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Introduction

Gene expression is regulated at multiple levels to ensure

a coordinated synthesis of the cells' macromolecular
components'? For years, research has mainly focused on the
first steps of gene expression, namely transcriptional control
mediated by transcription factors (TF) that activate genes

by binding to DNA promoter sequences and recruit RNA-
polymerases for RNA synthesis.

It is now also becoming increasingly recognized that
control of the post-transcriptional steps of gene
expression has a substantial impact on gene regulation
that include pivotal roles in development, metabolism,
neuronal function, and aging.

Whereas the roles of TFs, chromatin structure and
modifications are undisputed, it is now also becoming
increasingly recognized that control of the post-
transcriptional steps of gene expression has a substantial
impact on gene regulation that include pivotal roles in

development, metabolism, neuronal function, and aging®>.
The alteration of post-transcriptional gene regulation, such
as alternative splicing of mRNAs in cancer®, can mark or
even directly cause diseases, as exemplified by nucleotide

repeat expansions in neurodegenerative disorders’.
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Post-transcriptional gene
regulation through RNA-binding
proteins and miRNAs

Post-transcriptional requlation is mediated, on the
one hand, by RNA-binding proteins (RBPs) that
control almost every aspect of an RNA's life in a
dynamic manner from maturation, quality control and
localization, to translation and degradation® (Figure
1). RNA-binding proteins comprise 8 to 15 % of the
protein coding genes in eukaryotic genomes®. This
large number of RBPs may merely reflect the ancient
origin of RNA regulation, which is possibly the most
evolutionarily conserved part of cell physiology. RBPs
often contain characteristic RNA-binding domains
that specifically interact with sequences or structural
elements in the RNA. Bioinformatics and experimental
analysis propose almost one hundred distinct RNA-
binding motifs, half of which are believed to have
originated at early stages in evolution. Other motifs,
such as the classical RNA recognition motif (RRM)
found in many proteins required for splicing, are
exclusively present in eukaryotes®. Notably, some of
the RNA-binding domains such as the RRM underwent
drastic amplification during animal evolution.

This amplification is concurrent with the origin of
alternative splicing, allowing the generation of more
genetic diversity with a limited repertoire of genes.
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On the other hand, the fate of mRNAs is also controlled
via interactions with small non-coding RNAs such as
microRNAs (miRNAs), which are only around 22 nucleo-
tides long™. miRNA precursors are exported from the
nucleus to the cytoplasm and converted to miRNAs by
an RBP called Dicer. The miRNA is then incorporated into
the RNA-induced silencing complex (RISC) - whose main
component is a member of the Argonaute (Ago) protein
family. The miRNA-RISC micro-ribonucleoprotein com-
plex (miRNP) partially assembles with sequences located
in 3'-untranslated regions (3'-UTRs) of mRNA messages,
inducing changes to the subcellular localization, the
translation, and/or the stability of the mRNA target™.
Notably, the more than 500 miRNAs that exist in humans
are expected to regulate almost one third of all genes.

The hundreds of RNA-binding proteins (RBPs) and miR-
NAs encoded in eukaryotic genomes rival in number to
other classes of regulatory molecules such as transcrip-
tion factors and kinases and thus, suggests an elaborate
system for post-transcriptional control that may affect
virtually every message in a cell''2 The relevance of this
post-transcriptional gene regulatory system is further
evident by the limited correlation between mRNA abun-
dance and their respective protein levels™'. The recent
development of genome-wide analysis tools now enables
the study of this post-transcriptional system on a global
scale'. Thereby, the systematic identification of the RNA
targets for RBPs/miRNAs leads to the discovery of novel
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RNA regulatory networks and to the study their impli-
cations for cell physiology and disease. Furthermore,
this emerging field provides basic insights into the ar-
chitecture of post-transcriptional regulatory systems
and how the large population of RNAs present in cells
are temporally and spatially coordinated'" '

RNA binding protein
immunoprecipitation (RIP)
to identify components of
ribonucleoprotein complexes

One of the numerous methods to characterize
ribonucleoproteins (RNPs) involves
immunoprecipitation or affinity-purification using

an antibody to a constituent protein. The RNPs

can then be separated into proteins and RNAs that
can be further analyzed. This approach (developed

30 years ago) was first employed to identify and
characterize the components of small RNPs in
mammalian cells'. Small RNPs, such as components
of the splicing machinery (spliceosomes), are

highly expressed in cells (10° to 108 molecules/ cell)
and hence, these complexes are well-suited for
biochemical characterization. In fact, initially the

RIP approach was not believed to be suitable for

the identification of much lower-expressed mRNAs
bound to regulatory RBPs. However, the development
of reverse transcription-PCR (RT-PCR) methods for
amplification of associated RNAs, followed by tedious

Figure 1.

