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BASIC RESEARCH

Trani,ng Cuncer To
FLa,u; e d, And, WWus ard,

Gqrues
By Margie Patlak

ancer patients deal not only with the medical realities of a
diagnosis of cancer, but with gnawing questions like, "Why
did it happen to me?" and, "Where did it come from?"
With time, they may worry about whether other family
members are at risk. Yoqng people with cancer wonder if
they will ever be able to have children, ild whether their

children m€ht inherit a risk of cancer.
advances of the last seventeen years in
answer some of these questions. Thanks to
advances in molecular biology, scientists are
pinpointing the kinds of changes that signal
the development of many forms of cancer.

"lt's a very exciting time," says Dr. Alfred
G. Knudson, an expert in cancer genetics at the
Fox Chase Cancer Center in Philadelphia. "The
genes that seem to cause cancer are being
cloned at a number of centers, and soon we'll
understand how they work."

When a cell divides, it carefully copies its
genes and distributes the copies to offspring
cells. Although errors in copying occur only
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Some of the remarkable scientiflc
basic cancer research begin to
rarely, about once in every million cell divisions,
they can have profound effects.

If the mistake occurs in the cells that form
body tissues or organs, medical problems, in-
cluding cancer, can result. If it occurs in devel-
oping sperrn and egg cells, the error may be
passed on to the patient's children.

For years, scientists have observed that
some families have more cancer than others.
Even in noninherited cancers, they have seen
a variety of genetic changes in the cancer cells.

About 50 of the more than 120 different
types of cancer occasionally have shown some



DNA, which is visible in the lest

tube, carries instructions that

determine how each molecule in

a l iving organism will lunction.

Using a array of techniques to

penelrale 0NA's secrels, scien-

tists are exploring fundamental

life processes as well as dis-

eases such as cancer.



type of familial clustering' However' "cancer

fu*iliur" in which many members develop

one or more types of cancer, are uncommon'

Most cancers occur randomly in the human

population, presumably due to genetic changes

cuused by environmental exposures' Scientists

now believe that genetic changes' inherited or

acquired, are the basis of cancer'

One of the first cancers recognized as

hereditary was familial retinoblastoma' a rare

"y" 
.un.", that develops in children and often

affects both eyes. As many as 40 percent of

retinoblastomas are considered hereditary'

meaning that the cancer risk can be passed

on to the patient's children' Yet' only about

5 percent of the cases in the United States

each year occur in children with a lmown

familY history of the disease'

Most retinoblastomas are not inherited'

They occur randomly in the population and

commonly affect only one eye' Overall' about

5 of every 100'000 children develop retino-

blastoma between birth and age seven'

More than ffieen years ago' Knudson no-

ticed that chiidren' under age one who developed

retinoblastoma frequently suffered from the more

aggressive disease, with cancers in both eyes'

Knudson was impressed that a child from

a family with retinoblastoma, with a 50 percent

chance of inheriting the disease' could have

the cancer in one eye, both, or neither' "This

implied to me that having a familial predis-

position wasn't enough to get the cancer-

something else had to happen to spur cancer

develoPment," Knudson saYS'
"We have two copies of every gene in most

of our celis. The simplest explanation for retino-

blastomawouldinvolvelcrockingoutbothcopies
of the gene," Knudson exPlains'

n ifre 1950s and 1960s' scientists explained

the long time period needed for cancer develop-

ment as evidence that at ieast two separate

events must occur in the cell before it converts

to a cancer cell.
In the early 1970s, Knudson statisticaliy

analyzed the patterns of occurrence of retino-

Dr. Alfred G. Knudson was

honored in 1988 bY the General

Motors Cancr Rosearch

hundatlon lor his research to

explaln how some childhood

cancors can result lrom genetic

mistakes.
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The Genes of
Retinoblastoma

It etinoblastoma, a rare eye

h cancer of childhood, can

be either hereditary or sPon-

taneous. Both lorms are caused

by the loss of lunction of genes

canied on chromosome 13.

