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Abstract

Analysis of transcription profiles has been the focus of genome wide characterization
of gene expression during the last decade. Downstream of transcription, regulation
of translation represents a less explored step in the gene expression pathway. Dif-
ferential translation can be caused by differential ribosome recruitment, translational
elongation or termination although the ribosome recruitment step is thought to be the
major source of differential translation. Genome wide studies of differential translation
through analysis of ribosome recruitment in a variety of model systems indicate better
correlation to protein levels as compared to transcriptional regulation. These studies
also indicate translational control as a major transcript specific regulation step. Here
we review the current literature on genome wide regulation of ribosome recruitment.
We conclude that without considering regulation of ribosome recruitment, important
information regarding the links between gene expression and protein levels is lost and
that ribosome recruitment will be an integral part of a systems level understanding
for regulation of gene expression.
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Introduction

Gene expression microarrays were introduced to the scientific community just over 10
years ago (Lockhart et al., 1996, Schena et al., 1995). These tools allow researchers to
study the expression of entire genomes under given conditions and have boosted our
understanding about biology by contributing to clinically relevant sub-class discovery
in cancer (e.g. (Sorlie et al., 2003)); better understanding of diseases (e.g. (Timmons e?
al., 2005)); characterization of how gene expression is organized and its perturbation
in cancer (e.g. (Segal et al., 2004)); and to infer functions to genes (e.g. (Zhou et al.,
2005)). New technical and conceptual developments include tiling arrays, which not
only measure the expression of predicted genes or ESTs but measures all transcription
by using probes targeting the whole genome (Bertone et al., 2004, Kapranov ef al.,
2002); and exon-arrays where each exon of the transcript is targeted and therefore has
the potential of providing data on alternative splicing (Clark et al., 2007).

Transcription has been the clear focus in genome wide studies of gene expression
during the last decade. From a biological perspective this can be regarded as a trade off.
Biologists are mostly interested in proteins, the downstream products produced when
the mRNA is used for translation, because in most cases proteins constitute the active
entities that perform the functions within the cell. Technical and analytical challenges,
however, have thus far prevented proteome-wide protein quantification.

Notwithstanding these challenges, one could argue that if we only measure the pro-
teome we would be further away from a detailed understanding of how regulation of
gene expression is organized compared to the current transcriptional profiling. Proteome
wide measurements would not provide any mechanistic information about why the
level of a protein differs between two samples. This is because while transcriptional
profiling in principle measures transcript synthesis and transcript stability (with pos-
sible contributions from alternative splicing), more mechanisms can contribute to the
steady state level of the protein including transcription, RNA splicing, RNA transport,
RNA stability, translation efficiency and protein stability. Thus the data obtained from
proteomics are less precise regarding mechanism for identified differential regulation
compared to transcriptional analysis. To fully understand why a certain protein shows
differential expression, all mechanisms that can affect protein levels must be considered.
Performing measurements of all regulatory steps in the gene expression pathway has
the potential to elucidate how regulation of gene expression is organized and integrated.
While both approaches to measure these aspects of gene expression in a systematic
manner and down stream integration of the data may seem elusive now it will be one
of the major goals in systems biology during the decades to come.

Progress has been made towards genome wide understanding of some non-
transcriptional processes e.g. alternative splicing, RNA transport, RNA stability and
translational efficiency. In this review we will focus on translational efficiency. Several
years of genome wide studies of translational efficiency indicate that a major layer
of information is lost if only transcription is considered. These studies indicate that
differential translational efficiency appears to play a major role in determining the
steady state level of the protein and represent a layer of regulation that can generate
substantial additional complexity compared to regulation of transcription. The im-
portance of this component will not diminish if methods for genome wide proteom-
ics become available, but will remain an integral part for a systems understating of
regulation of gene expression.
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Regulation of ribosome recruitment

Historically, the notion that whenever a transcript has been synthesized it will also be
translated to a protein has prevailed for a long time. This common view is influenced
by the fact that transcription and translation are directly coupled in bacteria (which
is not the case in eukaryotes). Interest in mechanisms that determine the relationship
between transcript and protein levels has increased after a few key studies which
clearly showed discrepancies between transcript and protein levels on a larger scale
in eukaryotes (Anderson and Seilhamer, 1997, Gygi et al., 1999, Mathews et al.,
2007, Rajasekhar et al., 2003).