Steps involving post-transcriptional
regulation of gene expression

As soon as mRNA-precursors are synthesized by RNA
polymerases allocated by TFs, RBPs (not shown) bind

to nascent RNA transcripts and mediate the nuclear
RNA processing reactions such as 5'-end capping,
splicing, editing, 3'-end cleavage, and polyadenylation.
The transcripts are then exported from the nucleus

to the cytoplasm through nuclear pores by export factors,
and some mRNAs undergo further localization to
subcellular compartments by complexes that consist

of motor proteins and RBPs or by the signal recogni-
tion particle. mRNAs are recruited by translation factors
and conducted to ribosomes for protein synthesis,
which can be controlled by global or transcript-specific
mechanisms. Ultimately, most messages are decayed by
exonuclease-mediated degradation. RNA transcripts are
shown in dark blue; introns in pre-mRNAs are depicted
in light blue.
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Figure 2.
PABPC1 fold enrichment data for a RIP experiment
using Merck Millipore's Magna RIP™ Kit

RIP Lysate prepared from Hela cells (2 X 107 cell equivalents per IP) were
subjected to immunoprecipitation using 5 pg of either a normal mouse IgG
or the anti-PABPC1 antibody and the Magna RIP Kit (Cat. No. 17-700).
Successful immunoprecipitation of PABPC1-associated RNA was verified
by qRT-PCR using RIP Primers, ACTB.

sub-cloning of cDNAs and sequencing allowed the
discovery of at least a fraction of the mRNAs that were
bound by specific RNA-binding proteins'®. In this regard,
RIP combined with RT-PCR amplification with specific
primers is still widely used to test for RBP binding to

a particular RNA.

RIP approaches have also been applied to more ‘general’
RNA-binding proteins to identify the messages expressed
in particular tissues or cell-types. For instance, tagged
poly(A) binding protein (PABP or PABPC1) (Figure 2),
which binds to the poly(A) tail of cytoplasmic mRNAs,
has been expressed within cells or tissues of interest
using specific promoters to identify muscle- or ciliated
sensory neuron-specific transcripts in the worm
Caenohabditis elegans?**°, or in photoreceptor cells

of the fly Drosophila melanogaster®'. Likewise, tagged
ribosomal proteins have been pulled-down to isolate
actively translating ribosomes to define gene expression
profiles of specific neuronal cells types in the central
nervous system of mice®?, and to study reactions of the
translatome upon diverse stress conditions in yeast®.
Finally, the RIP approach has also been used to identify
targets that potentially undergo miRNA dependent
regulation by profiling RNA and proteins that are
bound by Ago proteins®*’. The comparison of Ago-
associated mRNAs in wild-type and miRNA mutants or
over-expressing cells further provides a tool to decipher
miRNA-specific targets.



A major advantage of RIP is that it allows
concomitant identification of the protein components
of RNPs and other associated regulatory proteins

by mass-spectrometry (MS). For instance, RIP has
recently been used to map RNAs and proteins
associated with human Ago proteins®. The
combination of both RNA mapping and MS allows
for the monitoring of RNP complex remodeling

upon changing environmental conditions or during
cell differentiation. The major drawback of RIP
procedures however, is the general concern that
certain components may fall-off and others may re-
associate with RNP complexes during the procedure.
However, whether and how extensive this occurs is
not conclusively answered to date and may critically
depend on the protein under investigation. To
circumvent this concern and to detect also relatively
weak RNA-protein interactions, a few laboratories
have therefore established protocols to crosslink RNA-
protein complexes either by UV or with chemicals
prior to immunoprecipitation. One of these methods,
termed CLIP*® or if high-throughput sequencing

is applied HITS-CLIP*, allows relatively precise
mapping of the binding sites for RPBs on the RNA.
The drawback is that CLIP is ill-suited for recovering
entire RNP complexes for mass-spectrometry
analysis, the procedure is labor intensive, and there
is some concern that cross-linking may alter the
RNP structure. The question whether to employ
either RIP or CLIP will lately depend on the biological
question as both approaches have it advantages and
drawbacks.

