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Random activation of gene expression,
or RAGE, is an innovative new
approach to gene discovery. The
method involves the creation of nor-
malized transcript libraries in vivo,
which also allows the phenotypic
consequences of gene overexpression
to be assessed. Thus, RAGE seamlessly
integrates the traditionally distinct
processes of gene discovery and func-
tional assignment, giving pharmaco-
genomics a powerful new tool.

When an electrical engineer wants
to test the workings of a digital circuit,
the engineer can probe the circuit with
electrical pulses and monitor the
consequences. An analogous approach
would be ideal for investigating the
logic underlying the genetic circuitry
of the cell, but until now, there has
been no simple method for
accomplishing this. In a recent paper
in Nature Biotechnology, Harrington et
al describe RAGE, an ingenious
method that allows comprehensive
activation of gene expression in mam-
malian cells.1 The cells are transfected
with a series of vectors containing a

Figure 1 The principle of RAGE. The RAGE vector is randomly integrated into the genome

via transfection. In the example shown in the figure, the RAGE vector has inserted into

the genome upstream of an endogenous gene. The RAGE vector contains a constitutive

promoter (Pr) and an activation exon (AE), the latter of which contains a start codon and

a splice donor. When transcribed by the constitutive promoter, the activation exon splices

to the second exon of the endogenous gene, making a fusion transcript.
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constitutive promoter linked to an
exon with an accompanying splice
donor site (Figure 1). When the vector
is randomly integrated into a single
site in the genome, the promoter tran-
scribes the vector encoded exon,
which can then splice to downstream
exons of adjacent genes. Genes acti-
vated by RAGE can be specifically
detected using primers that recognize
the RAGE vector and the relevant
downstream gene using reverse tran-
scription-polymerase chain reaction
(RT-PCR). The multiplicity of RAGE
vectors are employed to account for
the three possible open reading frames
of the endogenous gene, and also to
confer various desirable new proper-
ties upon the fusion transcript. For
example, one set of RAGE vectors gives
the fusion protein a secretion signal
sequence, which allows facile detec-
tion of secreted proteins.

A major stumbling block to other
gene discovery methods, for example
expressed sequence tags (ESTs) and ser-
ial analysis of gene expression (SAGE),
is the fact that genes are transcribed at

vastly different rates. This imposes the
law of diminishing returns, making
discovery of genes transcribed at low
levels difficult and time consuming.
RAGE helps remove this obstacle, since
the genes are all activated by the same
promoter, and should therefore be
transcribed with equal efficiency. In
essence, RAGE provides a pathway to
normalized production of transcripts,
hence vastly improving the efficiency
of gene discovery.

To test the RAGE concept, a library
of 5 million clones was created and
split into 200 pools, with each clone
representing an independent RAGE
integration event. Using RT-PCR, 19
genes were tested which were known
to be silent in the parental cell line.
Each of the 19 genes was found to be
activated in at least one cell pool, sug-
gesting that RAGE libraries of modest
size can comprehensively activate the
majority of genes in the genome. In
addition, the tested genes are normally
present in cDNA libraries at fre-
quencies that vary over several orders
of magnitude. The similar frequency
of activation of these genes in the
RAGE library indicated that the library
was successfully normalized.