There are several mechanisms that could lead to changes in the relationship be-
tween transcript and protein levels, including RNA transport (to the cytoplasm),
translational efficiency and protein stability. Among these, translational efficiency
modulates the most energy consuming step in the gene expression pathway, the
translation of an mRNA to a protein. This could indicate a need for tight control of
this step from an evolutionary perspective. Regulation of translational initiation is
achieved by modulating how many ribosomes associate with each transcript, i.e. how
many protein synthesis units translate each transcript into protein at a given moment.
The pivotal role for ribosome recruitment in regulation of translation efficiency is a
direct consequence of this step and is rate limiting during translation. Changing the
level of ribosome recruitment therefore leads to direct changes in protein levels if all
other factors are stable (Mathews et al., 2007).

One area of research which has led to many important insights regarding regulation
of ribosome recruitment is translation initiation by eIF4E — the rate limiting factor
for ribosome recruitment and thus the rate limiting factor for translational efficiency.
The interest in eIF4E and its effects on transcript specific translational control is in
part due to the unexpected connection between the general translation factor eIF4E
and cancer. The initial observation that e[F4E can transform cells (Lazaris-Karatzas et
al., 1990) was considered very surprising as it was unclear how a general translation
factor that is necessary for all cap-dependent translation could lead to transforma-
tion. It was suggested that because different transcripts have different requirement
for eIF4E, the ability of some transcripts to recruit ribosomes would be more affected
by changes in eIF4E levels than others (Koromilas et al., 1992). The mechanism was
suggested to involve complex 5’UTR (untranslated region) sequences in a sub-set of
key transcripts that only could achieve maximum translational activity when the level
of active elF4E is high. The protein levels of such genes were therefore predicted to
change dramatically as a consequence of elF4E activity while the transcript levels
remained intact and the levels of most other proteins were only marginally affected
(De Benedetti and Harris, 1999). These findings were important because they indi-
cated a role for translational regulation in cancer and would therefore merit further
investigation.

What is the role of ribosomal recruitment in regulation of gene expression?

The theory for regulation of transcription is based on the idea that a limited set of
transcription factors control transcription in a combinatorial manner so that each gene
is transcribed and as a consequence translated when needed. While such regulation
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clearly is one important mechanism to regulate expression of genes, there are indi-
cations that other mechanisms may be of equal importance. One indication comes
from data obtained from tiling arrays which showed that much more of the genome is
transcribed compared to what was originally thought (Bertone et al., 2004, Kapranov
et al., 2002). It has been suggested that many of these transcribed sequences may
have regulatory roles but it has also been suggested that the data may reflect technical
noise or leaky transcription without biological significance. From a post-transcription
perspective it could be taken as an indication that transcription may not be as precisely
regulated as previously assumed. This would suggest that transcription may represent
a first layer of coarse regulation which determines which genes that can be expressed
in the cell and at approximately what level. Other mechanisms then determine how
to use this basic repertoire of transcripts under different conditions that the cell en-
counters. Regulation of ribosome recruitment would represent one such mechanism
downstream of transcription that ultimately decides which transcripts will be used for
protein synthesis. Another indication comes from the emerging micro-RNA (miRNA)
field. miRNAs are short RNAs that can regulate both ribosome recruitment and RNA
level of its targets (Mathonnet et al., 2007). The current number of miRNAs is compa-
rable to the number of transcription factors and many transcripts carry target sites for
several miRNAs. Thus from a theoretical standpoint there seems to be organization
at the post-transcriptional level that seems as potent as transcriptional regulation. As
ribosomal recruitment is one mechanism of action downstream of miRNA regula-
tion, it indicates that this level of regulation may be widespread. There is also a large
number of examples of specific situations where the translational regulation of single
genes has been characterized (reviewed in e.g. (Sonenberg and Hinnebusch, 2007)).
While these examples highlight translational control under those specific conditions,
it does not give any broader understanding of how common regulation of translation
is and will not be the focus of this review. However, we also conclude that there are
several logical reasons why translational regulation is expected to be important in a
broader sense in addition to the empirical genome wide data which is described in
detail below.

1. Because translation consumes large amounts of energy non-regulated
translation of all mRNAs, of which some could result from approximate or
leaky transcriptional regulation at a given time, would not benefit the cell or
the organism.

2. There are many stress situations to which the cell needs to respond quickly
by expressing new proteins or modulating the levels of those proteins already
expressed. By bypassing the need for transcription but instead directly inducing
translation of already transcribed mRNAs, the cell could be better equipped to
face changes in the environment.