With the advent of the DNA microarray technology,

it became feasible to identify the messages that

are selectively associated with RBPs on a global

level (Figure 3). The so called RNA binding protein
immunoprecipitation-microarray (RIP-Chip) approach
was first employed by Jack Keene's lab to study RNAs
associated with three RBPs in a cancer cell line". They
found that each RBP was associated with a distinct
subset of mRNAs present in total cell lysate, and the
groups of associated mRNAs changed upon induction
of cell differentiation. These early results lead to the
proposal that groups of mRNAs encoding functionally
related proteins are organized into so-called ‘post-
transcriptional operons'. In analogy to prokaryotic
operons, this model predicts that specific RBPs may
coordinate groups of mRNAs coding for functionally

related proteins in eukaryotes. Cis-acting elements

in the mRNA may provide the means to mimic the
coordinated regulatory advantages of clustering genes
into polycistronic operons'®.

Diverse laboratories have now established RIP-Chip
protocols in many species including yeast, flies, plants,
and mammals'®-*; and the RNA targets for more than
20 human RBPs have been mapped under various
conditions?'?-% Next to specific insights into the role
of particular RBPs for the control of its targets, these
studies have substantiated and further extended the
'post-transcriptional operon model' proposed by Keene
and colleagues, and lead to the discovery of several
common aspects of RBP mediated gene regulation.
First, RBPs bind to unique sets of RNA comprised of

20 to 1,000 distinct transcripts. Second, the bound
mRNAs often encode functionally and/or cytotopically
related proteins. This is perhaps best seen among the
targets for Puf proteins, a conserved family of RBPs
that generally represses gene expression of its targets
with widespread physiological implications. Each of

the five yeast Puf proteins binds to a distinct set of
messages with strong common themes - most striking,
Puf3p binds almost exclusively to messages encoding
mitochondrial proteins®. Third, the spectra of targets
may substantially overlap with other RBPs, suggesting
strong combinatorial binding of RBPs. Fourth, sequence
or structural elements could be identified among mRNA
targets using bioinformatics tools, and have been further
verified in various instances. Fifth, the RNA-protein
network appears to be extremely dynamic and responds
to environmental signals altering the RNA and protein
content of RNPs.
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Figure 3.
RIP-Chip to systematically identify RNA targets of RBPs

RBPs are immunoprecipitated or affinity-purified via a tag from
cellular extracts. Total RNA isolated from cell extracts, and the
RNAs associated with the particular RBP under study are labeled
with different fluorescent dyes and competitively hybridized to
DNA microarrays. The fluorescence ratio for each locus reflects its
enrichment by affinity for the cognate protein.



Figure 4. Merck Millipore's
Magna RIP Kit for RNA-binding
protein immunoprecipitation

The Millipore universal RIP
immunoprecipitation kit is fully
compatible with a wide range
of RIP-validated antibodies, and
contains all reagents needed for
robust, specific enrichment of
RBP-associated RNAs.

Perspectives

The systematic analysis of RBPs and the RNA to which they bind enables the discovery
of RNA-protein networks and the study their implications for post-transcriptional
gene regulation. RIP has become an important tool used to study the structure

and composition of RNP complexes, to map targets and binding sites of RBPs and
miRNAs, and to discover how these sites may be altered in various disease states. The
integration of data obtained from RIP-Chip or RIP-Seq experiments (next-generation
or high-throughput genomic sequencing technologies instead of microarrays) with
data from other levels of gene expression research will certainly elucidate new and
exciting perspectives and interconnections. This growing interest in RIP has now lead
to commercially available RIP kits and reagents (Figure 4). The development of robust
and easy to handle RIP assays and antibodies will certainly help provide the tools to
explore the remarkably complex and highly interlinked post-transcriptionally regulatory
networks that comprise this emerging field of research.

L

"‘ﬁ:if"r"
Description Reactions Catalogue No.
Magna RIP Kit 12 reactions 17-700
EZ-Magna RIP Kit, with positive control antibody 12 reactions 17-701

and primers

Magna RIP Quad Kit 48 reactions 17-704




References

Orphanides G, Reinberg D (2002)
A unified theory of gene
expression. Cell 108: 439-451.
Maniatis T, Reed R (2002)

An extensive network of coupling
among gene expression machines.
Nature 416: 499-506.

