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SUMMARY

Tightly regulated transport of messenger ribonucleo-
protein (mRNP) granules to diverse locations of den-
drites and axons is essential for appropriately timed
protein synthesis within distinct sub-neuronal com-
partments. Perturbations of this regulation lead to
various neurological disorders. Using imaging and
molecular approaches, we demonstrate how TDP-43
co-operates with two other RNA-binding proteins,
FMRP and Staufen1, to regulate the anterograde and
retrograde transport, respectively, of Rac1 mRNPs in
mouseneuronal dendrites.Wealsoanalyze themech-
anisms by which TDP-43 mediates coupled mRNA
transport-translationprocesses indendritic sub-com-
partments by following in real-time the co-movement
of RNAand endogenous fluorescence-taggedprotein
in neurons and by simultaneous examination of trans-
port/translationdynamicsbyusinganRNAbiosensor.
This study establishes the pivotal roles of TDP-43 in
transporting mRNP granules in dendrites, inhibiting
translation inside those granules, and reactivating it
once the granules reach the dendritic spines.

INTRODUCTION

Appropriate localization and subsequent local translation of den-

dritic mRNAs are essential for synaptic plasticity and neuronal

development (Buffington et al., 2014; Triller and Sheng, 2012).

Various studies have demonstrated that mRNAs are transported

in neuronal dendrites and axons as messenger ribonucleopro-

tein (mRNP) granules containing the mRNAs, RNA-binding pro-

teins (RBPs), translation factors, and ribosomes (Glock et al.,

2017; Pilaz and Silver, 2017). Dendritic and axonal mRNPs are

associated with cytoskeletal motor proteins, such as kinesins

and cytoplasmic dyneins, for long-distance transport along

axonal and dendritic microtubules and, in some instances, with

myosin motors for transport along actin filaments (Hirokawa

and Tanaka, 2015; Xiao et al., 2016). Kinesins mostly facilitate

cargo transport in the anterograde direction (Gagnon and

Mowry, 2011; Lim et al., 2017). In contrast, dyneins mainly facil-
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itate retrograde transport, but they may also modulate antero-

grade transport of specific mRNPs in some cell systems (Ayloo

et al., 2017; Herbert et al., 2017). Directional transport of

mRNP granules is achieved by complex interactions among

the mRNAs, RBPs, adaptors, and motor proteins (Buxbaum

et al., 2015a; Rezaul et al., 2016).

Dendritic mRNA transport and specific mRNA localization

are partly achieved by the co-operative actions of different

RBPs (Hutten et al., 2014; Klein et al., 2016). RBPs bind to cis-

acting elements of mRNAs and can act as direct or indirect

adaptors to recruit motor proteins to target mRNPs. TDP-43

and FMRP are RBPs known to regulate dendritic mRNA trans-

port and translation, and functional impairment of either one

has been linked to neurodegenerative and neurodevelopmental

disorders (Ferro et al., 2018; Richter et al., 2015). FMRP recruits

kinesin1 (KIF5) to facilitate dendritic mRNA transport to appro-

priate locations (Dictenberg et al., 2008). Overexpression of

TDP-43 facilitates axonal transport of Nefl mRNA in the antero-

grade direction (Alami et al., 2014). Staufen1 is an RBP that often

co-localizes with TDP-43, and FMRP in neuronal dendrites and

has been functionally linked with them (Wang et al., 2008; Yu

et al., 2012). Moreover, it may associate with dynein through

dynactin to facilitate both retrograde and anterograde transport

of specific mRNAs in neuronal processes (Gershoni-Emek et al.,

2016; Herbert et al., 2017). It is also involved in dendritic mRNA

localization and mRNA anchorage to synapses (Gershoni-Emek

et al., 2016; Heraud-Farlow and Kiebler, 2014).

mRNA transport and local translation in neuronal processes

are closely interlinked. According to the ‘‘sushi belt’’ model,

mRNAs masked with RBPs remain translationally inactive or

dormant in dendrites until they become unmasked by neuronal

activation signals to serve the urgent need for locally translated

proteins at synapses/spines (Akbalik and Schuman, 2014; Lee

et al., 2016). Mis-regulation of mRNA transport and translation

in neuronal processes is closely associated with neurodevelop-

mental and neurodegenerative diseases, many of which are

underpinned by mutations and/or mis-expression of TDP-43 or

FMRP (Jovi�ci�c and Gitler, 2014; Maziuk et al., 2017).

