22/09/2019

Lesson 1

Localization of mRNAs in neuronal dendrites
and axons

Dendrites can represent up to 90% of the entire cellular volume of a neuron

dendrites

spines

Katharina Braun - Magdeburg
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How common is mRNA localization in nature?
A general introduction

Post-transcriptional gene regulation in eukaryotic cells
mRNAs are synthesized in the nucleus
and undergo a series of regulatory steps
each of which is tighly regulated

• transcription
• splicing
• mRNA stability (5’Cap 3’polyA)

• mRNA transport
•translation
•degradation
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Once exit from nucleus,
mRNAs have two possible
fates:

1) mRNAs are generally readily translated in the cytoplasm.
2) Certain classes of mRNAs are transported to specific cellular regions and
are not translated until they reach their final destination.

RNA localization
Localization of mRNAs to restricted subcellular domains is an
evolutionary conserved mechanism
(from fungi to plants and animals)

local high-level production of the encoded protein at the site of
mRNA localization
prevents production of the encoded protein in a region where it
might have deleterious effects

The spatial regulation of protein translation is an efficient way to create
functional and structural asymmetries in cells.
Buxbaum et al. Nat Rev Mol Cell Biol. 2015 - http//doi:10.1038/nrm3918
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Localized RNAs in Different Organisms and Cell Types
The localization of maternal nanos mRNA at the posterior of an activated,
unfertilized Drosophila egg is the result of two different mechanisms:
generalized degradation and local protection.

Xpat mRNA localized in the mitochondrial clouds of stage I Xenopus oocytes,
whole mount in situ hybridization. Xpat mRNA is associated with the germ plasm
and is localized through the METRO pathway.

Colocalization of β-actin mRNA (red) in the leading lamellae of chicken
fibroblast with phosphorylated myosin (green immunofluorescence). Nucleus
stained blue with DAPI.

β -actin mRNA localization in the neurite and growth cones.

Mechanisms by which RNAs can be localized
1.

random cytoplasmic diffusion and trapping

2.

general degradation and localized RNA stability

3.

vectorial transport from the nucleus to a specific target

4.

active directional transport on cytoskeletal elements

Copyright © 2002 Bruce Alberts, Dennis Bray, Julian Lewis, Martin Raff, Keith Roberts, and James D. Watson
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Examples of mechanisms of RNAs localization
in Different Organisms and Cell types
Mechanisms 1 & 2 (combined):
The localization of maternal nanos mRNA at the posterior of an
activated, unfertilized Drosophila egg is the result of two different
mechanisms: generalized degradation and local protection.
Mechanism 3:
Xpat mRNA is localized to the vegetal cortex of stage I Xenopus
oocytes through a region of the mitochondrial cloud called the
messenger transport organizer (METRO) that also contains the nuage
or germ plasm. This represents an example of vectorial transport to a
specific target
Mechanism 4:
Localization of β-actin mRNA (red) in the leading lamellae of
chicken fibroblast (myosin = green immunofluorescence) or in in
the neurite and growth cones of a neuron. These are examples of
active directional transport on cytoskeletal elements

How did researchers discover the localization
of mRNAs in axons and dendrites?
A brief historical perspective
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Detection of ribosomes at the base of dendritic spines

Electron microscopy of ribosomes (polysomes) in mature dendrites from mouse brains.
Steward & Levy (1983) J Neurosci

History of the techniques for visualization of mRNAs
Lawrence & Singer 1986
IN SITU HYBRIZATION
1986 till 1990’s. In situ hybridization
studies using digoxygenin or radioactive
(~10-20 mRNAs)
Late 1990’s. RNA- fluorescent in situ
hybridization studies (FISH, ~50 mRNAs)
2007. Allen Brain Atlas project – FISH not
optimized for dendritic mRNAs (65 mRNAs)
First localized mRNA:
actin mRNA in fibroblasts’ lamellipodia
(vimentin, tubulin mRNA)
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In situ Hybridization-based methods for RNA imaging

dUTP

Digoxygenin-labeled probes coupled to alkaline-phosphatase

In situ Hybridization-based methods for RNA imaging

FISH with tyramide enhancement
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In situ Hybridization-based methods for RNA imaging

(A) Standard fluorescence in situ hybridization (FISH): a fluorophore-linked RNA probe binds
the target RNA sequence. (B) Molecular beacon: signal to noise is improved relative to a
standard FISH probe because the fluorescence signal of the reporter probe is quenched when
unbound. (C) Forced intercalation (FIT) probes: binding enforces intercalation of the dye
molecule into the probe-target duplex, resulting in a strong turn-on effect of the fluorophore.

