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Abstract The demonstration that the ‘‘dedifferenti-

ation’’ of cells commonly observed in the early days of

tissue culture was due to selective overgrowth of

fibroblasts led to enrichment culture techniques

(alternate animal and culture passage) designed to

give a selective advantage to functionally differenti-

ated tumor cells. These experiments resulted in the

derivation of a large number of functionally differen-

tiated clonal strains of a range of cell types. These

results gave rise to the hypothesis that cells in culture

accurately represent cells in vivo but without the

complex in vivo environment. This concept has been

strengthened with the development of hormonally

defined culture media in combination with function-

ally differentiated clonal cell lines, which have

augmented the potential of tissue culture studies.

The use of hormonally defined media in place of

serum-supplemented media demonstrates that hor-

monal responses and dependencies can be discovered

in culture. Discoveries of hormonal dependencies of

cancer cells has led to therapies targeting intracellular

signaling pathways while discoveries of hormonal

responses of pluripotent cells are helping to identify

the potential application of stem cells. In these and

other ways tissue culture technology will continue to

contribute to solving problems of human health.
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Introduction

It is a great honor to be asked to give the 2012

Murakami Memorial lecture. As you may know,

Hiroki spent 2 years in my lab learning tissue culture

methods and medium development before returning to

Japan where he founded the Japanese Association for

Animal Cell Technology. Since the membership of

JAACT has probably changed with an influx of young

members since I gave the Murakami lecture in 2007, I

will revisit topics that I believe are still important in

animal cell technology.

From the time animal tissue explants could be

maintained for extended periods in culture they have

been used for medical applications. For example,

cultures of chicken, human and monkey cells (Feller

et al. 1940; Enders et al. 1949; Youngner et al. 1952)
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were used to study the dynamics of viral infection and

to develop vaccines for polio, chicken pox, measles

and other viral diseases. In addition among the earliest

applications of human cell lines such as HeLa cervical

adenocarcinoma cells (Scherer et al. 1953) and WI-38

lung fibroblasts (Hayflick et al. 1962) was the prop-

agation of viruses for vaccine development. However,

it was not until the functional properties of differen-

tiated cells could be maintained in vitro that tissue

culture became a method of studying the physiology

and interactions of cells that shed light on their roles in

the intact animal. In this paper we will describe some

intellectual and technical hurdles that had to be

overcome before tissue culture became a widely used

‘‘platform technology,’’ and we will provide examples

in which basic discoveries from tissue culture have

contributed to advances in cancer drug discovery and

stem cell biology.

In the late 1950s animal cell cultures rarely

exhibited the differentiated properties of their tissue

of origin. Usually cells that grew out of explants from

different tissues would lose differentiated properties

and acquire a common phenotype over time in vitro.

Because of this, it was universally believed that cells

in culture underwent a process of ‘‘dedifferentiation.’’

In other words, cells in culture were different from

cells in the intact animal, and thus they could not be

used to say anything about the physiology of normal

cells in vivo. In 1960 the Sato laboratory did the

definitive experiment showing that the lack of differ-

entiated properties in culture was not due to dediffer-

entiation but to the selection of a minority cell type

(connective tissue fibroblasts) in the original tissue

sample (Sato et al. 1960). In this experiment freshly

isolated mouse liver tissue was divided into three

portions. One portion was untreated, another portion

was treated with specific anti-liver parenchyma anti-

serum and complement, and the third portion was

treated with anti-fibroblast antiserum and comple-

ment. After a brief treatment with anti-liver antiserum

and complement, the tissue sample was plated in

culture. No effect of this treatment was noted as the

subsequent growth was equivalent to the untreated

control. When the tissue was treated with anti-

fibroblast antiserum, complement fixation was negli-

gible as very few fibroblasts were present in the

inoculum, but subsequent cell outgrowth was com-

pletely inhibited. Thus, the lack of liver properties in

culture was not due to dedifferentiation but to selective

overgrowth of liver cells by fibroblasts. Now 50 years

after this controversial publication, very few young

scientists are aware that dedifferentiation of cells in

culture was once dogma.

Once it was clear that differentiated cells were

absent from cultures because of fibroblast overgrowth,

it was possible to search for solutions to this problem.