Here, we conducted time-lapse analysis of dendritic co-move-

ment of an endogenous RBP with one of its endogenous

target mRNAs in primary hippocampal neurons as well as pyra-

midal neurons differentiated from genetically modified mouse

embryonic stem cell (mESC) expressing fluorescence-tagged
thor(s).
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Figure 1. Live-Cell Imaging of Endogenous Rac1 mRNP Granule Transport Dynamics in Primary Hippocampal Neurons

(A) Left, representative real-time images of endogenous Rac1 mRNP granules (arrows with blue and green tracking lines) moving along a selected neuronal

dendrite of a DIV14 primary hippocampal neuron (boxed in differential interference contrast [DIC] image at bottom) in the anterograde (away from soma) and

retrograde (toward soma) directions or showing bi-directional movement (moving back and forth). Scale bars, 10 mm. Right, representative tracks of three Rac1

mRNP granules exhibiting anterograde, retrograde, or bi-directional displacements along the dendrite within 10 s.

(B) Proportions (%) of stationary, uni-directional, or bi-directional movement by Rac1mRNP granules (diameter,%800 nm) in DIV14 neuronal dendrites transfected

with Sc, TDPsi, FMRPsi, or Staufen1si oligos. Note that ~30%of these granulesweremoving in the Sc condition and decreased significantly upon TDP-43 depletion.

(C and D) Net displacements (C) and average velocities (D) of dendritic Rac1 mRNP granules moving uni-directionally (anterograde, green; retrograde, red) in

DIV14 neurons transfected with different RNAi oligos.

(E) Proportions (%) of anterograde or retrograde movement of dendritic Rac1 mRNP granules in neurons transfected with different RNAi oligos. Each set of data

derived from 15–30 tracked Rac1 mRNP granules; 6–7 dendrites (technical repeats, n = 6 to 7) examined for each of at least three independent experiments

(biological repeats, NR 3). Error bar, SEM. Student’s t tests were carried out to compare themeans and indicated as *p < 0.05, **p < 0.001, ***p < 0.0001. Fisher’s

exact test comparing different types of movements of Rac1 mRNP granules from differentially transfected neurons; Sc versus TDPsi, p < 0.0001; Sc versus

FMRPsi, p = 0.13041; and Sc versus Staufen1si, p = 0.20339.
TDP-43. Moreover, we provide evidence for the molecular

mechanisms by which TDP-43 regulates dendritic mRNA trans-

port in co-operation with FMRP and Staufen1, revealing the

functional requirement of TDP-43 as an integral part of the den-

dritic mRNA transport machinery in the mouse neuronal system.

Finally, using an RNA biosensor, we investigated the kinetics and

dynamics of simultaneous dendritic mRNA transport and trans-

lation, establishing TDP-43 as an essential spatiotemporal regu-

lator of these two processes along dendrites and near spines.

RESULTS

TDP-43, FMRP, and Staufen1 Are Required for Proper
DendriticTraffickingofEndogenousRac1mRNAGranules
Endogenous TDP-43, FMRP, and Staufen1 in Mouse

Primary Hippocampal Neurons

The association of TDP-43 with FMRP and Staufen1 in dendritic

mRNP granules and their increased co-localization upon
neuronal activity stimulation (Wang et al., 2008) inspired us to

study possible co-regulation of the dendritic transport of motile

mRNP granules by these three RBPs. We used time-lapse imag-

ing and molecular beacon probes for live-cell fluorescence in

situ hybridization (FISH) to study the dynamics of unidirec-

tional/bidirectional/stationary movements of endogenous Rac1

mRNA within dendrites of 12–14 days in vitro (DIV) primary hip-

pocampal neurons (Figures 1A and S1Aa; Video S1), as well

as Rac1 mRNA movement from soma to dendrite or nucleus

(Video S1). Proportions of each type of Rac1 mRNA move-

ment changed significantly upon RNAi-mediated depletion of

TDP-43, FMRP, or Staufen1 (Figures 1B and S1B). In particular,

under TDP-43 depletion, the percentage of uni-directionally

moving granules was reduced (from 17.6% to 4.6%), whereas

that of stationary granules increased from 73.6% to 91.5%

(Figure 1B). Notably, the average velocity of motile Rac1mRNAs

was similar to a previous report for b-actin mRNA (Park et al.,

2014). Although dendritic microtubules remained in place under
Cell Reports 29, 3118–3133, December 3, 2019 3119



TDP-43-depleted conditions (Figure S1C), Rac1 mRNA motility

was reduced dramatically in both the anterograde and retro-

grade directions compared to the Scrambled RNAi (Sc) control,

withmarked reductions in net displacement and velocity (Figures

1C, 1D, and S1Ab; Table S1). In contrast, RNAi-mediated

depletion of FMRP mainly affected net displacement and veloc-

ity of anterograde-moving granules (Figures 1C, 1D, and S1Ac).

