
Studying Cancer in 3 Dimensions
3-D Models Foster New Insights Into Tumorigenesis

M. J. Friedrich

LIKE ACTORS ASSEMBLED TO PER-
form a play, hundreds of genes
and proteins have been cast in

cancer-related roles in the last few de-
cades. But without a script, a narrative
of how these characters interact to dis-
rupt normal biological activities and
cause a malignancy remains an unfin-
ished story.

For the drama to unfold properly, a
stage—a model system—is needed that
closely mimics the living environ-
ment in which cancer pathogenesis oc-
curs. To this end, some researchers are
turning to three-dimensional (3-D) cell
culture systems. The reason: limita-
tions of the traditional mainstays of
cancer research, cell cultures and ani-
mal models.

In conventional cell cultures, re-
searchers can readily manipulate genes
to study the genetic changes that drive
the cancer process and to investigate
biochemical pathways, but they can ob-
serve these effects only in a flat, two-
dimensional (2-D) sheet of cultured
cells. Animal models give a more ac-
curate morphological representation of
tumor development, but they are con-
siderably less amenable to large-scale
genetic studies.

A 3-D cell culture system, on the other
hand, combines virtues of animal mod-
els and 2-D cell cultures, explains Joan
Brugge, PhD, of Harvard Medical School,
in Boston. As an in vitro system that al-
lows cells to develop into structures
similar to those in living organisms, 3-D
models enable researchers both to per-
form genetic manipulations and to ob-
serve some of the biological changes the
genes bring about.

FROM FLAT TO FAT

To probe the function of genes that are
altered in breast cancer, Brugge and her
coworkers have been using a 3-D model
based on a system developed in the
laboratory of Mina Bissell, PhD, of the
Lawrence Berkeley National Labora-
tory, in Berkeley, Calif. Over the last
three decades, Bissell and her col-
leagues have used 3-D mouse or hu-
man cell culture systems to shed light
on how the extracellular matrix (ECM)
and tissue architecture shape the way
normal and malignant cells receive and
respond to signals from their surround-
ing environment.

An early hallmark of a breast tumor
is disruption in the architecture of
mammary acini, glandular units at the
end of ducts. Healthy acini, which have
hollow lumens (from which milk is
secreted), are composed of an inner
layer of luminal epithelial cells and
an outer layer of myoepithelial cells,
surrounded by a specialized type of
ECM called the basement membrane.
But during tumorigenesis, this well-

ordered architecture is disrupted as can-
cer cells escape the controls on prolif-
eration and fill the luminal space.

In the Brugge laboratory, mammary
acini are grown by placing epithelial
cells on top of a layer of reconstituted
basement membrane—usually a com-
mercial mix called Matrigel, com-
posed primarily of substances ob-
tained from the ECM of a type of mouse
tumor. A dilute suspension of Matri-
gel is then spread over the cells, simu-
lating their natural microenviron-
ment. Initially, the cells divide to form
a solid, structured mass, but as the
structure matures, the cells in the
center of the sphere undergo pro-
grammed cell death, or apoptosis, cre-
ating a hollow lumen.

Acini grown in 3-D matrices allow re-
searchers to study the molecular mecha-
nisms necessary to form and maintain
normal glandular architecture, and to
manipulate them to determine how can-
cer-related genes disrupt the struc-
ture. Brugge and her colleagues are in-
troducing genes associated with cancer
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3-D culture systems
can allow cells to
develop into structures
similar to those in
living organisms and
reveal how cancer
genes disrupt those
structures. This image
shows mammary
epithelial cell acini
after 8 days of 3-D cell
culture. The cells in
the center (green
immunofluorescence)
are undergoing normal
programmed cell death
(apoptosis) to form a
hollow space.Ja
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into breast epithelial cells to tease out
the underlying biological processes re-
sponsible for the different grades and
stages of breast tumors. Using this ap-
proach,they hope to discover the
mechanisms that help initiate lesions
while maintaining the gland’s architec-
ture; the processes involved in more ad-
vanced stages of breast cancer in which
tumor cells are able to fill the lumen;
and the events involved in metastasis.