An enrichment culture protocol that gave differenti-

ated cells a selective advantage over fibroblasts was

developed: functionally differentiated animal tumors

were alternately passaged through cultures and ani-

mals multiple times (Buonassisi et al. 1962). The

rationale was that each passage in vitro selected

culture-hardy variants of the differentiated tumor cells

that were better able to compete with fibroblasts in

culture. Initially the Sato laboratory established steroid

secreting and ACTH-responsive adrenal tumor cells

and ACTH-secreting pituitary tumor cells (Buonassisi

et al. 1962). Within 10 years many other functional

cell lines had been established with this method

including growth hormone-secreting pituitary cells,

antigen-specific glial cells, neurotransmitter-synthe-

sizing neuroblastoma cells, differentiating teratoma

cells, pigmented melanoma cells, and androgen-

secreting testicular cells. The dedifferentiation hypoth-

esis finally was destroyed. It did not die of its own

accord as some have written but rather was empirically

shown to be false. Furthermore, it was established that

cells in culture accurately represented cells in the intact

animal suggesting that discoveries made with cells in

culture were directly relevant to animal physiology.

While functional differentiated cell lines were

being established, compositions of tissue culture

media were being optimized by researchers such as

Harry Eagle et al. (1956), Puck and Sato (Fisher et al.

1959), and Ham (1965). This research began replacing

undefined tissue extracts, blood clots and whole

animal sera with amino acids, glucose, small organic

molecules, vitamins, trace elements, lipids and puri-

fied proteins. However, survival and growth of

mammalian cells in these improved media often still

required dialyzed serum. Ham and his colleagues

contributed greatly to formulating culture media for

normal mammalian cells through the 1980s by opti-

mizing the concentrations of medium components

(Bettger and Ham 1982). In parallel Sato and his

colleagues came to realize that a major function of

serum in cell cultures was to provide peptide hor-

mones and growth factors (Sato 1975). This line of
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thought led to the formulation of cell type-specific

hormonally-defined serum-free media (Barnes and

Sato 1980) and to the discovery of novel polypeptide

growth factors, which themselves have been incorpo-

rated into cell culture media for specific cell types.

Sato and colleagues were prompted to question the

role of serum in cell culture by the observation that no

existing cell cultures were driven to proliferate by

hormones unlike cells in the animal. Therefore the

laboratory set out to develop such cultures following

the procedure of Biskind and Biskind (1944), who

implanted rat ovary tissue in the spleen of ovariecto-

mized rats. The spleen is drained by the hepatic portal

vein so any steroids secreted by the implant were

destroyed by the liver. The pituitary, sensing a

deficiency in steroids, secreted gonadotrophins caus-

ing the ovarian implant to grow. Such ovarian cells

were established in culture and their growth was found

to be dependent on the addition of a crude preparation

of leutinizing hormone (LH) provided by the NIH.

However, purified LH obtained from another source

was ineffective on the ovarian cells. At the same time a

post-doctoral fellow in the lab found that NIH-LH was

growth stimulatory for 3T3 cells, which suggested a

more general activity of a contaminating substance

(Armelin 1973). Pursuing this observation, the con-

taminating activity in NIH-LH was shown to be the

novel pituitary-derived growth factor basic FGF

(Gospodarowicz et al. 1974). This line of investigation

demonstrated that tissue culture could be successfully

used as a discovery platform to detect and purify

hormone-like factors that were identified as physio-

logically significant by in vivo experimentation.

Furthermore, this research suggested that the role of

serum in cell culture was to provide hormones and

hormone-like factors that supported cell viability and

proliferation. This hypothesis was confirmed when

Hayashi and Sato (1976) showed that GH3 rat pituitary

cells could be grown in medium supplemented with

four hormones and transferrin in the complete absence

of serum. In subsequent years hormonally defined

serum-free media were devised for a wide range of cell

lines and cell types. The concept that cells could be

grown in a properly formulated hormonally defined

medium such that they accurately represent their tissue

of origin is not widely recognized among endocrinol-

ogists. Nonetheless, it is difficult to deny that the

culture approach uncovers novel responses by cell

types to hormones and uncovers unknown hormone-

like growth factors and cytokines involved in cell–cell

communication during development and tissue

homeostasis.