Depletion of Staufen1, as previously observed for other mRNPs

(Vessey et al., 2008), also reduced net displacement and velocity

in both directions (Figures 1C, 1D, and S1Ad). Overall, TDP-43 or

FMRP depletion led to retrograde-dominant transport of Rac1

mRNA granules, whereas Staufen1 depletion resulted in antero-

grade dominance (Figure 1E).

These data demonstrate a pivotal role for TDP-43 in dendritic

trafficking of Rac1 mRNA in primary hippocampal neurons,

possibly in co-operation with its binding partners FMRP and

Staufen1.

Endogenous RFP-Tagged TDP-43 in Mouse-Embryonic-

Stem-Cell-Derived Pyramidal Neurons

To explicitly show that dendritic transport of Rac1 mRNA

required co-localization of endogenous TDP-43 with Rac1

mRNP granules, we used CRISPR/Cas9 genome editing to

establish mESC expressing RFP-tagged endogenous TDP-43

protein. These mESC were then transfected with Sc or TDP-43

RNAi (TDPsi) oligos at day 28–32 of differentiation into pyramidal

neurons that expressed the specific markers CamKII and PSD-

95 (Figures 2A and S2Aa). Expression of RFP-TDP-43 in these

mESC-derived neurons was monitored by red RFP fluores-

cence, most of which was located in the nucleus (Figure S2Ab),

whereas endogenous FMRP (Figure S2Ab) was detected by im-

munostaining using respective antibodies.

Transfected pyramidal neurons were also subjected to time-

lapse microscopy at 48 h after transfection to compare the

transport dynamics of Rac1 mRNPs (white, RaclmRNA beacon)

with or without associated endogenous RFP-TDP-43 (red, RFP

tag). As exemplified in Figure 2B, most (70%) of the dendritic

Rac1mRNP granules in Sc-oligo-transfected neurons contained

the red fluorescently labeled endogenous RFP-TDP-43, which

could be effectively depleted (from >90% of all granules) by

transfection with a TDPsi oligo. Of these TDP-43-associated

Rac1 mRNP granules ((white+red) granules in Figure 2B and

Video S2), �70% were relatively stationary (displacement

<1 mm within the 20-s video-recorded tracking period), �24%

of them moved uni-directionally (displacement R3 mm within

the tracking period), and 5.4% moved bi-directionally with one

or more reversals of direction (displacementsR1 mm in either di-

rection) within the tracking period (left top disc, Figure 2C(a)).

Similar results were obtained by tracking RFP-TDP-43 granules

(Figure S2B; red granules in Video S3). In contrast, Rac1 mRNP

granules not associated with endogenous RFP-TDP-43 in Sc-

oligo-transfected neurons (white granules in Figure 2B and Video

S2) were either stationary or only moved bi-directionally over

short distances.

Slightly more unidirectional TDP-43-associated Rac1 mRNP

granules were transported in the anterograde rather than

retrograde direction (51.8%, left bottom disc; Figure 2Ca),

likely due in part to higher net anterograde displacement

(11 versus 4 mm) and higher average anterograde velocity
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(0.40 versus �0.34 mm/sec) relative to retrograde values

(left histobars of Figures 2Cb and 2Cc). However, upon TDP-

43 depletion, the percentage of moving Rac1 mRNP granules

significantly decreased from �30% to 15.9%, most of which

now moved bi-directionally (top right disc, Figure 2Ca).

Furthermore, as observed in primary hippocampal neurons

(Figure 1), the movement became retrograde-dominant

(bottom right disc, Figure 2Ca), which was associated with

considerable reductions in net displacement and velocity in

both directions (Table S1; right histobars of Figures 2Cb

and 2Cc).

Together, Figures 1 and 2 show that endogenous TDP-43

protein associates with dendritic Rac1 mRNP granules, 70%–

80% of which were stationary in neurons and the remaining

20%–30% moved in either the anterograde or retrograde direc-

tion. However, TDP-43 depletion caused almost all Rac1 mRNP

granules to either remain immobile or to only move bi-direction-

ally over short distances, demonstrating the essential role of

TDP-43 in their dendritic transport.