“Ultimately, what we’d like to under-
stand are the most significant changes
responsible for invasive carcinoma,” said
Brugge. “What underlying processes al-
low those cells to emerge from that co-
coon that they’re growing in, break down
the basement membrane, break down
the cell junctions, and move into the sur-
rounding tissues?”

Work by the Brugge laboratory also
suggests that the 3-D breast cancer cell

model also may be useful for screen-
ing the activity of potential cancer thera-
pies. Jayanta Debnath, MD, recently
demonstrated that rapamycin (also
called sirolimus), a targeted cancer drug
now in clinical trials, can reverse the
abnormal cell behavior driven by an al-
tered gene, Akt, without affecting nor-
mal cell behavior—a result that’s en-
couraging for using this compound
therapeutically.

UNIQUE PHENOTYPES

So far, Brugge’s team has screened about
275 genes out of about 1000 that have
been implicated in one way or another
in breast cancer. At the annual meet-
ing of the American Association of Can-
cer Research in July, she described ex-
periments in which they examined a
number of different oncogenes that pro-
mote uncontrolled cell proliferation.

Not surprisingly, the researchers
found that when various oncogenes
were introduced into the cells, the cells
grew in an uncontrolled fashion. What
was unexpected, said Brugge, was that
in each case, the unfettered growth did
not give rise to the same biological and
morphological phenotypes. Instead,
each gene gave a unique twist to the aci-
nar structure.

For example, Senthil Muthuswamy,
PhD (then with the Brugge labora-
tory, now at Cold Spring Harbor Labo-
ratory in New York), found that intro-
ducing the erbb2 (her2/neu) oncogene
(which is amplified, or found in in-
creased numbers, in about 30% of hu-
man breast cancers) caused the cells to
proliferate in many directions (Nat Cell
Biol. 2001;3:785-792). Some grew into
the lumen and filled it; others divided
to outside the acinus to form struc-

Extracellular Matrix
Containing Growth Factors,
Structural Proteins, Other

Mammary Epithelial Cells

Proliferation and Organization Maturation

Lumen 

Introduction of Cells into 3-D Culture System

Selective
Apoptosis

Polarization

Acinar
Structures

Mammary Epithelial Cells with Activated 
erbb2 (her2/neu) Oncogene

No Lumen 

Increased
Proliferation

Inhibited
Apoptosis

Polarization
Defects?

Multiacinar
Structures

In 3-D cell culture systems, normal mammary epithelial cells develop into acinar structures through the processes of proliferation, polarization (directional
orientation of cells on the outer edge of the cell mass), and apoptosis of cells to create a lumen (top panel). Cells with the activated oncogene erbb2 (her2/neu)
display increased proliferation, appear to contain polarization defects, and do not undergo apoptosis; hence, they do not develop normally (bottom panel).
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tures resembling those seen in an early
breast cancer lesion called comedo duc-
tal carcinoma in situ.

In contrast, when oncogenes such as
CCND1 (which encodes cyclin D1) or
E7 (an oncogene present in human pap-
illomavirus type 16) were introduced
into cells, the cells grew into the lumen,
but then underwent apoptosis, thereby
preserving the lumen’s structure. Only
when a gene that blocked apoptosis was
introduced into the model were the cells
in the lumen able to resist the death sig-
nal and survive (Cell. 2002;111:29-40).
Additional genes brought about still
other growth patterns, which causes
Brugge to speculate whether such pat-
terns “reflect the different spectrum of
carcinoma in situ lesions detected in
human breast cancer.”

Brugge’s group also has focused on
unraveling the processes involved in
converting a noninvasive phenotype
into an invasive one. Using a set of genes
associated with invasive behavior, the
Harvard researchers are dissecting the
pathways involved in this process.

For example, amplification of erbb2
alone does not appear to enable a tu-
mor able to invade surrounding tis-
sues. But the Harvard team found that
by combining the erbb2 gene with genes
encoding growth factors—transform-
ing growth factor (TGF) �1, �2, or
�3—the cells became aggressively in-
vasive. This corroborates evidence in
animal models indicating that TGF-�
genes and erbb2 collaborate to cause in-
vasion, said Brugge.