Cellular responses discovered in culture should be

tested in the animal, and the so-called growth factors

should be tested in vivo. This approach can reveal

previously unknown complexities, which are neces-

sary to explain essential subtle control mechanisms

operating within tissues. Autocrine hormones, for

instance, were discovered by the culture approach. In

culture, pituitary cells that secrete growth hormone

respond to TRH by secreting prolactin. In animals it

was shown that TRH causes the secretion of prolactin

(Tashjian 1979). Advances in gene manipulation,

DNA sequencing technologies, genomic analysis, and

proteomics now provide additional means of charac-

terizing the functions of hormone-like growth factors

such as PDGF (Antoniades et al. 1979), VEGF (Leung

et al. 1989; Keck et al. 1989) and the endocrine FGFs

(Yu et al. 2000; Huang et al. 2007) discovered in cell

culture experiments.

Hormonally defined media will be central to

developing cell-based therapies in the future. The

establishment of embryonic stem cells (Evans and

Kaufman 1981; Thomson et al. 1998) and induced

pluripotent stem cells from re-programmed differen-

tiated cells (Takahashi et al. 2007) have provided a

substantial advance, bridging basic tissue culture

research and potential clinical applications. However,

the clinical potential of these cells depends on an

understanding of the environmental factors affecting

cell proliferation and differentiation. Much of this

understanding will come from the use of serum-free

tissue culture. A hormonally defined serum-free

medium has been developed that allows the growth

of ES or iPS cells without the complicating aspects of

serum supplementation and feeder layers (Furue et al.

2008). Other than FGF-2 and insulin the medium does

not contain signaling molecules such as BMPs,

activin, TGF-b, Wnt, and Nodal that are present in

more complicated media to prevent cell differentia-

tion. A similarly simple serum-free medium for human

iPS cells has been described recently (Chen et al.

2011). The ability to propagate pluripotent cells in a

well-characterized simple environment in the absence

of other cell types is an important step towards

elucidating the clinical potential of ES and iPS cells.

The concept of hormonally defined media raised the

question of whether cancer cells had hormonal
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requirements that could be exploited by new therapies

(Sato 1980, 1981). At a time when many were focused

on identifying cancer-specific antigens that could be

targeted by monoclonal antibodies, Sato and col-

leagues proposed blocking stimulatory hormones with

antibodies to their receptors. This now generally

accepted idea of targeting growth stimulatory signal-

ing pathways in cancer cells was tested experimen-

tally. As a proof of principle the Sato laboratory made

and tested several anti-EGF receptor antibodies with

the knowledge that EGF was known to stimulate the

growth of a variety of normal and malignant cells and

the characterizations of EGF receptors by Stanley

Cohen’s lab (Cohen et al. 1980). Monoclonal anti-

bodies were deliberately selected that inhibited the

binding of EGF to its cell surface receptors (Sato et al.

1983). These neutralizing antibodies to the EGF

receptor blocked the growth of A431 cells in culture,

and they inhibited the formation of tumors in nude

mice (Sato et al. 1983; Masui et al. 1984). This work,

which foreshadowed the expansion in research on

signaling molecules as cancer drug targets, further

confirmed that cells in culture accurately represent

cells in vivo. The antibodies were licensed to a biotech

company, and a chimeric version of antibody 225,

Erbitux (cetuximab), has been approved by the Food

and Drug Administration for treating advanced colon

cancer and head and neck cancers. The validation of

the EGF receptor as a target for cancer therapeutics

inspired the development of human monoclonal

antibodies (panitumumab) and small molecule kinase

inhibitors (gefitinib and erlotinib) that inhibit EGF

receptor signaling and are approved to treat colon or

lung cancers. A monoclonal antibody (trastuzumab) to

the related receptor HER2/neu (Hudziak et al. 1989) is

approved to treat breast cancer.

The development of Erbitux as a therapy to treat

cancer illustrates the conceptual hurdles that had to be

overcome for tissue culture to become a successful

platform technology. Dedifferentiation of cells in

culture did not occur, lines of functionally differenti-

ated cancer cells were established, and they were

grown and characterized with respect to their hormone

requirements and cell surface receptor expression.

Differentiated lines of hybridomas secreting mono-

clonal antibodies to a hormone receptor were pro-

duced, cloned and expanded. These antibodies

inhibited the growth of EGR receptor-positive tumor

cells in culture, and they inhibited tumor growth in

nude mice. The testing over the past 30 years of growth

stimulatory responses in vitro of malignant cell lines

and tumor types to hormones and growth factors is now

paying dividends in the development of experimental

drugs targeting proliferative signaling pathways in a

variety of cancers. The efficacy of these drugs will be

an indicator of how well current tissue culture methods

mirror the properties of cell in the body.
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