TDP-43 in KCl-Stimulated Mouse Primary Hippocampal

Neurons

We also examined the effect of RNAi knockdown of TDP-43 in

cultured DIV14 hippocampal neurons with or without KCl

stimulation. Repetitive KCl stimulation drives membrane

depolarization and mimics neuronal excitation/activation and

repetitive learning (Wayman et al., 2006; Wu et al., 2001),

which increases the numbers of TDP-43(+) granules and of

puncta exhibiting TDP-43+FMRP+Staufen1+RNA co-localiza-

tion in dendrites of primary neurons (Wang et al., 2008). We

found that KCl stimulation increased 2- to 4-fold the amounts

of Rac1 mRNA and Map1b mRNA but not b-actin mRNA or

Gapdh mRNA in dendrites (histograms of Figures S3Aa

and S3Ab) and by 6- to 7-fold Rac1 and Map1b mRNA

levels in dendritic spines/protrusions (histograms of Figures

S3Ac and S3Ad). Interestingly, although TDP-43 depletion

had no effect on dendritic-to-somatic ratio of mRNA levels in

stationary-phase neurons, the KCl-stimulated increases of

dendritic/protrusional Rac1 and Map1b mRNAs were greatly

abrogated upon transfection with TDPsi oligo (histograms of

Figure S3A). Thus, TDP-43 is an essential regulator not only

of dendritic transport in steady-state neurons but also of

neuronal activity-induced soma-to-dendrite transport of Rac1

and Map1b mRNAs.

Regulatory Mechanisms of mRNP Dendritic Transport
by TDP-43 and FMRP
Microtubule-Dependent Dendritic Transport of Rac1

and Map1b mRNAs

Transport of mRNP granules in neurons is known to be micro-

tubule and/or actin filament dependent (Balasanyan and Ar-

nold, 2014; Hancock, 2014). As shown in Figure S3Ba, the

increased amounts of dendritic Rac1 and Map1b mRNAs in

primary hippocampal neurons upon KCl stimulation could

be inhibited by treatment with the microtubule-disrupting re-

agent nocodazole, but they remained unaffected upon treat-

ment with actin-filament-disrupting cytochalasin D. The trans-

port dynamics of Rac1 mRNP granules was also affected by

nocodazole treatment (Figure S3Bb; Table S1). Thus, dendritic



Figure 2. Live-Cell Imaging of Endogenous RFP-TDP-43 and Rac1 mRNP Granule Co-transport in Dendrites of mESC-Derived Pyramidal

Neurons

(A) Strategy for generating pyramidal neurons from genetically modified-expressing RFP-tagged TDP-43. A representative western blot image of one homo-

zygous and one heterozygous clone is shown at right.

(B) Representative pictures of time-dependent movements (arrowheads with blue tracking lines) of Rac1 mRNA (white dots) associated with (Sc condition) and

without (TDPsi condition) RFP-TDP-43 (red dots). Corresponding DIC images of the neurons from which specific dendritic regions (red boxes) were chosen for

real-time analyses are shown at top. Scale bars, 5 mm. Note that although 67% of RFP-TDP-43 granules were co-localized with Rac1 mRNA in the exemplified

dendrite of Sc-oligo-transfected neurons, on average this co-localization was ~39% (data not shown). Also, >90%of all the granules were without RFP-TDP-43 in

TDPsi-transfected cells (RFP channel is not shown in the figure).

(C) Statistical analysis of dendritic transport parameters of (Rac1 mRNA+TDP-43) granules under the Sc condition and Rac1 mRNA granules under the TDPsi

condition. (a) Proportions (%) of stationary versus bi-directionally moving versus uni-directionally moving granules (top two charts) and of anterograde versus

retrograde moving granules (bottom two charts). Comparison of net displacements (b) and average velocities (c) of dendritic Rac1 mRNAs associated with

endogenous RFP-TDP-43 under the Sc condition with those of Rac1 mRNAs lacking RFP-TDP-43 in TDPsi-transfected neurons. Each set of data represent

analysis of 15–40 tracked Rac1mRNP granules; 3–5 dendrites (technical repeats, n = 3 to 5) were examined for each of three independent experiments (biological

repeats, N = 3). Anterograde, retrograde, and bi-directional movements are defined in Figure 1. Error bars, SEM. Student’s t tests were carried out to compare the

means and indicated as *p < 0.05, **p < 0.001, ***p < 0.0001. Fisher’s exact test comparing different types of movements of Rac1mRNP granules in Sc and TDPsi,

represented in pie charts; p < 0.0001. Note, co-movement velocity of Rac1 mRNPs was measured with multiple lasers resulting in a lower time resolution for

measurements, so the data cannot be directly compared to single laser-tracking of Rac1mRNP granules in Figure 1. Tracked endogenous RFP-TDP-43 granules

exhibited similar dendritic transport dynamics to Rac1 mRNP granules (compare Figures 1 and S2B).
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transport of Rac1 and Map1b mRNAs is predominantly micro-

tubule dependent.

Dendritic Co-localization of Rac1/Map1b mRNAs and

RBPs with Kinesin1 and Dynein1

We used combined FISH and immunofluorescence (IF) staining

of DIV14 neurons to determine if Rac1 and Map1b mRNAs co-

localized with the microtubule-related motor proteins kinesin1

and cytoplasmic dynein1 in the dendrites of stationary-phase

neurons. Indeed, we found that kinesin1 co-localized with

both Rac1 mRNA (Figure 3Aa) and Map1b mRNA (Figure S3C).