Cancer does not arise as long as

one copy ol chromosome 13 is

normal. In the hereditary lorm

(lett), the newborn has a coPY

ol chromosome 13 that has

missing or damaged genes

in the region associated with

retinoblastoma. A healthY

newborn (right) has two normal

cooies of the chromosome.

As retinal cells divide

during the first nine months of

l i le, random erors cause gene

damage in aboul one of every

mill ion cell divisions. In hered-

itary retinoblastoma, this error

may cause tumor gro$rth.

It is very rare that random

errors wil l occur in both copies

ol the retinoblastoma gene in

one cell. Nonetheless, within

the first few years ol life, in

a small number of healthy

children, mutations in both

genes of a single eye cell cause

lhe cancer. Since their olher

cells remain unaflected,

children with the sponlaneous

disease, unlike those with the

inherited lorm, will not pass

retinoblastoma on to their

otfspring.

The early, mlddle, and lalo

$ages ol retnoblastoma growth

Gan bo soon ln the pholos

below, in lhe eyes ol lhtso

childron. The tumor appears as

a white, foamy mass in tho

pupll. Depenrllng on tho stage .
ol dlssaso, lrsatmoil opfons

lnclude surgery, cryoEutgsry or

radiation.
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Locomotion is integral to the

enlire process of metastasis.

Scientists have identif ied a

protein, named aulocrine

molil i ty faclor, thal causes

cancer cells lo grow arms or

pseudopodia,  enabl ing them

to begin to move to olher parts

of the body.

Anachmont

Attachment to the basoment

membrane (a physical barrier

that sBparatss lissue compo-

nents) is the first slep.

l-ocal Breakdown

How Cancer Spreads

ancer has two dist incl ive

characler ist ics :  d isorder-

ly.  abnormal cel l  d iv is ion.  and

melastasis.  a progressive

spread to olher parts of  the

Dod y

Some cancers spi 'ead

nrore aggressively than olhers

Scient ists are locat inq genes,

ei lz 'ymes and olher proteins

that help cancer cel ls break

down the l in ings ol  organs and

capi l lar ies and move lo other

local ions in the body

Screnl ists are learning

more aboul  the genes and

biochemical  pathways that

qoverur nlelaslasis.  and how

to Lrse that knowledge to block

metaslasrs.  For example,

studies are under way lo see

i f  ant ibodies against  autocr ine

mot i l i ty  f  actor might keep

carrcer cel ls f rom migrat ing

1l
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0ncs motastatic cells are

attached, they break through

with tho help of an enzyme

called Type lV collagenase.

Elood Vessel

The illustration depicts lhe

movement of cancer cells into a

blood vessel, enabling them to

spread to other parts ofthe

body.

Secondary Tumor

Cancer cells then move through
the blood and lymph system to
lorm a secondary tumor at

another sile in the body.
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blastoma and proposed his two-hit hypothesis,
u'hich suggested that as few as two gene

changes could be enough for the cancer tct
develop. He showed that, the hereditary fonu
of the disease occurred in a statistical pattern

c'onsistent with an initial mutatiort oc'curring in
an egg or sperm cell. Retinal cells are contin-
ually dividhg as the retina develops during
pregnancy and early infancy. If, at some poht,

the second, nortnal copy of the gene were
damaged, cancer could form.

Knudson hypothesized tltat the spontalleous
retinal cancers in people without a hereditary
clisposition occurred when two chance events
clarraged both genes h the same retinal cell-a
very rare coincidence in the general population.

He then looked at other chiidhood tumors,
hcluding those of the kidney and nervous sys-
tem, and proposed that they also fit the two-hit
scenario.

In the 1970s and early 1980s, newly devel-
oped techniques-the products of rapid devel-
opments in cell and molecular biology, let
researchers study DNA in greater detail and
develop ways to examine cells for specific
regions that might be responsible for disease.

