
ESSAY: A M E R S H A M  P H A R M A C I A  BIOTECH & SCIENCE PRIZE the genome, which is essentially a static enti- 
ty, the transcriptome can be modulated by 

Tantalizing Transcriptomes- both serves external as a dynamic and internal link factors between and an thereby organ- 
ism's genome and its physical characteristics. 

SAGE and- Its Use in Global 
been A transcriptome characterized as in defined any eukaryotic above has not or 

Gene Expression Analysis prokaryotic organism, largely because of 
technological limitations. General features of 
gene ex~ression Datterns were elucidated 

Victor E.\lelculescu Lore than two decades ago through RNA- 
DNA hybridization measurements (I), but 

E lucidating the genomic sequence of oligonucleotides (6) are limited by their abili- these studies did not provide much informa- 
higher organisms, including that of hu- ty to analyze only previously isolated genes. tion about the identities of the expressed 
mans, is now an achievable goal. This For my thesis, I developed a method genes within each expression class. Data on 

type of analysis, however, called serial analysis of the expression levels of individual genes have 
only represents one level of gene expression (SAGE) accumulated as new genes were discovered, 
genetic complexity. A sec- that allows the rapid and but in only a few instances have the absolute 
ond and equally important detailed characterization levels of expression of particular genes been 
level of complexity is the of gene expression pat- measured and compared to other genes in the 
ordered and timely expres- terns. The SAGE method same cell type. Description of any cell's tran- 
sion of these genes within is based on the isolation scriptome would therefore provide new infor- 
an organism. Gene expres- of unique sequence tags mation useful for understanding numerous 
sion is encoded in eukary- from individual tran- aspects of cell biology and biochemistry. 
otic cells by the precise scripts and concatenation Using SAGE, I was able to provide the 
quantity of messenger of tags serially into long first description of a transcriptome, in the 
RNA transcript copies for DNA molecules. Rapid yeast Saccharomyces cerevisiae (8). This or- 
each of the active genes in- sequencing of concatemer ganism was chosen because it is widely used 
side a particular cell. Of the clones reveals individual to clarify the biochemical and physiologic 
approximately 100,000 tags and allows quantita- parameters underlying eukaryotic cellular 
genes in the human tion and identification of functions and because, at the time, it was the 
genome, only a fraction are cellular transcripts. Our only eukaryote in which the entire genome 
thought to be active in each initial efforts focused on had been defined at the nucleotide level (9). 
cell type, with the expres- developing and validating These studies, comprising more than 60,000 
sion of each gene ranging the method in a well-char- transcripts, identified the expression of 4665 
from a few to several thousand transcript acterized system (7). These experiments, by genes from the yeast genome, with expres- 
molecules per cell (I). The several thousand analyzing transcripts from human pancreas, sion levels ranging from 0.3 to more than 
different cell types that constitute the human demonstrated the feasibility of SAGE and 200 transcript copies per cell. Surprisingly, 
body are each thought to have unique pat- revealed a quantitative expression pattern several hundred new genes were identified 
terns of gene expression specifically de- characteristic of pancreatic function. that had not been previously predicted by 
signed for particular physiologic functions. analysis of the complete yeast 
A variety of internal or external factors can - genome sequence (8,lO). 
modulate these gene expression patterns, With the demonstration 
leading to altered physiologic or disease of the utility of SAGE and 
states. It is this complexity of gene expres- % its ability to provide global 
sion patterns that allows an organism's 3 expression analyses, I ap- 
genome to provide, at least in part, the diver- plied SAGE to analyze the 
sity of information required for biologic life. complexity of human cancer. 

Investigators have long sought to obtain % Although hundreds of stud- 
global snapshots of gene expression patterns, I + ies over the past 20 years 
not only to better understand basic cellular have pointed out differences 
biology but also to provide insight into hu- Year in the expression of one or a 
man disease. Unfortunately, previous meth- Cumulative t r a d p e  amw by SAGE wolldwide- F~~ few genes, no comprehen- 
0d.s of evaluating gene expression have not al information on SAGE publications please see www.sage.net or sive study of gene exPres- 
been usem in providing overall gene expres- www.ncbi.nlm.nih.gw1SAGE. sion in cancer cells has ever 
sion patterns, as they have only allowed for been reported. It was, there- 
analysis of a limited number of genes or were These successes led us to reason that fore, not known how many genes were ex- 
nonquantitative (24). The more recent meth- SAGE could, in principle, be used to charac- pressed differentially in tumor versus nor- 
ods of hybridization-based analyses using terize the entire set of genes expressed from a mal cells, and whether these changes played 
immobilized complementary DNAs (5) or eukaryotic genome. Such global patterns of a role in driving cancer progression. As a 

gene expression can be represented by a step in unraveling the complexities of gene 

The author is at the Hopkins Oncology Center, "transcriptome," conveying the identity of expression differences in cancer cells, I 
424 ~ ~ ~ t h  ~~~d street, ~ ~ l t i ~ ~ ~ ~ ,  MD 21231, USA. each expressed gene and its level of expres- have used SAGE to characterize gene ex- 
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oncogene, providing potential molecular 
mechanisms for ras-mediated oncogenesis. 
Others have used SAGE to compre~ensive- 
ly analyze gene expression profiles in gas- ictor E. Velculescu was born on 16 August 1970 in 
trointestinal (11) and lung cancers (12), to Bucharest, Romania, and grew up in Thousand 
identify transcriptional targets of p53 that . Oaks, Caliiornia. In 1992, he earned his bachelor's 
regulate apoptosis (13) and G2 cell cycle ar- 
rest (14), and to identify myc as a down- 
regulated target of the APC tumor suppres- 
sor gene (15). 

Our studies in human cancer cells with and his M.D. in 1999. His doctoral work 
SAGE have allowed us to characterize hu- and application of SAGE to a n a l p  
man transcriptomes (16). Analysis of 3.5 
million transcripts from 19 normal and dis- 
eased tissues has identified the expression of 
about 84,000 genes (providing an estimate 
of the minimum number of genes contained 
in the human genome) and revealed that 
more than 43,000 genes can be expressed in 
a single cell type. Additionally, these analy- essay, 'The Flexibility of the Calcium Signal in 
ses identified specific genes that were ex- work performed at the Medid Research Cow- 
elusively expressed in individual cell types, in Cambridge, UK. Dr. Hmhnghn was 
the set of genes that were expressed in all raised in a family of scientists. After 
cell types, and a small number of genes that ity, he moved to Hilmar B@'s group 
were unifondy elevated in many cancers as . He is now an MRC Fellow at the 
compared to their normal counterparts. h Fellow of Clare College, Cam- 

The analyses performed by SAGE have gene expression in hippocampal 
allowed a heretofore unavailable picture of 
global gene expression patterns, drawing us 
deeper into the genetic complexity of eukary- 
otic life. The number of systems that SAGE 
can be applied to and the abundance of data in the laboratory of John 
generated by such analyses will be limited a in zebrafish. After a 
only by experimental ingenuity. Like the in salmon in the labo- 
genome sequence itself, these studies provide she joined Matthew 
a wealth of information integral to future ex- 
perimentation in normal and disease states. 
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