Significantly, this co-localization was greatly reduced upon

depletion of TDP-43 or FMRP but was unaffected by Staufen1

depletion (left histogram, Figure 3Aa). In addition, dendritic

co-localization of TDP-43 and kinesin1 was reduced upon

FMRP depletion, but the FMRP and kinesin1 association was

independent of TDP-43 (right histogram, Figure 3Aa; representa-

tive dendritic pictures shown in Figure S3C). Also, co-localization

of dynein1 with Rac1 mRNA (Figure 3Ab) and Map1b mRNA

(Figure S3C) was dependent on Staufen1 but not on TDP-43 or

FMRP.

Physical Associations among Synaptosomal mRNAs,

TDP-43, FMRP, and Kinesin1

Given our immunofluorescence co-staining (co-IF) results, we

examined if kinesin1 and dynein1 were physically associated

with Rac1/Map1b mRNP complexes by performing an RNA-

immunoprecipitation (RNA-IP) assay of synaptosome extracts

isolated from KCl-stimulated primary hippocampal neurons

transfected with Sc, TDPsi, FMRP RNAi (FMRPsi), or Staufen1

RNAi (Staufen1si) oligos. Synaptosome extracts contain RNAs

and proteins from the synaptic vesicles, synaptic membranes,

pre-/post-synaptic terminals, synaptodendrosomes, and synap-

todendrites (Bai and Witzmann, 2007; Rao and Steward, 1993).

KCl treatment enriched Rac1 andMap1b mRNAs in spines/pro-

trusions (Figures S3Ac and S3Ad) and in synaptosomal extracts

(Figure S3Da), as reported for other dendritic mRNAs and protein

factors (Gharami andDas, 2014; Prieto et al., 2017; Tiruchinapalli

et al., 2003). Thus, synaptosomes from KCl-treated primary

neurons represent a good resource for isolating sufficient

dendritic mRNA complexes for RNA-IP analysis.

In comparison to immunoglobulin G (IgG) control samples,

Rac1 mRNA and Map1b mRNA were significantly enriched in

anti-kinesin1 and anti-dynein1 immunoprecipitated complexes

(Figure 3Ba), indicating an association of these mRNAs with

the motor proteins. Furthermore, the associations of kinesin1

with the mRNAs (Figure 3Ba) and with TDP-43 protein (middle

panels, Figure 3Bb) were both significantly decreased upon

FMRP depletion. However, TDP-43 depletion prompted a

significant decrease in the association of kinesin1 with the

mRNAs (Figure 3Ba) but not with FMRP protein (middle panels,

Figure 3Bb). In contrast, RNAi depletion of Staufen1, but not

FMRP or TDP-43, reduced the association of dynein1 with

Rac1 and Map1b mRNAs (Figure 3Ba).

Based on these findings and available literature on the

physical interactions and co-localizations of FMRP/kinesin1

(Dictenberg et al., 2008), Staufen1/dynein (Gershoni-Emek

et al., 2016), TDP-43/FMRP (Majumder et al., 2016), TDP-43/

Rac1 mRNA (Majumder et al., 2016), and TDP-43/Map1b

mRNA (Coyne et al., 2014; Majumder et al., 2016), we interpret
3122 Cell Reports 29, 3118–3133, December 3, 2019
a scenario whereby TDP-43, in association with FMRP, recruits

its target mRNAs to kinesin1 and consequently to microtubules.

In contrast, whereas Staufen1 independently recruits dynein1

to themRNAs, depletion of TDP-43 by RNAi reduced the expres-

sion of dynactin1 and dynein1 in neurons by �60% and �20%,

respectively, as shown by qRT-PCR analysis (Figure S3Db).

Together, these regulatory pathways contribute to how TDP-

43, FMRP, and Staufen1 modulate the anterograde and retro-

grade movements of TDP-43-targeted mRNPs in dendrites.

Physical Interactions among TDP-43, FMRP, and

Kinesin1 Are Required for Anterograde Dendritic

Trafficking of Rac1 mRNP Granules

To establish if regulation of dendritic Rac1 mRNP granule trans-

port by TDP-43 and FMRP (Figures 1 and 3) requires physical

interactions between these two factors and kinesin1, as sug-

gested by the data presented in Figure 3, we overexpressed

wild-type RFP-TDP-43 and/or GFP-FMRP in DIV14 primary

neurons by plasmid transfections (Figure 4). Note the partial

co-localization of some red and white granules in Figure 4A is

due to instrumental limitations of two-channel measurements

and momentary dissociation/re-association of the granules.