3. The levels of several critical genes need to be tightly controlled. Allowing one
mechanism to regulate such genes could make the cell vulnerable whereas using
several mechanisms would enable more stable expression of the protein. One
class of such genes that needs tight regulation is that related to cell growth and
survival. In this context, regulation of ribosomal recruitment has been shown to
be tightly associated to cellular growth and survival through multiple pathways,
which are often deregulated in cancers (Polunovsky and Bitterman, 2006).
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Methods to assess ribosomal recruitment genome wide

To study ribosomal recruitment, an estimate of how each transcript is utilized for
translation is needed. If the average number of ribosomes that are bound to an mRNA
could be estimated, this measure could then be compared across different conditions,
e.g. cancer vs. normal. To achieve such an estimate one would need to separate the
mRNAs which are being used for translation from those which are not being used
(and possibly to separate them further based on how much they are being used i.e.
how many ribosomes they are bound to).

It is possible to stratify the RNA population based on number of bound ribosomes
(which approximates how much a transcript is used for translation) through an ap-
proach called poly(ribo)some preparations (Figure ). During polysome preparation
the samples are treated with cycloheximide which immobilizes the ribosomes onto the
mRNA. All RNA, bound to ribosomes or free, from the cytosol is isolated and loaded
onto a sucrose density gradient. The sample is spun in an ultracentrifuge which causes
those RNAs that are attached to many ribosomes to sediment faster. The sample is
collected in a manner so that different fractions, defined by different number of bound
ribosomes, are isolated. Microarrays can then be used to quantify the amount of each
mRNA species either for each stratum of ribosomes (those transcripts that carry one
ribosome only, those that carry two ribosomes only etc.) or in pools of fractions (e.g.
all transcripts that are bound to more than one ribosome). To use each gradient frac-
tion separately would be ideal but is associated with large costs as many microarrays

A

Figure 1. Using polysome fractionated RNA and microarrays to study ribosome recruitment globally. The
total RNA pool (A) can be stratified into a pool of mRNAs that are not or less used for translation and
therefore carry no or few ribosomes (B) and a pool that is efficiently translated and carry many ribosomes
(C). Each of the pools can then be assessed by microarrays.
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would be needed. Despite this, one initial study used each ribosome-number stratum
to study how many ribosomes that are bound to different transcripts in Saccharomyces
cerevisiae (Arava et al., 2003). However, whenever the goal is to compare samples,
the obtained estimate from the ribosome fraction needs to be corrected for basal
transcript levels. This is because the measured transcript level in each selected frac-
tion will be influenced by differences in total mRNA abundance. By using a parallel
sample from un-stratified RNA, a total RNA estimate can be obtained and used to
correct the estimate obtained from the ribosome bound stratum. This measure can
then be used to compare different samples. The initial pioneering studies that applied
the combined polysome microarray analysis used this approach to identify transcripts
whose translation was independent of ¢IF4E in HeLa cells (Johannes et al., 1999); to
study fibroblast during mitogenic activation (Zong et al., 1999); and to study changes
of transcription and translation during heat-shock in yeast (Preiss ef al., 2003) .

One of the major problems of the polysome microarray approach is that it is very
labor intensive and requires a lot of experience to achieve high quality data. Further,
it is hard to scale up so that only smaller studies have been conducted to date. An
approach to scaling up sample preparation has been suggested (Wang et al., 2004). In
this report a table top centrifuge which is capable of centrifuging 96-well plates was
used, an approach that would enable 96 parallel preparations. However, no data set
has been generated using this approach, which would face potential statistical chal-
lenges akin to those encountered in high throughput screening (Malo et al., 2006),
and its applicability remains uncertain. An additional possibility is to use antibody
mediated pull-down of all transcripts that are bound to ribosomes. Such an approach
could significantly speed up the process but could result in reduced resolution. This is
because when the polysome preparations approach is used the researcher could select
to use different pools from the polysome fractionation (e.g. fractions that contain >3
ribosomes). However, this is not possible using the antibody-based approach as all
mRNAs that are bound to ribosomes would be collected. Another possible problem
is that the antibody-based preparation could show different efficiencies depending on
the number of ribosomes that are bound (more ribosome would give more potential
binding sites which could result in more efficient isolation of such transcripts). So
far no data set has been published using such an approach.