B-Actin mRNA is localized in axonal growth cones

Yao et al. Nature Neuroscience (2006)
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ARC (activity-regulated cytoskeleton) mRNA localizes to
active synapses

MML

• ARC is an ‘immediate early gene’ - transcriptionally regulated by neuronal activity
• After transcription, ARC mRNA is transported into dendrites.
• In hippocampal slice preparations, ARC is transported to activated laminae
(synapses) but not to adjacent silent laminae (synapses)

O. Steward et al (1998) Neuron

Epileptogenic seizures induce in vivo
accumulation of BDNF mRNA in dendrites
control

pilo 3h

Tongiorgi et al.
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Sequencing methods for RNA analysis
2006-7. RNA microarray analysis of
neurites mechanically separated from
somata (150-400 mRNAs)
2012. RNA deep sequencing/NanoString
analysis and high-resolution FISH (2.550
mRNAs)*
2015. Fluorescent in situ sequencing (FISSEQ) using multiple hexamer probes.**

*Erin Schuman MAX PLANK
INSTITUT Frankfurt am Main (D)

**FISSEQ: Each spot is one base of an RNA transcript localized
in 3D in the tissue. The color of the spot identifies the base (A, T,
G or C). The spots change color over time, building up to image
a full RNA sequence, up to 30 bases.

Which mRNAs are localized in dendrites of mature neurons?
Analysis of mRNAs isolated from neurites in sandwitch-hippocampal cultures

Method developed by Torre & Steward, JNeurosci1992
mRNA analysis Eberwine et al, 2002
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Which mRNAs are localized in dendrites of mature neurons?
Microrray analysis of mRNAs isolated from CA1 hippocampal neuropil

Which mRNAs are localized in neurites of mature neurons?

Based on150-400 different mRNAs
(~5% expressed genes)

Category of mRNAs in CA1 dendrites
Receptors, ion channels, and postsynaptic molecules
Cytoskeleton
Extracellular matrix, cell adhesion, and immuno-molecules
Signal transduction and Protein modification
Translation factors and RNA-binding proteins
Ribosomal proteins
Peptide processing and degradation
Protein transport, membrane trafficking, endocytosis, and exocytosis
Molecular motor
Growth factors
Other
Zhong, Zhang and Bloch, 2006 BMC Neuroscience

percentage
7.8%
7.8%
20.1%
16.9%
4.5%
16.2%
7.8%
6.5%
0.6%
2.6%
9.1%
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Local Transcriptome in the Synaptic Neuropil
(2550 mRNAs)

Iván J.Cajigas et al., Neuron 74, 453–466, May 10, 2012

The discovery of dendritic mRNAs suggested a new
mechanism to deliver proteins at synapses
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How are mRNAs transported in axons and
dendrites?
Multiple and complex molecular mechanisms

How are mRNAs transported?
Wilhem & Vale (1993) proposed that mRNAs
transport consists of 4 consecutive steps:
1)

Formaton of large ribonuclear particles (mRNPs,
transporting granules) by interaction of mRNA with RNAbinding proteins (RBPs);

2)

Transport of mRNPs to their destination site;

3)

Anchoring of mRNPs at the destination site;

4)

Local translation of delivered mRNAs

Wilhelm JE, Vale RD. RNA on the move: the mRNA localization pathway. J Cell Biol 1993. http://dx.doi.org/10.1083/jcb.123.2.269
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Revision of the initial model of mRNP transport

Original Wihlhem & Vale model +revisions
1.