However, exogenous expression of RFP-TDP-43 and GFP-

FMRP increased the average amounts of these proteins asso-

ciated with mRNP granules (Figure S4Aa). Time-lapse micro-

scopy of transfected neurons, exemplified in Figure 4Aa and

statistically analyzed in Figures 4Ab–4Ad, showed that Rac1

mRNP granules co-localized (partially or fully) with RFP-TDP-

43 ((white+red) dots in Figure 4Aa and Video S4) increased by

�6% their movement in the anterograde direction and by

�60% their net anterograde displacement relative to Rac1

mRNP granules lacking exogenous RFP-TDP-43 (white dots,

Figure 4Aa). This outcome may partly be attributable to the

stoichiometric increase of total TDP-43 protein (i.e., endogenous

TDP-43 plus exogenous RFP-TDP-43) in the Rac1 mRNPs with

exogenous RFP-TDP-43 compared to those lacking it (Fig-

ure S4Aa). Overexpression of GFP-FMRP alone did not signifi-

cantly affect Rac1 mRNA transport (Table S2), possibly due to

FMRP already being present in excess in dendrites of DIV14

primary neurons. However, co-expression of GFP-FMRP with

RFP-TDP-43 ((white+red+green) granules in Figure 4B and

Video S5) increased the proportion of granules moving anterog-

radely compared to overexpression of RFP-TDP-43 alone ((whi-

te+red) granules, Figure 4B), further supporting the co-operative

roles of TDP-43 and FMRP in regulating Rac1 mRNP transport

in neurons.

We then analyzed the dynamics of dendritic movement of

endogenous Rac1 mRNA in DIV14 primary neurons overex-

pressing (pGFP-FMRP+pRFP-TDP-43), (pGFP-FMRP+pRFP-

TDP-43DGly), (pGFP-FMRPDD1+pRFP-TDP-43), or (pGFP-

FMRPDD3+pRFP-TDP-43) by time-lapse microscopy (Fig-

ure 5). The DGly deletion prevents interaction of RFP-TDP-

43-DGly with endogenous FMRP or exogenous GFP-FMRP

(Majumder et al., 2016). The DD1 deletion weakens the inter-

action of GFP-FMRPDD1 with exogenous TDP-43 (Figure S5A)

and likely with endogenous TDP-43 too, although it does not

affect FMRPDD1/kinesin1 binding (Dictenberg et al., 2008).

The DD3 deletion prevents interaction of FMRPDD3 with kine-

sin1 (Dictenberg et al., 2008) but does not affect binding of



Figure 3. TDP-43-, FMRP-, and Staufen1-Dependent Recruitment of Kinesin1 and Dynein1 to Dendritic Rac1 mRNP Complexes In Vivo

(A) Dendritic co-localization of Rac1 mRNA, Map1b mRNA, TDP-43, and FMRP with kinesin1 (a) and dynein1 (b), respectively, in DIV14 primary hippocampal

neurons transfected with different RNAi oligos. Hippocampal neurons were subjected to RNA FISH by using probes specific for the mRNAs and co-IF by using

anti-TDP-43, anti-FMRP, anti-KIF5A, and anti-dynein1. Representative confocal microscopy images for co-localization of Rac1mRNAwith kinesin1 and dynein1

are shown in the top panels, with arrows indicating co-localized puncta. Scale bars, 5 mm. Similar representative images for co-localization of Map1b mRNA,

TDP-43, and FMRP with kinesin1 and dynein1 are shown in Figure S3C. Statistical analysis of co-localization (%) from three sets of independent experiments

(biological repeats, N = 3; technical repeats, n = 5 to 6 dendrites for each biological repeat) is represented in the bar diagrams below the image panels.

(B) RNA-IP analysis of synaptosome extracts isolated fromDIV14primary hippocampal neurons after repetitive KCl stimulation. (a) Synaptosome extracts of cultured

hippocampal neurons transfected with Sc, TDPsi, FMRPsi, or Staufen1si were immunoprecipitated with different antibodies, and the immunoprecipitated RNAs

were analyzed by qRT-PCR (technical repeats, n = 3 for each biological sample) by using primers specific for Rac1 mRNA and Map1b mRNA. The data were

normalized with the respective inputs and are presented as fold-enrichment relative to the Sc-IgG control (mean ± SD; N = 5 biological repeats for Sc and TDPsi or

N = 3 for FMRPsi or Staufen1si). The immunoprecipitates were also analyzed by western blotting to examine associations of kinesin1 and dynein1 with TDP-43 and