Another issue that remains relatively unanswered is whether it is possible to obtain
high quality data from tissue samples. One constraint comes from that relatively high
amount of tissue that is needed for polysome preparations. However, current amplifi-
cation protocols during labeling of samples for microarrays can overcome this issue.
A second constraint is that since the polysome process is time consuming, samples
with low RNA integrity may be degraded during the process and lead to high variance
in the data set. To our knowledge, only two studies have been published that utilized
tissue samples for polysome microarray analysis (Macmanus et al., 2004, Reiter et
al., 2005). In both these cases the samples were obtained from model organisms
under controlled situations. Although we have generated an unpublished pilot data
set from frozen clinical tissues that display high technical quality, it is still an open
question how successful this approach will be in other contexts (e.g. with samples
from bio-banks).
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What have we learned from global studies of ribosome recruitment so far?

Until now only a handful of studies with a genome wide perspective have been
performed on ribosomal recruitment. Most investigators have used the polysome
preparation method with a pooled fraction approach and correction for total RNA
levels as discussed above. These studies compare the level of each transcript in the
actively translating pool to the level in total RNA within each sample. This leads to
a relative estimate of transcript utilization that can be compared between the condi-
tions of interest. These studies are few related to the number of studies on total RNA
levels that have been performed reflecting the low level of interest for this step in
regulation of gene expression and the complexity and technical challenges that are
associated with such analysis. In general, the studies can be divided into two dif-
ferent categories. In the first category a phenotype or model system where a known
translation factor is modulated is studied (hypothesis driven). In the second category,
a phenotype where regulation of ribosome recruitment may not have been an obvious
component is studied (exploratory).

STUDIES WHERE A FACTOR RELATED TO TRANSLATION IS ALTERED

Global studies of differential ribosome recruitment as a function of eIF4E activity
have been a primary focus given its importance in cancer. To date, three different
systems have been used. In the first report, a mouse cell line (NIH-3T3) which stably
expresses elF4E was compared to one that did not express elF4E (Larsson ef al.,
2006a). About 250 genes were identified as showing increased ribosome recruitment
in cells that express eIF4E when these are serum starved. A second study used a system
where elF4E could be induced in NIH-3T3 cells using the tetracycline expression
system after only 6 hours of expression (Mamane et al., 2007). Very few genes were
found to be differentially expressed at the transcriptional level (27 unique genes),
while many differences could be observed at the translational level (294 showed
relative increase in ribosome recruitment). In the final study a human immortalized
primary breast epithelial cell was used (Larsson ef al., 2007). Again, relatively few
genes were found to be under transcriptional regulation (141 unique genes) while
many genes were found to be under translational control (1518 unique genes). Thus
it can be concluded that the major effect from elF4E on gene expression programs
is regulation of ribosome recruitment. Several of these studies also indicated that the
spectrum of regulation downstream of changes in eIF4E activity is more diverse than
expected from the prior literature. Initial studies indicated activation of oncogenic
drivers by characterization of a few key target genes (De Benedetti and Harris, 1999).
The genome wide studies indicate that the translational landscape is affected in a more
complex manner with both oncogenic drivers and inhibitors being under translational
regulation downstream of eIF4E (Larsson et al.,2007). In addition, the study of human
epithelial cells indicated substantial unexpected translational repression of a large set
of genes. A search for sequence properties among this subset showed a large overrep-
resentation of miRNA target sequences within the 3° UTRs of these genes. Thus, there
seems to be crosstalk between the eIF4E pathway and the miRNA pathway possibly
to compensate for the increased translational activity induced by elF4E (Larsson et
al., 2007). As differences in eIF4E activity and/or abundance have been detected in
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several cancer types it is expected that regulation of ribosome recruitment will play
arole in cancer (Polunovsky and Bitterman, 2006). Thus, these studies indicate that
there is substantial regulation at the ribosome recruitment level.