(A) Formaton of mRNPs in the nucleus;
(B) Cytoplasmic mRNP remodeling, oligomerization and assembly (possible
exchanges with P-Bodies, Stress Granules)

2.

Transport of mRNPs to their destination with
bi-directional movements (sushi-belt model);

3.

Anchoring of mRNPs at the destination with
involvement of actin-myosin system;

4.

Local translation of delivered mRNAs and
local degradation

PB

SG

Modified from Martin KC, Ephrussi A.mRNA localization: gene
expression in the spatial dimension. Cell. 2009 doi:
10.1016/j.cell.2009.01.044

The subcellular destination of an mRNA is determined by
the presence of cis-acting elements within its sequence.
 Cis-elements = signals (either linear sequences or 3D structures) that are mainly, but not
exclusively, located within the 3’ UTR and direct the binding of trans-acting factors to the RNA.
 Trans-acting factors = RNA binding proteins (RBPs).
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Trans-factors bind to the cis-elements of the
mRNA in various cellular districts
From nucleus to cytoplasm

Wang, Martin & Zukin Trends in Neuroscience 2010

15

22/09/2019

STEP 1 = mRNP formation, A) in the nucleus

How are mRNAs transported?
Let’s follow a single mRNA from birth to death in a neuron
STEP 1) Formaton of large ribonuclear particles (mRNPs, transporting granules)
by interaction of mRNA with RNA-binding proteins (RBPs) in nucleus

Dynamics of Single mRNPs in Nuclei of Living Cells
Yaron Shav-Tal et al. Science. 2004

STEP 1 = mRNP formation, A) in the nucleus

Exit of an mRNA from
the nuclear pore
Around 3.000 nuclear pores in
a nuclear envelope: only 48 sec
for an mRNA to exit
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STEP 1 = mRNP formation, B) in the cytoplasm

Visualization of mRNA granules in oligodendrocytes by
fluorescence microscopy

Ainger et al., J Cell Biol. 1993 Oct;123(2):431-41.

STEP 1 = mRNP formation, B) in the cytoplasm

mRNAs granules visualized by electron microscopy

protein synthesis
mRNA

DNA

nuclear export

transport

microtubules

TRASPORTING
GRANULES
Anna M. Krichevsky and Kenneth S. Kosik, Neuron 2001

17

22/09/2019

STEP 1 = mRNP formation, B) in the cytoplasm

Approximate size of neuronal mRNA granules

STEP 1 = mRNP formation, B) in the cytoplasm

Different RBPs in different transporting mRNA granules
Kanai et al. (2002) immunoprecipitated RNA granules using an antibody against KIF5
(42 RBPs identified from granules containing CamKII-α mRNA – NO Ribosomes!)
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STEP 1 = mRNP formation, B) in the cytoplasm
Elvira et al. (2005) purified RNA granules by sucrose density gradient centrifugation
(205 RBPs identified from granules containing β-actin mRNA – Include Ribosomes!)

RNA-Binding Proteins previously identified in RNA granules
• hnRNPs
• hnRNP D (Auf 1) (16)
• hnRNP A1 (16)
• SYNCRIP/hnRNP Q1/Gry-RBP (16, 37)
• hnRNP R1 (16)
RNA-binding proteins not previously identified in RNA granules
• hnRNP A/B (16)
• hnRNPs
• hnRNP A2/B1 (20)
• hnRNP K
Other RNA-binding proteins
• hnRNP A0 (16)
• hnRNP C
• Zip code-binding protein 2/MARTA1
• hnRNP U(16)
• TAR DNA binding
• G3BP1
• DEAD box helicases
• hnRNP L
• Nucleophosmin
• DEAD box 3 (16)
• hnRNP X (E2)
• Activator of dsRNA kinase
• DEAD box 1/DDX1 (16)
• hnRNP H
• Interleukin enhancer-binding factor 2
• DEAD box 5/17 (16)
• hnRNPA3
• Interleukin enhancer-binding factor 3
• Other RNA-binding proteins
• hnRNP M
• G3BP2
• ZCBP/IMP-2 (19)
• DEAD box helicases
• PTB
• Nucleolin (16)
• DEAD box 6
• Poly(A)-binding protein
• Staufen 2 (14, 16)
• DEAD box 9
• Matrin-3
• RNA granule protein 105 (45)
• NORP1 (regulator of nonsense)
• PAI-1 RNA binding
• eIF4A
• Y box-binding protein 1 (mYB-1b)
• DEAD box BAT-1
• CYFIP2

