terms of this limited set of cellular regulatory path-
ways. Still unidentified are the genetic elements that
control the final steps in tumor progression: invasion
and metastasis. Even in this regard, we are optimistic
that sometime during the next decade, these poorly
understood processes will also be explained in terms
of mechanisms that are common to widely different
types of tumors. The science of cancer pathogenesis
may one day become the study of a coherent set of
rules and principles, rather than a phenomenology
of unlimited complexity.
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CORRECTION

Rules for Making Human Tumor Cells

Rules for Making Human Tumor Cells . In Figure 1 on page 1597,
the top box on the right side should have read p14ARF rather than
p19ARF; on the left side of the figure, there should have been a
barred line (indicating an inhibitory interaction), rather than an arrow,
between pRB and E2F.
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