Another study investigated the translational deregulation in Fragile-X syndrome
where FMRP is absent (Brown et al., 2001). Similar to eIF4E, FMRP is a protein
with suggested roles in regulation of translation and transport of messages. In this
study, 251 transcripts were found to be differentially translated and suggested to be
relevant to the phenotype. Thus there seems to be substantial translational regulation
in the nervous system (Brown ef al., 2001)

STUDIES OF SYSTEMS WITHOUT DIRECT INVOLVEMENT OF A TRANSLATION
COMPONENT

Given the role for eIF4E in deregulating translation and its association with cancer,
several investigators have been interested in the role of translation in the cancer proc-
ess. Several of these have studied the effect of expression or ablation of individual
genes acting in cancer related pathways some which converge on eIF4E (Bilanges et
al., 2007, Rajasekhar et al., 2003, Reinert et al., 2006, Spence et al., 2006, Tominaga et
al., 2005). These studies identified substantial regulation at the ribosome recruitment
level which could not be appreciated at the transcriptional level. Here we will focus on
two studies which investigated cancer progression. In the first study, epithelial to mes-
enchymal transition (EMT), an important step during cancer progression was studied
(Jechlinger et al., 2003). This study indicated that a substantial amount of all regula-
tion that was present was unique to the ribosomal recruitment level and importantly
showed that the polysome microarray approach correlated better with protein levels
compared to standard transcriptome analysis. In the second study the transcriptome and
the translatome was studied in a model of colorectal cancer progression (Provenzani
et al., 2006). The study indicated that large parts of all changes in gene expression
could only be seen at the ribosomal recruitment level (2 times as many genes were
regulated at the translation level compared to the transcription level). The authors
also found that while some cellular processes seemed to be regulated at both levels,
others such as regulation of apoptosis were only modulated at the translational level.
Anincreased 5’ UTR length of those transcripts that were regulated at the translational
level was interpreted as an indication of that eIF4E activity (as discussed above) could
be important for progression in the model. Thus, these studies further manifest the
role of regulation of ribosomal recruitment as an integral part of the cancer phenotype
and clearly motivate in-vivo studies of ribosome recruitment.

A second area that has given rise to several studies on global ribosome recruitment
is cellular stress. A remarkable regulation of ribosomal recruitment was observed
in a study of radiation induced changes of gene expression (Lu et al., 2006). These
authors studied both transcription and translation in four different cell types that were
treated with ionizing radiation. Ten times more genes were affected at the translational
level compared to the transcriptional level, suggesting that regulation of ribosomal
recruitment is the main effect of ionizing radiation. This finding may extend to other
forms of cellular stress. Interestingly, the authors also found a greater overlap in the
response between the different cell types when comparing the ribosome recruitment
profiles to the transcriptional profiles, further corroborating their findings.
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Another stress situation that has been investigated is hypoxia. In one study the effect
of hypoxia on both transcription and translation was studied in HeLa cells (Blais et al.,
2004). Whereas most translation is inhibited during hypoxia, the authors identified a
subset of mMRNAs whose translation is induced, without changes in the mRNA levels.
These mRNAs encode for proteins, which are important for the cellular response to
hypoxia. In a later study from the same laboratory the importance of one of the stress
sensing protein kinases — Perk — was investigated in the context of hypoxia using
cells derived from Perk knock-out mice (Blais et al., 2006). Here a subset of genes,
suggested to be important for angiogenesis (an important component in the cellular
response to hypoxia), was at least partly attributed to the translational response
downstream of Perk. This was of particular interest as the cells that lacked Perk lead
to reduced activity in several cancer models indicating that Perk is needed for cancer
progression, and as a consequence, translational regulation downstream of Perk.

Endoplasmic reticulum (ER) stress in HeLa cells was the focus of another
study(Kawai et al., 2004). The authors used an interesting approach where steady
state mRNA levels, active transcription levels (using a nuclear run-on assay) and
ribosome recruitment profiles were obtained. The approach allowed the authors to
study changes in mRNA synthesis, mRNA stability and ribosome recruitment to clas-
sify genes into groups that showed different combinations of regulation. One large
group of mRNAs were those that showed unchanged steady state mRNA levels but
differential ribosome recruitment that did not follow the general trend of translational
inactivation that occurs during ER stress. This group consisted of 500 or 700 mRNAs
depending on the method used to induce ER stress, highlighting ribosomal recruitment
as an important level of regulation in ER stress. One interesting finding regarding the
coupling between mRNA stabilization and ribosomal recruitment was observed such
that transcripts that were stabilized were, to a large extent, translationally repressed.
This finding renders further support to the idea that caution is needed when interpret-
ing mRNA levels alone without knowledge about the ribosomal recruitment profiles.
Finally, related to cellular stress, a ribosome recruitment component has also been
identified in yeast (Smirnova et al., 2005).