Kuersten S, Goodwin EB (2003)
The power of the 3' UTR:
translational control and
development. Nat Rev Genet 4:
626-637.

Costa-Mattioli M, Sossin WS,
Klann E, Sonenberg N (2009)
Translational control of long-
lasting synaptic plasticity and
memory. Neuron 61: 10-26.
Tavernarakis N (2008) Ageing and
the regulation of protein synthesis:
a balancing act? Trends Cell Biol
18:228-235.

Tazi J, Bakkour N, Stamm S (2009)
Alternative splicing and disease.
Biochim Biophys Acta 1792: 14-26.
Cooper TA, Wan L, Dreyfuss G
(2009) RNA and disease.

Cell 136:777-793.

Moore MJ (2005) From birth

to death: the complex lives of
eukaryotic mRNAs. Science 309:
1514-1518.

Anantharaman V, Koonin EV,
Aravind L (2002) Comparative
genomics and evolution of proteins
involved in RNA metabolism.
Nucleic Acids Res 30: 1427-1464.
Filipowicz W, Bhattacharyya SN,
Sonenberg N (2008) Mechanisms
of post-transcriptional regulation
by microRNAs: are the answers in
sight? Nat Rev Genet 9: 102-114.
Keene JD (2007) RNA

regulons: coordination of post-
transcriptional events. Nat Rev
Genet 8: 533-543.

Halbeisen RE, Galgano A, Scherrer
T, Gerber AP (2008)
Post-transcriptional gene
regulation: from genome-wide
studies to principles. Cell Mol Life
Sci 65: 798-813.

Gygi SP, Rochon Y, Franza BR,
Aebersold R (1999) Correlation
between protein and mRNA
abundance in yeast. Mol Cell Biol
19:1720-1730.

Lu P, Vogel C, Wang R, Yao X,
Marcotte EM (2007) Absolute
protein expression profiling
estimates the relative contributions
of transcriptional and translational
regulation. Nat Biotechnol 25:
117-124.

20.

21.

22.

23.

24.

Lerner MR, Steitz JA (1979)
Antibodies to small nuclear RNAs
complexed with proteins are
produced by patients with systemic
lupus erythematosus. Proc Natl
Acad Sci US A 76: 5495-5499.
Chu E, Schmitz JC, Ju J, Copur SM
(1999) An immunoprecipitation-
RNA:rPCR method for the in vivo
isolation of ribonucleoprotein
complexes. Methods Mol Biol 118:
265-274.

Tenenbaum SA, Carson CC, Lager
PJ, Keene JD (2000) Identifying
mRNA subsets in messenger
ribonucleoprotein complexes by
using cDNA arrays. Proc Natl Acad
Sci USA 97: 14085-14090.

Keene JD, Tenenbaum SA (2002)
Eukaryotic mRNPs may represent
posttranscriptional operons. Mol
Cell 9:1161-1167.

Hieronymus H, Silver PA (2003)
Genome-wide analysis of RNA-
protein interactions illustrates
specificity of the mRNA export
machinery. Nat Genet 33: 155-161.
Gerber AP, Herschlag D, Brown
PO (2004) Extensive Association
of Functionally and Cytotopically
Related mRNAs with Puf Family
RNA-Binding Proteins in Yeast.
PLoS Biol 2: E79.

Lopez de Silanes |, Zhan M, Lal

A, Yang X, Gorospe M (2004)
Identification of a target RNA
motif for RNA-binding protein
HuR. Proc Natl Acad Sci U S A 101:
2987-2992.

Schmitz-Linneweber C, Williams-
Carrier R, Barkan A (2005)

RNA immunoprecipitation and
microarray analysis show a
chloroplast Pentatricopeptide
repeat protein to be associated
with the 5' region of mRNAs
whose translation it activates.
Plant Cell 17: 2791-2804.

Gerber AP, Luschnig S, Krasnow
MA, Brown PO, Herschlag D
(2006) Genome-wide identification
of mRNAs associated with the
translational regulator PUMILIO in
Drosophila melanogaster. Proc Natl
Acad Sci U S A 103: 4487-4492.
Hogan DJ, Riordan DP, Gerber AP,
Herschlag D, Brown PO (2008)
Diverse RNA-binding proteins
interact with functionally related
sets of RNAs, suggesting an
extensive regulatory system. PLoS
Biol 6: €255.

26.

27.

28.

30.

31

33

34.