FMRP (b and c) and with Staufen1 (c). (d) Inputs showing the different protein levels in synaptosome extracts of the DIV14 primary hippocampal neurons transfected

with different siRNA oligos. These IP-western experiments were repeated at least three times (biological repeats, N R 3), and only one set of representative gel

pictures is presented in (b), (c), and (d). Student’s t tests were carried out to compare the means and indicated as *p < 0.05, **p < 0.001, ***p < 0.0001.
GFP-FMRPDD3 with exogenous TDP-43 or likely with endog-

enous TDP-43 either (Figure S5A). Both FMRPDD1 and FMRP-

DD3 can still associate with RNAs (Fernández et al., 2013). As

expected, percentages of Rac1 mRNA co-localization with

exogenous TDP-43 (either wild-type RFP-TDP-43 or RFP-
TDP-43DGly) were similar among the four sets of transfected

neurons (left set of four bars, Figure S5B). In contrast, co-

localization of Rac1 mRNA simultaneously with both

RFP- and GFP-tagged proteins was exceedingly low in neu-

rons co-expressing either (GFP-FMRP+RFP-TDP-43-DGly) or
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Figure 4. Effects of Exogenous TDP-43 and Exogenous FMRP on the Transport Dynamics of Dendritic mRNP Granules

(A) Live-cell microscopy of the transport dynamics ofRac1mRNP granules in pRFP-TDP-43-transfected DIV14 primary hippocampal neurons. (a) Representative

images of the time-dependent movements (arrowheadswith blue/green/yellow tracking lines) of dendriticRac1mRNP granules (white) with (yellow arrowhead) or

without (green arrowhead) associated exogenous RFP-TDP-43 protein (red). Corresponding DIC image is shown at top. Scale bars, 5 mm. (b) Pie charts

comparing different movement types. The net displacements and average velocities of uni-directionally moving Rac1 mRNPs are compared in (c) and (d),

respectively. Fisher’s exact test on data from pie charts; p = 0.1865.

(B) Live-cell microscopy of the transport dynamics of Rac1 mRNP granules in pRFP-TDP-43 and pGFP-FMRP co-transfected DIV14 primary hippocampal

neurons. (a) Representative images of the time-dependent movement (arrowheads with blue tracking lines) of a dendritic Rac1 mRNP granule (white) associated

with both exogenous RFP-TDP-43 protein (red) and GFP-FMRP protein (green). Corresponding DIC image is shown at top. Scale bars, 5 mm. (b) Comparison of

different movement types. (c) Comparison of net displacements. (d) Comparison of average velocities. Anterograde, retrograde, and bi-directional movements

are defined in Figure 1. Each dataset represents 25–30 tracked Rac1 mRNP granules; 5–6 dendrites (technical repeats, n = 5 to 6) were examined for each of

five independent experiments (biological repeats, N = 5). Different types of Rac1 mRNP granules are represented schematically above pie charts. Fisher’s

exact test on data from pie charts; white versus (white+red) granules, p = 0.2927 and white versus (white+red+green) granules, p < 0.01. Error bars, SEM.

Student’s t tests were carried out to compare the means and indicated as *p < 0.05, **p < 0.001, ***p < 0.0001. Note that althoughmost endogenous (Figures S1B

and S2Ab) and exogenous (data not shown) RFP-TDP-43 protein stays in the nucleus, significantly more TDP-43 protein (endogenous TDP-43 + exogenous RFP-

TDP-43) was present in both the (white+red) granules and (white+red+green) granules analyzed in (A) and (B), respectively, than in the white or (white+green)

granules (Figure S4Aa), helping to recruit more exogenous GFP-FMRP protein to mRNP granules (Figure S4Ab).
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(GFP-FMRPDD1+RFP-TDP-43) (right set of four bars, Fig-

ure S5B), making it difficult to examine the transport proper-

ties of tri-colored Rac1 mRNA granules in these two sets of

transfected neurons.

Statistical analysis of the transport dynamics of mRNP

granules associated with wild-type and mutant forms of exoge-

nous TDP-43 and FMPR proteins is shown in Figure 5B. In

contrast to the wild-type system, red-fluorescing Rac1 mRNP

granules in neurons co-expressing (GFP-FMRP+RFP-TDP-

43DGly) or (GFP-FMRPDD3+RFP-TDP-43) exhibited bi-direc-

tional or retrograde-dominant movements (Figures 5Ba and

5Bb), with significant decreases in anterograde net displace-

ments and average velocities (Figures 5Bc and 5Bd), support-

ing the importance of the physical association of TDP-43/

FMRP/kinesin1 for TDP-43 and FMRP co-mediated antero-

grade transport of dendritic Rac1 mRNA. Interestingly, unlike

the other two deletion mutants, the effect of GFP-FMRPDD1

on transport dynamics could not be detected because of its

severely altered binding with Rac1 mRNA-RFP-TDP-43 (whi-

te+red) granules and endogenous FMRP binds with the com-

plex instead of it (Figure S5A; models in Figures 5A and 5B).