Another area where regulation of ribosomal recruitment is likely to be important,
but is not well studied, is differentiation. In one study of a human model where dif-
ferentiation is induced using PMA, ribosomal recruitment and transcription was as-
sessed (Kitamura et al., 2004). These authors identified transcriptional changes that
were not manifested by increased abundance in the polysome fraction (thus would not
translate to higher protein levels), and changes in the polysome fractions that were
not manifested at the total RNA level. Thus, there seems to be substantial regulation
at the ribosome recruitment level at least for this model of differentiation and one
could expect that this will be extended to other differentiation models.

Development is a process that is known to involve massive translational regulation
and this process has been studied in detail using the polysome microarray approach
in several models. In a comprehensive analysis of ribosomal recruitment during
Drosophila embryogenesis, which included analysis of each fraction on a separate
microarray, many genes were found to be specifically regulated during different
developmental stages (Qin et al., 2007). These also corresponded to clear functional
themes which agreed with what was previously known. However, the authors were
unable to find any clues about the mechanisms for their regulation. In another study, the
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translational regulation during spermatogenesis in the male gamete was investigated.
As expected, this study yielded a large set of genes that could be regulated by transla-
tion as about 700 transcripts were regulated through ribosome recruitment (Iguchi et
al., 2006). Most of them were translationally activated during spermatogenesis but
some were translationally inhibited.

Polysome microarray analysis has also been used to study which RNAs that can be
translated during the mitotic cell cycle when CAP dependent translation is inhibited
(Qin and Sarnow, 2004). This analysis led to the definition of a subset of transcript
that showed CAP-independent translation and some of them were mechanistically
explained by the presence of Internal Ribosome Entry Sites (IRES) a previously de-
scribed element that can bypass CAP-dependent translation (Pelletier et al., 1988).

In conclusion we argue that there are sufficient genome wide data on ribosome
recruitment to make some general conclusions regarding its importance. First, there
seems to be an important aspect of regulation of gene expression that can only be
captured if ribosome recruitment is considered. Second, although most of the stud-
ies have been performed based on prior knowledge of a likely ribosome recruitment
component, several were not. We therefore conclude that there is a sufficient number
of studies without direct involvement of general translation factors showing significant
changes in ribosome recruitment to indicate that this is a common form of regulation
of gene expression which could be expected to be a component of virtually any system
under investigation. Third, the magnitude of regulation originating from ribosome
recruitment has exceeded that of transcription in several studies that have examined
the question. However, some caution is needed in relation to this conclusion. In sev-
eral of these studies, no rigorous statistical analysis was performed but the authors
relied on detection of fold changes. As polysome RNA preparations are technically
more difficult compared to standard RNA preparations, data of lower quality from
this arm of the analysis could be expected. As spurious fold changes are known to
accumulate as data integrity decreases the occurrence of false positive findings in the
ribosome recruitment comparison could obscure the comparison between the two
forms of regulation. However, those cases where statistics have been used indicate
more regulation at the ribosome recruitment level. Thus, performing well replicated
studies and applying adequate statistical analysis will be of great importance for our
future understanding of ribosome recruitment genome wide and its relation to other
forms of regulation of gene expression.

The organization of ribosome recruitment

A direct involvement of the mRNA molecule for its own regulation is implied be-
cause mRNAs can be seen differently by the translation initiation machinery. Such
mechanisms of regulation are the basis for the current theory about the organization of
post-transcription regulation proposed by Jack Keene — the post-transcription operon
theory (Keene, 2007). According to Keene’s formulation, groups of transcripts are
defined by sharing features either in the mRNA sequence, structure or combinations
of sequence and structure which make them accessible to co-regulation. Originally
these groups of transcripts were hypothesized to carry out similar functions so that
the cell cycle machinery, for example could be found in one or a few such operons.
However, while this assumption is true in some cases, it is likely to be an oversim-
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plification as different functions may need to be co-regulated. Understanding of such
coupled functions may increase our understanding of how gene expression programs
are organized.