Lopez de Silanes |, Galban S,
Martindale JL, Yang X, Mazan-
Mamczarz K, et al. (2005)
Identification and functional
outcome of mRNAs associated
with RNA-binding protein TIA-1.
Mol Cell Biol 25: 9520-9531.
Townley-Tilson WH, Pendergrass
SA, Marzluff WF, Whitfield ML
(2006) Genome-wide analysis

of mRNAs bound to the histone
stem-loop binding protein. Rna 12:
1853-1867.

Morris AR, Mukherjee N, Keene

JD (2008) Ribonomic analysis of
human Pum1 reveals cis-trans
conservation across species despite
evolution of diverse mRNA target
sets. Mol Cell Biol 28: 4093-4103.
Galgano A, Forrer M, Jaskiewicz L,
Kanitz A, Zavolan M, et al. (2008)
Comparative analysis of mRNA
targets for human PUF-family
proteins suggests extensive
interaction with the miRNA
regulatory system. PLoS ONE 3:
€3164.

Roy PJ, Stuart JM, Lund J, Kim SK
(2002) Chromosomal clustering
of muscle-expressed genes in
Caenorhabditis elegans. Nature
418:975-979.

Kunitomo H, Uesugi H, Kohara

Y, lino Y (2005) Identification of
ciliated sensory neuron-expressed
genes in Caenorhabditis elegans
using targeted pull-down of
poly(A) tails. Genome Biol 6: R17.
Yang Z, Edenberg HJ, Davis RL
(2005) Isolation of mRNA from
specific tissues of Drosophila by
mRNA tagging. Nucleic Acids Res
33:e148.

Heiman M, Schaefer A, Gong S,
Peterson JD, Day M, et al. (2008)
A translational profiling approach
for the molecular characterization
of CNS cell types.

Cell 135:738-748.

Halbeisen RE, Gerber AP (2009)
Stress-Dependent Coordination of
Transcriptome and Translatome in
Yeast. PLoS Biol 7: e105.

Karginov FV, Conaco C, Xuan

Z, Schmidt BH, Parker JS, et al.
(2007) A biochemical approach to
identifying microRNA targets. Proc
Natl Acad Sci USA.

35.

37.

38.

39.

Hendrickson DG, Hogan

DJ, Herschlag D, Ferrell JE,
Brown PO (2008) Systematic
identification of mMRNAs
recruited to argonaute 2

by specific microRNAs and
corresponding changes in
transcript abundance.

PLoS ONE 3:€2126.
Landthaler M, Gaidatzis D,
Rothballer A, Chen PY, Soll
SJ, et al. (2008) Molecular
characterization of human
Argonaute-containing
ribonucleoprotein complexes
and their bound target mRNAs.
RNA.

Ender C, Krek A, Friedlander
MR, Beitzinger M, Weinmann
L, et al. (2008) A human
snoRNA with microRNA-like
functions. Mol Cell 32: 519-528.
Ule J, Jensen KB, Ruggiu M,
Mele A, Ule A, et al. (2003)
CLIP identifies Nova-regulated
RNA networks in the brain.
Science 302: 1212-1215.
Licatalosi DD, Mele A, Fak JJ,
Ule J, Kayikei M, et al. (2008)
HITS-CLIP yields genome-wide
insights into brain alternative
RNA processing. Nature 456:
464-469.



MERCK MILLIPORE

www.merckmillipore.com/offices

Merck Millipore and the M logo are trademarks of Merck KGaA, Darmstadt, Germany.

Lit No. AN4663ENEU  XLS-SBU-12-06611  6/2012 Printed in the USA.
© 2012 EMD Millipore Corporation, Billerica, MA USA. All rights reserved.

To Place an Order or Receive
Technical Assistance

In Europe, please call Customer Service:
France: 0825 045 645

Germany: 01805 045 645

Italy: 848 845 645

Spain: 901 516 645 Option 1
Switzerland: 0848 645 645

United Kingdom: 0870 900 4645

For other countries across Europe,
please call: +44 (0) 115 943 0840

Or visit: www.merckmillipore.com/offices

For Technical Service visit:
www.merckmillipore.com/techservice

Get Connected!

Join Merck Millipore Bioscience on your favorite social
media outlet for the latest updates, news, products,
innovations, and contests!

ﬁ facebook.com/MerckMilliporeBioscience

(3 twitter.com/Merck4Bio

FSC logo