One advance enabled scientists to more
clearly examine the organization of human
chromosomes, structures in the nucleus of the
cell that contah tightly packed bundles of genes.

Using dyes, the scientists found that because
of the unique bandhg pattern of each chromo-
some, specific segments could be numbered for
identification.

Banding studies showed that most patients
with retinoblastoma, those with the nonheredi-
tary form of the disease, have two normal copies
of chromosome 13 in their blood cells, but their
cancer cells may be missing the 13q14 region.

In rare rethoblastoma patients, those with
mental retardation or other birth defects, even
normal blood cells turned out to be missing the
13q14 segment.

Then, scientists discovered that another
gene, which directs the production of a readily
identifiable enzyme, was also located on 13q14.

Websler K. Gavenee developed

probes that identilied the

chromosomal segment thal is

missing in relinoblastoma,

providing evidence from molec-

ular genetics that the two-hit

hypothesis was correct.
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Gene Changes and
Gancer Diagnosis

1. he cancers ol thousands
I
I of palienls are being diag-

nosed with increased prscision

by laboratory pathologists,

thanks to losts lor unique

markors that only a lew yoars

ago were the exclusivo realm of

molecular genetlcists.

For years, pathologists

have routinely tested many
patients' leukemia and lym-
phoma cells for a vailety of

chromosomal abnormalilies.

Thoso analysss were made
possible in the 1970s by the

advent of a new technique,

chromosomo banding, thal

enabled scientists lo visualize

chromosomes clearly.

Some abnormalities

became diagnostic, such as

in chronic myelogenous leu-

kemia, whera appoarance of

an odd chromosome namod

the Philadolphia chromosoms

identilies this cancer. As a

result ol banding, sciontists

learned thal lhe Philadelphia

chromosome was actually

chromosome 22 with a trans-

location from chromosome 9.

ln the 1980s. scientisls found

that a specific gene named

c-abl was parl of the trans-

localed chromosoms segmonl

on chromosome 22. where il

fused with another gene and

made an abnormal product.

Anothsr oxample is

Burkitt's lymphoma, a rare

childhood cancor of immune

syslem cells with a chalac-

teristic chromosomal trans-

location. Another specific gene,

named c-myc, in the 1970s was

detocted near ths translocation

breakpoint on chromosome 8,

next to a gene for antibody
production. Presumably, lhe

nycgene is undsr tho same

aclivation control as lho anti-

body gene, and ils protein

producl drivos the cell through

repeated rounds of cell division.

G-myc also appears in re-

arrangomonts of the chromo-

somes of lymphoma cells lrom

AIDS palisnts.

A gone named Dcl-Z by

its discoverer, Dr. Garlo Croce

of lhe llristar lnslituto, mwos

from chromosome 18 during a

translocation bolwoon chromo-

somes 14 and 18 in lollicular

lymphoma. ln this, lho mosl

common lymphoma atlecting

aduhs over age lorly, tho trans-

location occurs in more than 90

percent ol patients. Ihe 0cl2

gene moves to chromosomo 14,

where it sils noxl to anolhor of

the antibody-producing genes,



How Gells Package
Genetic Information

rFl everal billion nucleotides
\
fJ are packed inlo the nuc-

leus ol each human cell in a

precise linear order. There are

lour types ol nucleotides,

adenine (A), thymine (T),

guanine (G), and cytosine(C),

ordered precisely to encode all

the genetic informalion of an

individual in 0NA (deoxyribonu-

cleic acid). In the laboratory,

scientists now selectively break

down DNA into smaller seg-

ments, deiermine the precise

order of the nucleolides and

predict the product.

Genes are segments of DNA

that encode a specil ic protein

producl. Each gene has lwo

parts, a portion that is copied

into RNA, the chemical that

carries oul the gene's instruc-

tions, and a "switch" portion

that controls this copying

process. Genes are switched

"on" or "olf" in dit lerent

l issues at different t imes.

Each individual cell caries

about 50,000 genes, packaged

in the cell nucleus into tiny

bundles called chromosomes.

