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directed towards improvement of agricultural qualities,
perhaps these goals can be combined to increase tolerance
to temperature extremes, salinity, flooding, or insect pests
in plants capable of pollutant detoxification or, more
importantly for value-enhancement – transfer of phyto-
remediative traits to elite plant cultivars having the
highest biomass or agricultural productivity. Obviously,
concerns about contaminant uptake and accumulation
will limit the use of phyto-crops for food or human contact
products, so every effort must be made to identify parent
compound fate and toxicity for these applications. How-
ever, as observed with the development of chemo-
preventative enriched, Se-hyperaccumulating plants,
opportunities exist to combine pollutant decontamination
capabilities with beneficial human and ecological health
qualities in engineered plants.
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Exploring the post-transcriptional RNAworldwith DNA
microarrays
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Genomic approaches are valuable for understanding the

complex layer of gene regulation that involves the control

of RNAprocessing, localization and stability. Recentwork
provides a prime example of the power of unbiased

microarray-based methods to discover unexpected func-

tions for proteins in the RNAworld. The challenges ahead

relate to extending such approaches to larger genomes

and to integrating this type of information with that

generated by standard expression profiling.
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Figure 1. Strategy for identifying the targets of RNA-binding proteins. An approach

used in yeast cells is shown here as an example. Proteins of interest, along with

their associated RNAs, are immunoprecipitated from cellular extracts with a

specific antibody (left). The reference or control sample can consist of either a

parallel sample immunoprecipitated from an untagged strain (right) or, alterna-

tively, total RNA isolated from the extract but not subjected to immunoprecipitation

(not shown). A variation of this method involves crosslinking the RNA-binding

protein to its target RNAs before the immunoprecipitation step [13]. The

immunoprecipitated and reference samples are reverse transcribed to cDNA,

differentially labeled with fluorescent dyes, and hybridized to a whole-genome

microarray representing all potential targets. The fluorescent ratio of each spot on

the microarray is a measure of the relative association of the transcript represented

by that spot with the protein of interest.
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Although gene expression is often regulated by transcrip-
tion factors at the level of transcription initiation, the
subsequent steps of RNA processing, turnover, subcellular
localization and entry into the translation machinery
strongly influence the extent of protein translation and
the function of encoded proteins. Such post-transcriptional
steps therefore have marked effects on the expression and
function of genes in processes as diverse as cytokinesis,
early embryonic development and neuronal function [1].

When trying to infer the global phenotypes of cells from
large-scale mRNA expression profiling data, it is import-
ant to be aware of this intervening layer of gene
regulation. Most post-transcriptional events are mediated
by the association of RNAs with specific proteins or
macromolecular protein complexes. Comprehensive deter-
mination of the RNA targets of RNA-binding proteins is
therefore likely to be important in deciphering the
complex events at this level of gene regulation.

The La protein is a conserved eukaryotic protein
that is thought to be important in the realm of post-
transcriptional regulation and, as we discuss here, a recent
study by Inada and Guthrie [2] provides a prime example
of the use of a genomic approach to elucidate the targets
and potential function of such an RNA-binding protein.

Ribonomics with cDNA microarrays

cDNA microarrays have been heavily used for quantita-
tive mRNA profiling, but there are increasing examples of
the varied use of cDNA microarrays to follow the fates of
mRNAs in the cell after they are made, rather than to
measure only their steady-state levels. One objective is to
determine the binding targets of proteins that interact
with RNAs at any point during the lifetime of the RNA.
Protein–RNA interactions represent one of the most
abundant categories of molecular interactions in cells,
and the total number of RNA-interacting proteins rivals
that of other categories such as transcription factors and
signaling molecules, even if one excludes the hundreds of
proteins that are integral components of the spliceosome
and ribosome [3,4].

Proteins can interact with RNA from the time that they
are transcribed, and they affect transcriptional efficiency,
capping, 3 0-end processing, splicing, nuclear export,
subcellular localization, translation and turnover of RNA
[5]. The sheer diversity, cell- and tissue-specificity, and
conservation of RNA-binding proteins has led to the notion
that primary transcripts, rather than advancing smoothly
through each of the subsequent RNA processing steps,
participate in a complex network of regulatory processes
at the post-transcriptional level [6]. Clearly, identifying
the RNA targets of specific RNA-binding proteins is likely
to be at least as informative and important with regard to
understanding global gene regulation as is measuring
changes in steady-state levels of RNAs in response to
cellular signals.