WHY CONTEXT MATTERS

While a 3-D culture system provides a
more lifelike environment for tissue
development than conventional cell cul-
tures, other factors are needed to cre-
ate a milieu that mimics a microenvi-
ronment that resembles what happens
in nature, namely the chemical sub-
stances that exist in a given tissue in
vivo, explains Bissell, a 3-D cell cul-
ture pioneer. These substances pro-
vide the proper signals for the cells to
grow in an organized fashion.

“Breast cells in gels of stromal colla-
gen, for example, behave much differ-

ently than they do in gels of basement
membrane, even though both are ‘ECM’
material in ‘3-D,’” she explained.

There’s considerable evidence dem-
onstratingthat theECMandcellularcon-
text not only play important roles in the
normal functioning of cells, but that loss
or damage to ECM may lead to tumori-
genesis, as well. A few years ago, Bis-
sell’s laboratory provided a dramatic
demonstration of the importance of
matrix proteins and their signaling in
breast tumor development: By manipu-
lating ECM-receptor signaling, they
coaxed malignant breast cancer cells,
which form aberrant acinar structures
in 3D, to revert to forming normal ones
(J Cell Biol. 1997;137:231-245).

In this study, when the researchers
treated human breast cancer cells in 3-D
culture with an antibody that blocks
�-1-integrin, a receptor for ECM mol-
ecules, the tumor cells’ abnormal aci-
nar structure reorganized into one that
looked and functioned normally. Ge-
netic analysis indicated that all the ge-
netic alterations the cells carried were
still present, suggesting that tumor
structure can trump genetic informa-
tion, at least in some situations.

In more recent work, Bissell and co-
workers used 3-D models to examine
how tissue structure might influence

whether malignant and nonmalignant
cells develop resistance to chemothera-
peutic agents that induce apoptosis
(Cancer Cell. 2002;2:205-216). As Bis-
sell pointed out, the results indicate that
tumor architecture, in addition to genes
and growth factor signaling, plays an im-
portant role in the emergence of drug-
resistant tumors, information that may
eventually help researchers in design-
ing more effective anticancer agents.

Bissell is moving ahead with ever-
more ambitious plans. The goal is to de-
velop increasingly complex models, and,
ultimately, to incorporate other cell types
“to literally make a complete model of
the breast and breast tumors,“ she said.
In recent work using epithelial and myo-
epithelial cells grown in a 3-D model, she
and Olé Petersen, MD, PhD, of the Pa-
num Institute in Copenhagen, have
identified an important role for myo-
epithelial cells in normal and tumor cell
growth (J Cell Sci. 2002;115:39-50).

Bissell stressed that 3-D models are
needed for other kinds of tissue. “Ide-
ally each organ and tissue will have its
own model,” she said.

“Of course, other tissues may be more
complicated than the breast,” con-
ceded Bissell. “But our experience
shows that it can be done, and can help
shorten the time to get there.” �

Gene Studies, Anti-TNF
Therapy Take Lasker Honors
Mike Mitka

AN AMERICAN SCIENTIST WHO

helped advance the understand-
ing of gene expression and two

British researchers who discovered
treatment for rheumatoid arthritis and
other autoimmune diseases were pre-
sented with this year’s Lasker Awards
for medical research.

Robert G. Roeder, PhD, of Rock-
efeller University, New York, won the
2003 Lasker Award for Basic Medical Re-
search for his pioneering studies on
eukaryotic RNA polymerases and on the

cellular machinery for gene transcrip-
tion, which led the way to biochemical
analysis of gene expression in animal
cells. Marc Feldmann, PhD, and Ravin-
der N. Maini, BCh, of the Kennedy In-
stitute of Rheumatology at Imperial Col-
lege, London, won the 2003 Lasker
Award for Clinical Medical Research for
their discovery of anti-tumor necrosis
factor (TNF) therapy as an effective
treatment for autoimmune diseases.

The Lasker Awards, given by the Al-
bert and Mary Lasker Foundation and
first presented in 1946, are sometimes
called “America’s Nobels.” Sixty-six

MEDICAL NEWS & PERSPECTIVES

©2003 American Medical Association. All rights reserved. (Reprinted) JAMA, October 15, 2003—Vol 290, No. 15 1979