The plethora of mechanisms by which regulation of ribosome recruitment can occur
should not be underestimated and it is likely that we have just begun to understand how
regulation to ribosome recruitment can occur. We will use a few selected examples
to highlight the complexity and diversity of such mechanisms. In a recent report, a
3’UTR element was shown to recruit a binding protein which in turn was capable of
recruiting an elF4E mimic which, in contrast to eIF4E, could not induce translation
but instead repressed it (Cho et al., 2005). Thus availability of the element-binding
protein inhibits ribosome recruitment and the transcripts carrying the element become
translationally silenced - a potentially general mechanism used by the cell to silence
groups of transcripts. Another example showed an intricate mechanism involving the
5’UTR, the 3’UTR and a binding protein (Mehta et al., 2006). In this case, translation
is normally repressed through an element in the SUTR. This repression can be relieved
through binding of a protein to an element in the 3’UTR which somehow interacts
with the ribosome to relieve the 5’UTR mediated repression. Thus the level of the
binding protein determines the level of de-repression and hence the level of the pro-
tein. In a recent example from bacteria a structure in the 5’UTR in combination with
an additional protein inhibited the ribosome via interaction with one of the ribosome
subunits (Marzi et al., 2007). Thus, the availability of a structure and a binding protein
can prevent the ribosome from translating the transcript. Although this example is
from bacteria, it is possible that similar mechanisms exist in mammalian cells.

Common to all these examples is the occurrence of RNA elements that mediate
regulation. The logical step after completion of a ribosome recruitment data set is
to therefore investigate if known elements can explain the observed regulation and
to search for such novel elements. A few examples of studies that have been able to
move from a genome wide study of post-transcriptional regulation to a novel RNA
element that can mediate the predicted co-regulation exist. In two studies, the data
originated from efforts to identify mRNAs which bind to proteins that are important
for RNA transport. In an early study one set of identified transcripts was used to look
for possible regulatory elements that are necessary for regulation by HuB. The authors
confirmed a previously suggested element to be present within the mRNAs (Tenen-
baum et al., 2000). In a study of the yeast Puf proteins, a distinct subset of transcripts
were identified as binding to each of Puf3, Puf4 and Puf5 (Gerber et al., 2004). The
authors used the maximization for motif elicitation (MEME) algorithm (Bailey et al.,
20006) to identify elements that directly interact specifically with each of the Pufs. In
another study, data from global RNA stability were used to identify regulatory elements
within transcripts that show differential degradation properties. One element (GU
rich element, GRE) was identified using a k-mer enumeration approach and shown to
interact with a binding protein to mediate changes in transcript stability (Vlasova et
al., 2008). Finally, in a study where ribosome recruitment data were used, a putative
hairpin structure was identified using BioProspector (Liu et al., 2001) within a set of
transcripts which showed increased ribosomal recruitment in cells over expressing
elF4E when these are serum starved (Larsson et al., 2006a). The structure was shown
to mediate the predicted translational profile of a reporter transcript. We believe that
many similar studies will lead to identification of novel regulatory mechanisms that
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dictate the organization of ribosome recruitment and constitute essential components
for post-transcriptional regulation at a systems level.

Future directions

Several critical issues need to be resolved before we can claim to have a general
understanding of how regulation of ribosome recruitment is organized genome wide.
First, there is a substantial lack of high quality data sets which could be used in meta
analysis to yield a better general understanding (Larsson ef al., 2006b). Several of the
studies that were mentioned above were performed on small platforms that are not
suitable for meta analysis due to diminishing overlap of shared genes (Wennmalm et
al., 2005). We hope that researchers will be motivated to obtain such data sets based
on facts that we have presented in this review, which indicates that without understand-
ing regulation of ribosome recruitment we cannot understand how protein levels are
modulated during many different cellular states. It is also clear that extreme caution
is needed when generating such data sets as the increased complexity during the
preparation of the samples could easily yield data sets that cannot be interpreted. This
becomes obvious when considering that such problems are abundant even in standard
transcriptome studies where sample preparation in most cases is significantly easier
(Larsson and Sandberg, 2006). In relation to sample preparation, novel approaches
may be needed as the currently used polysome preparations are technically chal-
lenging and time-consuming, possibly preventing generation of larger data sets. The
next step once the data sets have been generated would be to look for mechanisms of
regulation that would be expected to reside in the sequences of the transcripts. This
will naturally be done in each of these studies. However, for a better isolation of
regulatory mechanisms better definitions of the predicted operons are needed. This is
appreciated by that identification of regulatory mechanisms from the currently avail-
able and new data sets is probably limited by the fact that not only one mechanism
or operon will be differentially regulated in the condition under study. This leads to a
dilution of the signal that severely reduces the success rate when element identifying
algorithms are used. If these issues are solved we believe that ribosome recruitment
has the potential to significantly increase our understanding of how gene expression
is regulated as well as being an important factor for understanding mechanisms of
differential protein levels once genome wide proteomics is made possible.
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