The genomic strategy for determining the RNA part-
ners of RNA-binding proteins involves immunoprecipita-
tion of the protein of interest along with its associated
RNA, fluorescent labeling of the enriched RNA (as cDNA),
and finally microarray hybridization in conjunction with
an appropriate reference probe (Figure 1). This approach
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was first used independently in the laboratories of Ron
Vale [7] and Jack Keene [8] and was termed ‘ribonomics’
by the latter. Variations of this method have been
subsequently used to identify the targets of more than a
dozen RNA-binding proteins (see Gerber et al. [9] and
references therein).
The function of La in the cell

A prime example of the power of ribonomics has been
provided recently by Maki Inada and Christine Guthrie
[2] in their analysis of the function of the La protein in
yeast. La is a ubiquitous, nuclear RNA-binding protein
that is conserved among eukaryotes. It is known to
associate with the 3 0-UUU-OH containing ends of the
primary transcripts of RNA polymerase III, including all
tRNAs and other small RNAs, and is thought to be
involved in the processing and assembly of many of its
target RNAs into ribonucleoprotein complexes. The
interaction of La with RNAs is mediated by its La motif
and its ‘RNA recognition’ motif (RRM) [10]. La also
associates with the 5 0 ends of some mRNAs that contain
a 5 0-terminal oligopyrimidine end or internal ribosome
entry sites (IRES), and can potentially influence their
translation [11,12]. This diverse set of properties indicates
that La has a complex role, and its conservation suggests
that it is important in eukaryotic cells; nevertheless, the
yeast La gene (LHP1) is not essential for viability under
normal growth conditions.

In InadaandGuthrie’s [2] ribonomic approach to identify
the direct binding targets of yeast La protein, a Myc-tagged
Lhp1 protein was immunoprecipitated with its associated
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RNAsand anuntagged strainwas used as thehybridization
reference sample. What sets this work apart is the use of a
truly whole-genome microarray containing all yeast open
reading frames, annotated small RNAs and all intergenic
regions to analyze the RNA precipitated with Lhp1. Within
the technical limits of the immunoprecipitation procedure,
such an approach should thus identify every possible target
of Lhp1 in yeast under the conditions of the experiment and
provide important clues about its function.

A major class of La targets identified in their work
comprised several RNA polymerase III targets, including
several tRNAs, U6 small nuclear RNA and SCR1, among
others.AsecondclassoftargetswasthesmallnucleolarRNAs
(snoRNAs). Inada andGuthrie identified about 20 annotated
snoRNAs among the most highly enriched targets, thereby
considerably expanding the repertoire of known La targets.
The use of a whole-genome array containing all intergenic
regions enabled them to identify at least three novel snoRNA
targets before they were annotated as such, raising the
possibility that some of the enrichment signals that they
observed from other intergenic regions also represented
novel unannotated transcripts. Obviously, these targets
would have remained undetected had they used a
microarray consisting of only previously annotated genes.

A third class of La targets comprised mRNAs, which
was intriguing because yeast was not thought to contain
mRNAs with the previously known determinants of La
binding to mRNAs: namely, 5 0-terminal oligopyrimidine
(TOP) elements or internal ribosome entry sites. A notable
target in this class was the HAC1 mRNA, which is spliced
by a tRNA ligase to generate a functional transcription
factor only during induction of the unfolded protein
response. Lhp1 did not affect HAC1 splicing or stability,
but it did seem to have an effect on Hac1 protein levels.
Furthermore, under conditions in which the unfolded
protein response was induced, LHP1 was indeed found to
be essential. This comprehensive ribonomic survey thus
suggested a possible biological role for Lhp1 functions
under a specific physiological condition.

The other mRNA targets of Lhp1 were enriched
for those encoding ribosomal protein genes. The few
TOP-containing mRNA targets of La previously defined
in human cells also encode ribosomal and other proteins
involved in translation. Thus, La might affect the overall
process of translation efficiency at many different levels,
both directly and indirectly, by targeting ribosomal
protein mRNAs, 5S rRNA and tRNAs, as well as snoRNAs
that are used to process other RNAs involved in trans-
lation. This effect on translation might well be the
dominant theme with regard to La function in eukaryotic
cells. As Inada andGuthrie point out [2], La itself might be
regulated by growth conditions and nutrient signaling in
yeast. The full spectrum of its functions in different cells
and under different physiological conditions remains,
however, an open issue and will need further genome-
scale exploration in higher eukaryotic cells.

Future research

The ribonomics approach will undoubtedly play a sub-
stantial role in future investigations of La function. It
www.sciencedirect.com
remains to be seen whether La associates with a similarly
broad range of RNA targets in higher eukaryotes, and
whether the range of its targets changes depending on the
physiological state of the cell.

More generally, the important challenge ahead for ribo-
nomics will be to integrate and to reconcile the data on the
bindingtargetsofhundredsofRNA-bindingproteinswiththe
global views of gene expression derived from only mRNA
expression profiling. For example, if all ribosomal protein
genes are tightly co-regulated at the level of transcription,
but only a subset of them are targeted by a given RNA-
binding protein such as La, then what does this imply
about the process of ribosome assembly and translation?

Recent work using the ribonomics approach to
identify the global targets of the Puf RNA-binding
proteins in yeast [9] has revealed a remarkable
functional coherence among the distinct sets of RNA
targets for each RNA-binding protein; however, these
sets of targets do not correspond in any obvious way to
clusters of genes co-regulated at the level of transcrip-
tion. What is the relative importance of effects at the level
of transcription versus those at the post-transcriptional
steps involving many RNA-binding proteins? The process
of addressing such questions will surely yield more
accurate views of the genome-wide control of gene
expression.
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