RAGE was then employed to see if it
could identify new genes. Vector
tagged cDNAs were produced from
pools of transfected cells and
sequenced to give RAGE sequence tags,
or RSTs. Over 75 000 RSTs were
acquired, and these could be placed
into around 20 000 unique gene clus-
ters. More than 80% of the identified
genes were isolated only once, and
over 90% were isolated no more than
twice. These data strongly support the
idea that RAGE libraries are nor-
malized, and also suggest that inte-
gration hotspots are not a problem
with the technology. Surprisingly, of
the 20 000 unique genes, 53% were
completely novel. To further assess the
fidelity of RAGE, a careful study was
undertaken of the unique RSTs that
map to chromosome 22. This chromo-
some was chosen for analysis because
it has been the previous subject of
intense annotation efforts. In the
RAGE analysis, 41 new chromosome
22 genes were discovered from the
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RSTs. These novel genes had not pre-
viously been identified by gene
prediction programs or EST methods.
In addition, RSTs corresponding to
known chromosome 22 genes showed
correct splicing, implying good fidelity
of RAGE. An additional experiment
assessed over 800 novel genes pre-
dicted by RAGE throughout the gen-
ome. Using RT-PCR expression profi-
ling of various tissues, more than 50%
of the novel RSTs were verified as pro-
per genes based on expression in at
least one tissue. Interestingly, the veri-
fication rate of less than 100% using
RT-PCR was most likely a reflection of
the limitations of RT-PCR rather than
RAGE, as a similar verification rate was
found for known genes using RT-PCR.

Finally, one of the RAGE vectors had
a dihydrofolate reductase (DHFR) cas-
sette. This was employed to amplify
identified RAGE insertion sites
expressing human growth hormone
(hGH) and human erythropoietin
(hEpo) by using increasing concen-
trations of methotrexate. The strategy
successfully produced cloned RAGE
cell lines which synthesized large
amounts of these commercially valu-
able proteins.

The major finding of RAGE is that
despite intensive community-wide
gene discovery efforts, an enormous
number of genes have yet to be ident-
ified. This is a real surprise, and sug-
gests that the ongoing debate over the
total number of genes in the human
genome will not be settled any time
soon.2 The use of RT-PCR expression
profiles from various tissues provides
very convincing evidence that most of
the new genes identified by RAGE are
real. However, it might be interesting
to see what happens when a RAGE
vector is inserted upstream of a known
piece of ‘junk’ or non-coding DNA. In
the future, a number of different vari-
ations on RAGE can be envisaged. For
example, RAGE vectors with tetracyc-
line inducible promoters could be con-
structed to better catalog genes that
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are potentially toxic or that confer
growth disadvantages when overex-
pressed.3

Like most new ideas, RAGE did not
spring fully formed from nowhere, but
rather has intellectual precursors. Con-
ceptually similar attempts to discover
phenotypes based on random gene
overexpression have been performed
in Drosophila.4–6 However, these
screens were only moderate through-
put, and were in a non-mammalian
context. In addition, a number of
other schemes have been employed for
creation of normalized cDNA libraries,
but these are technically demanding
and often meet with limited success.
RAGE is the first method in which ran-
dom activation of genes has been
efficiently accomplished at high
throughput, allowing a new and more
efficient approach to gene discovery
using transcript normalization. More-
over, RAGE also permits functional
genomics analyses. This can either be
through phenotypes caused by over-
expression or, when the RAGE vector
inserts downstream of the first exon of
an endogenous gene, due to the
expression of a truncated fusion gene
resulting in dominant negative pheno-
types. Haploinsufficient phenotypes
due to insertion of the RAGE vector are
also a possibility. Thus, RAGE seam-
lessly combines two customarily separ-
ate domains of genomics, gene dis-
covery and function, into one high
throughput methodology.

What promise does RAGE hold for
pharmacogenomics? First of all, of
course, the discovery of the entire uni-
verse of genes helps pharmacogenom-
ics by providing a full complement of
genetic targets for study. But beyond
this, RAGE should facilitate the linking
of drugs with gene targets by, for
example, observing altered drug effects
in RAGE cell lines where a target gene
product is overexpressed. Analogous
strategies have been employed with
great success in mutant yeast strains,
and RAGE provides an efficient way

for achieving this goal in mammalian
cells.7 The major challenge now facing
RAGE, and indeed nearly all func-
tional genomics approaches today, is
how to efficiently and comprehen-
sively acquire the phenotypic state of
the genetically manipulated cell. I pro-
pose a new name for these novel, and
as yet, unimagined phenotypic cap-
ture methods: phenotypic response
assays, or PRAY. In this way, the field
of genomics can look forward to a time
where we will all be able to RAGE
and PRAY.
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