Except lor genes carried by egg

and sperm cells, which have

only one copy of each gene (to

allow the gene mixing that

makes each person unique),

every cell has two copies, one

lrom each parent. When a cell

divides, it must correctly copy

every gene and apportion the

chromosomes to the daughter

cells.
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(A) adenine
(T) thymine
(G) cylosine
(G) guanlne

Gene
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A technique called in srfu

hybridization shows whelher

a gene is actively expressed in

cells, and also provides clues

to the gene's lunction. This

technique has helped identity

activated oncogenes in cancer

cells, and lheir normal counler-

parts in normal cells, in many

different species. In this

photograph, a labeled DNA

segmenl (a known oncogene)

has been put inlo a mouse

oocyte, a cell that develops into

a mature egg cell. The labeled

DNA has paired with (or hybrid-

ized to) multiple copies ol BNA

in the mouse oocyte. The pres-

ence ol this RNA (shown here

as black dots inside the nucleus

ol the immature cell) shows that

the normal cellular counterparl

ol lhe oncogene is active, sug-

gesting that it is crit ical lor

normal germ cell development.

Pholo Credit: Easic Research l-aboratory.
Frederick Cancer Besearch Facrlity
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Normal cell

0l{A slrand

What is an 0ncogene?

n oncogene rs a

specitic gene thal

participates in changing a

normal cell into a cancer cell

l l  is a varianl of a normal

cel l  gene.

The first clues to onco-

genes came from research on

the l ite cycle of relroviruses,

a lamily of viruses that can

cause leukemias and sol id

lumors. These viruses have

been lound in repti les, birds,

and mammals,  including

humans.

During the 1970s,

scientists used lhe new

techniques provided by mo-

lecular biology lo examine the

genes in these viruses. They

lound that some retroviruses

contained genes that gave the

viruses the abil ity lo stimulate

abnormal cell growth, and they

named lhose genes oncogenes.

They also lound normal

genes that were structurally

similar lo oncogenes. Cerlain

relroviruses, it lurned out, had

caplured genes from normal

cells and had substituted these

cel lu lar  genes for some ol  their

own genelic inlormalion.

Within lhe retrovirus.

the oncogenes are mulaled

and can spread to new cells

by inlection. In the normal cell,

these genes appear to regulale

and inlluence normal cell

growth and cel l  d iv ison.

Because of  th is research,

scientisls are developing greal-

er underslanding of  normal as

well as cancerous cell growlh.

Some ol  lhe more than 50

known oncogenes encode

proteins called growth lactors

that encourage cel ls to div ide.

and some make proleins lhal

lransmil growth signals inside

the cell. Sti l l  other gene pro-

ducts slay inside the nucleus .

ol the cell, where they can bind

to DNA and control crit ical

0 r0cesses.

Dr.  Michael  H. Wigler of  the

Cold Spring Harbor Laboralory

on Long lsland has been a

leader in research on DNA.

He showed that the orimitive

yeasl  organism conlains a gene

needed for normal growth lhal

has slructural similarity to a

gene in human ONA.

Says Wigler. " l l  you

knock oul the gene in yeast

and replace it with the human

gene, the yeast wi l l  grow and

divide exlremely well. Bul if

you mulale it and insert it into

mouse cel ls.  you can l ransform

the mouse cel ls.  causing loss ol

growlh conlrol. '

Prolo-oncogene

Aclivated oncogene

Cancer cell



his probes to predict, prenatally, which infants
from retinoblastoma families are likely to de-
velop the disease. One infant that Cavenee
predicted would develop retinoblastoma was
examined at a few weeks of age and found
to have two tumors in each eye. Prompt treat-

ment with radiation saved the infant's eyes and
srght.

In research studies, other scientists are now
using probes like Cavenee's and Friend's in
families with retinoblastoma to help identify
family members who have hherited a suscepti-
bility to the disease.