No FMRP
No Pur-α

Isolated 61 of 64 total ribosomal proteins
Ribosomal Proteins
Ribosome chaperons
Traslation Factors

•
•
•
•
•

ELAV-like proteins
ELAV-like 2 (Hu-B)
ELAV-like 4 (Hu-D)
ELAV-like 3 (Hu-C)
ETR-R3B

STEP 1 = mRNP formation, B) in the cytoplasm

Analysis of trans-factors revealed heterogeneity in neuronal
mRNPs composition

Including ribosomes

Fritsche et al., Cell Reports 5, 1749–1762, December 26, 2013
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STEP 2 = mRNP transport

How is an mRNAs transported?
1. (A) Formaton of mRNPs in the nucleus;
(B) Cytoplasmic mRNP remodeling, oligo-merization
and assembly (possible exchanges with P-Bodies,
Stress Granules)
2. Transport of mRNPs to their destination with bidirectional movements (sushi-belt model);
3. Anchoring of mRNPs at the destination with
involvement of actin-myosin system;
4. Local translation of delivered mRNAs and local
degradation

STEP 2 = mRNP transport

Two basic principles are evolutionary conserved:
1. mRNAs are translational repressed during transport
2. Repression is relieved at specific cellular locations

Additional principles apply specifically to dendrites:
1. Different mRNAs are in different granules
2. Distally localized RNA granules contain 1 or 2 transcripts, while soma

and proximal region display higher numbers of RNAs per particle
3. mRNA transport in dendrites is a motor-based traffic along
cytoskeletal structures (microtubules and actin microfilaments)
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STEP 2 = mRNP transport

How is mRNAs transport visualized?

STEP 2 = mRNP transport

Dynamics of mRNA molecules in the cytoplasm of mammalian cells
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STEP 2 = mRNP transport

Dynamics of BDNF mRNA granules (MS2 system)

STEP 2 = mRNP transport

Dynamics of BDNF mRNA transport
ctrl

25% actively moving
n= 13

KCl
75% oscillatory behaviour

n= 13
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STEP 2 = mRNP transport

Dynamics of BDNF mRNA transport
n= 13

Max velocity 0.26 μm/sec*
Min. velocity 0.07 μm/sec
GRANULES containing Arc mRNA
Mean max velocity 0.22 μm/sec

Mean min. velocity 0.15 μm/sec
(Dynes and Steward, 2007)

* approx 15 μm/min = 0.9 mm/h
between fast (1-2 μm/sec) and slow (0.001-0.07 μm/sec) axonal transport

STEP 2 = mRNP transport
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STEP 2 = mRNP transport

Dynamics of ARC mRNA transport

Particle Splitting

STEP 2 = mRNP transport

The sushi-belt model of mRNA transport
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STEP 2 = mRNP transport

Myelin basic protein mRNA granules move along
microtubules

mRNA granules
microtubules

plasma membrane of the dendrite

Ainger et al., J Cell Biol. 1993 Oct;123(2):431-41.

STEP 2 = mRNP transport

Polarity of microtubules is
different in axons vs. dendrites

Microtubules in dendrites
initial segment have mixed
polarity, then are plus-ends
towards distal terminals.