The probes also are being used to study
survivors of hereditary retinoblastoma, who
have a 15 percent chance of develophg other
cancers, usually osteosarcoma, a bone cancer'
Using his molecular probes, Cavenee and co-
workers showed that in two of three retho-
blastoma patients who subsequently developed
osteosarcoma, the osteosarcoma cells had alter-
ations in the 13q14 region of chromosome 13.
Osteosarcoma cells from three of four patients

with the spontaneous form of the disease (that
is, no family history of retinoblastoma) also had
the defect. Because the defect was found in the
cancer cells of one of the patients prior to can-
cer drug treatment, the scientists believe that,
as h retinoblastoma, the defective region of
the chromosome was responsible for both the
inherited and spontaneous osteosarcomas.

Other research is looking at other cancers
to see if cancer cells show abnormalities in the
region of chromosome 13 that is changed in
retinoblastoma. Recent work by Friend and
colleagues has shown deletions in patients who
have never had retinoblastoma, but who have
developed certah soft tissue sarcomas'

Cavenee and other scientists have looked
for similar gene defects in other, more common,
cancers. For example, Cavenee has found alter-
ations on chromosome 13 in ductal breast cancer
cells from premenopausal patients. He and other
groups have reported a pattern of gene defects,
similar to those seen in retinoblastoma, h pa-

tients with Wilms' tumor, a childhood kidney

20

cancer, where the deletion occurs on chromo-
some 11.

At the Childrens Hospital of Los Angeles
and the University of California at Irvine,
Dr. Eric J. Stanbridge and coworkers have
shown that introducing a sin$e normal human
chromosome 11 into laboratory grown Wiims'
tumor cells, which are then injected into mice,
curtails the ability of the cells to form tumors
in the mice. The implication is that the normal
chromosome 11 contains a region that, when
misshg, contributes to the development of
cancer, and when present, helps prevent the
development of the cancer.

Certain other cancers of children, and other
more common cancers of adults, are now being
studied by other groups of scientists to see if
missing or damaged areas of chromosomes can
be identified.

A key finding by Sir Walter Bodmer
and Dr. Ellen Solomon and their coworkers
at London's Imperial Cancer Research Fund
suggests that some colon cancers are due to
two-hit mechanism involving an inherited or
acquired mutation at a particular site on a
chromosome. Their work stems from an indi-
vidual case report: a portion of chromosome 5
was missing in a patient with familial adenoma-
tous polyposis, a rare hereditary condition that
shows up in adolescents. In this disease, the
Iarge intestine is carpeted with hundreds
of small growths called polyps, and these patients

are at high risk of developing colon cancer'
Bodmer and colleagues, using a probe for

the missing region of chromosome 5, were able
to trace the disease in the polyposis families,
demonstrating that the predisposing gene lies in
that region. Using another probe for the same
chromosome 5 segment, Solomon and her co-
workers showed that the segment is missing in
the cancer cells of some patients with common,
nonhereditary forms of colon cancer. This sug-
gests that cancer occurred as a result of loss of a
gene needed for normal cell growth regulation.

While some cancers are caused by damaged
or missing genes, other cancers appear to be
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Dr. Eric Stanbridge (left) and

coworkers have studied the role

of specific genes in stimulating

and inhibit ing the groMh ol

cancer cells in mice.
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Dr. Robert C. Seeger (right),

and his colleaguos uso aggros-

sive therapy in neuroblastoma
pationts whose cancer cells
have 10 or more copios of an
0nG0g0n0.

prompted or rendered more aggressive by the
presence of altered or activated genes called
oncogenes. Originally discovered in the 1970s
h animal cancer viruses, oncogenes have been
shown to play a role in a wide range of human
cancers, including those of the breast, colon,
lung, bladder, nervous system and blood.

In the past several years, scientists have
begun to study the role of normal genes related
to oncogenes in cell division or differentiation.
When altered, these normal genes may play a
role in cancer.

Although scientists have yet to learn
exactly how oncogenes spur the growth of
cancers, their presence in cancer cells may
already be useful in predicting which patients
should have more aggressive cancer treatment.

"The key treatment issue for cancer is
lcrowhg how aggressive a tumor is," says
Dr. Roberl C. Seeger of the Jonsson Compre-
hensive Cancer Center, University of California
at Los Angeles. "You don't want to overtreat
someone and subject them to a risk of dying
from complications of the treatment, but you
also don't want to undertreat another patient
with a particularly aggressive tumor. We try to
identify the subset of patients who won't do
well with conventional treatment and find
something better for them."

Using a gene screening technique called
Southern blotting, Seeger and his colleagues
at the Children's Cancer Study Group in
Los Angeles and Dr. Garrett M. Brodeur of the
Washington University in St. Louis were the
first to correlate the presence of excess copies
of a particular oncogene in cancer cells with the
stage of disease.

Cells usually have only two copies of each
gene, one from each parent. But when Seeger
and Brodeur looked at the cancer cells of chil-
dren with neuroblastoma, a cancer of the nery-
ous system, they found many of the cells had
ten or more copies of an oncogene called
N-myc. When the researchers compared the
number of copies of N-mgc in each patient's
cancer cells with the progress of the patient,
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they found that the more copies of the gene,

the more rapidly the cancer spread.
The researchers were quick to put these

findings into practice. Seeger treats patients

who have localized cancers and few or no
excess copies of the gene with surgery, con-
ventional chemotherapy, and radiation. But he
treats patients who have ten or more copies of
N-myc-even if their cancer has not spread-
with chemotherapy and radiation so intense
that it requires bone marrow transplants to
restore their blood cells.

Since Seeger and Brodeur made
the connection between excess copies of
N-myc and poor prognosis, their colleague,
Dr. Dennis J. Slamon of the University of
California at Los Angeles has discovered
the same relationship between copies of
the oncogene HER-2/neu/erB-2 and breast
cancer. Although Slamon's data are still
preliminary, he is encouraged by findhgs
indicating that the more copies of the onco-
gene in the tumor cells, the more aggressive
the cancer. If further studies support his initial
findings, doctors may be able to predict which
women are most likely to have a recurrence
of breast cancer and should be treated with
chemotherapy or radiation.

"Even if the HER-2/neu/erB-9 oncogene
doesn't pan out the way we'd like it to,"
Slamon says, "there are a number of other
oncogenes that might prove more prognostic.

There must be something going on at the level
of the gene that can tell you why some peo-
ple's cancers are more aggressive than others."

The discovery of such genes could not only
refine prognosis, but foster more effective treat-
ments for cer[ain cancers. "If a gene product is
important in a disease process, then drugs that
block that molecule hold potential for therapy,"
Slamon says. Echoing Knudson, he adds,
"These are exciting times."

Dr. Garrott M. Brodeur

developed oncogene Probes
and helped show the rela-

tionship bstlvoon oncogono

activity and slago ol disoaso

in neuroblastoma.
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Pinpointing the
Genes in Cancer

Q 
ciontists can now pin.

lJ point some of the genes

associatod wilh cancer, lhanks
to tschniques that allow lhem to
tell chromosomss apan, doloct
genotic markers tor disoaso
susceptibility, and isolate

specific genes.

In higher organisms such
as humans, a single gono can
span hundreds ol thousands

ol bases; chlomosomes have
hundreds of millions of bases.
The complete complement of
human DNA comprisos lhroo

billion base pairs in a precise

ordor. To duplicate the genes

and develop a more precise

genelic map of human genes

and chromosomos, scientists
are using recombinant DNA
tochniquos in yeast. Ysast can
replicate millions of bases at

ono timo, enough to copy large

segments of human DNA. This
type of research promisos to
help scientisls understand

betler how gonos are organized

on chromosomgs. The new

insighls promised by genotic

analysis promise unprcce-
dented progress in under-

standing diseases such as
cancer.