All microtubules in axons have the
same orientation (=plus-ends distal).
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STEP 2 = mRNP transport

Motor proteins Walk Along Filaments

Kinesin motors
To cell periphery

Cytoplasmic Dynein
To cell center

Yildiz et al.Science 2003.
https://www.youtube.com/watch?v=y-uuk4Pr2i8

Kinesins: a family of ~45 members in mammals
Conserved motor domain fused to variable domains
almost more kinesin proteins than cargo – and redundancy

Hirokawa, 2009
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STEP 2 = mRNP transport

Cellular determinants of motored mRNA transport

Buxbaum et al. Nat Rev Mol Cell Biol. 2015 - http//doi:10.1038/nrm3918

STEP 3 = mRNP anchoring

How is an mRNA anchored at its destination?
1. (A) Formaton of mRNPs in the nucleus;
(B) Cytoplasmic mRNP remodeling, oligo-merization
and assembly (possible exchanges with P-Bodies,
Stress Granules)
2. Transport of mRNPs to their destination;
3. Anchoring of mRNPs at the destination with
involvement of actin-myosin system;
4. Local translation of delivered mRNAs and local
degradation
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STEP 3 = mRNP anchoring

How are dendritic mRNAs anchored at synapses?
Role of the cytoskeleton (A): the actin-myosin pass-over

STEP 3 = mRNP anchoring

How are dendritic mRNAs anchored at synapses?
Role of the cytoskeleton (B): growing microtubules extend
into the head of dendritic spines
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STEP 3 = mRNP anchoring

mRNA splitting in distal dendrites?

protein synthesis
mRNA

DNA

nuclear export

transport

microtubules

Distally localized RNA granules
contain 1 or 2 transcripts, while soma
and proximal region display higher
numbers of RNAs per particle.
RNA granules splitting?
Anna M. Krichevsky and Kenneth S. Kosik, Neuron 2001

STEP 4 = local mRNA translation

How is an mRNA translated at its destination?
1. (A) Formaton of mRNPs in the nucleus;
(B) Cytoplasmic mRNP remodeling, oligo-merization
and assembly (possible exchanges with P-Bodies,
Stress Granules)
2. Transport of mRNPs to their destination;
3. Anchoring of mRNPs at the destination with
involvement of actin-myosin system;
4. Local translation of delivered mRNAs and local
degradation
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STEP 4 = local mRNA translation

Local translation of delivered mRNAs and local degradation

Dan Ohtan Wang, Kelsey C Martin, R Suzanne ZukinTrends in Neurosciences 2010

What about
the axonal
compartment ?
~40 miles

2 miles

~1600 miles

• Axons of invertebrate neurons - mRNAs & ribosomes (1970’s)

• Axons of vertebrate hypothalamic neurons and retinal neurons
(1990’s) - but no ribosomes by EM.
• Developing axons of embryonic vertebrate (chick) neurons (1998) –
ribosomes & mRNAs.
• Adult mammalian neurons (since 2001) - mRNAs, ribosomes, &
translation factors.
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Historical view: mRNA profiles of axons
• Willis et al. (2005) used proteomics with metabolically labeled (35Smethionine) to demonstrate local synthesis of 35 proteins in axons.
• Low density arrays showed > 200 mRNAs in sensory axons (Willis et al.,
2007).
• Taylor et al. (2009) used microfluidic chambers to isolate axons from cultured
hippocampal neurons; with high density arrays detected ~ 800 mRNAs.
• Andreassi et al (2009) used compartmentalized cultures to detect mRNAs
enriched in axons of sympathetic neurons – similarly complex populations.
• Gumy et al. (2011) used isolated axons from developing and adult sensory
neurons with arrays for RNA profiling --> >1000 different mRNAs.
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Guidance cues trigger protein synthesis in developing axons

Adapted from Willis & Twiss (2006) Curr Opin Neurobiol 16, 111.

Take-Home Message
• Both dendrites (post-synaptic) and axons (pre-synaptic)
processes contain components needed to synthesize proteins:
 Templates (mRNAs)
 Machinery (ribosomes, translation factors, P-bodies, stress granules)

• Complex population of mRNAs are transported into dendrites
and axons (1000’s of ‘transcripts’).
• Regulation of ‘localized’ neuronal protein synthesis occurs
through at least two separate mechanisms:
 Transport of templates (i.e., targeting)
 Regulation of the machinery (i.e., translational control)

• The regulation is driven by RNA-protein interactions.
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Oswald Steward
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