Notably, other complex protein-protein/RNA interactions might

also contribute to this observation.

Full-length and RRM-domain-mutated TDP-43 have similar

subcellular distribution patterns, with the majority located in

the nucleus (Ayala et al., 2008). RRM domains are required for

its binding to Rac1 mRNA by two UG/GU stretches in the Rac1

30UTR region (Majumder et al., 2016). In the absence of this

interaction, Rac1 mRNA cannot associate/co-localize with

FMRP (Majumder et al., 2016). Consistently, Rac1 mRNA in

neurons co-expressing exogenous GFP-FMRP and RFP-TDP-

43DRRM1 or RFP-TDP-43DRRM2 exhibited limited association

with either of the fluorescence-tagged proteins (data not shown).

Moreover, an MS2 RNA reporter harboring the Rac1 30UTR with

disrupted TDP-43-binding UG/GU sequences (Majumder et al.,

2016) showed retrograde-dominant movement and reduced

anterograde velocity relative to control (Figure S5C). Together,
Figure 5. Live-Cell Imaging Establishes a Requirement for Both the

Transport of Dendritic Rac1 mRNA Granules

(A) Left, schematic representation of dendritic Rac1 mRNP granules containing e

DIV14 primary hippocampal neurons transfected with (a) (pRFP-TDP-43+pGF

FMRPDD1), or (d) (pRFP-TDP-43+pGFP-FMRPDD3). Exogenous proteins are ind

Endogenous proteins are not colored. As indicated, the D1 domain of FMRP bind

binds FMRP. Solid arrows indicate the direction of movements for Rac1mRNA co

arrows represent the direction of movements of complexes shown only in the d

predominant complexes formed in those cases. DIC images of the dendrites from

shown above individual cartoons. Right, representative images showing time-dep

blue/yellow tracking lines) associated with (a) RFP-TDP-43 and GFP-FMRP (white

(d) RFP-TDP-43 and GFP-FMRPDD3 (white+red+green) in DIV14 primary hippoc

above each set of panels. Scale bars, 5 mm.

(B) Quantitative analysis of transport dynamics. (a and b) Proportions (%) of station

granules (top) and anterograde versus retrograde movement among the uni-d

transfected neurons as described in (A). (c and d) Net displacements and averag

depicted in (A). The different types of Rac1mRNP granules analyzed are indicated

Anterograde, retrograde, and bi-directional movements are defined in Figure 1

dendrites (technical repeats, n = 3 to 6) were examined for each of five independ

were carried out to compare the means and indicated as *p < 0.05, **p < 0.001, ***

FMRP) versus (pRFP-TDP-43DGly+pGFP-FMRP), (pRFP-TDP-43+pGFP-FMRPD

0.0001, respectively.
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these findings indicate that physical interaction between TDP-

43 and Rac1 mRNA is necessary for anterograde trafficking of

Rac1 mRNA.

Our data thus far (Figures 1, 2, 3, 4, and 5) suggest a mecha-

nistic scenario in which the FMRP-kinesin1 complex interacts

with mRNA-bound TDP-43 to facilitate anterograde movement

of dendritic granules containing Rac1 mRNA and likely a subset

of other dendritic mRNAs too.

Link between Dendritic Transport and Local Translation
of Rac1 mRNP
Use of a TRICK RNA Reporter System to Track Dendritic

Transport and Translation in Neurons

To study the inter-dependence of dendritic mRNA transport and

translation in neurons, we adopted the TRICK reporter RNA

system (Halstead et al., 2015) to simultaneously track the trajec-

tories of motile mRNP granules and analyze the distributions of

translating (TL; red) and un-translating (UT; yellow or green)

granules (Figures 6, 7, S6, and S7) in dendrites. Similar to endog-

enous Rac1 mRNA (Figures 1, 2, 3, 4, and 5), the TRICK-Rac1

30UTR RNA exhibited a TDP-43-dependent and anterograde-

dominant movement pattern in hippocampal neuronal dendrites

(Figure S6B; Table S3). Under the Sc condition, there were

more TL granules (red) in proximal dendrites than in distal den-

drites, whereas more UT granules (yellow+green) were located

in distal dendrites throughout the 7-min period of live-cell imag-

ing (Figures 6A–6C; Video S6; Table S4). Furthermore, we

observed a time-dependent decline in UT proportions in prox-

imal dendrites but not in distal ones (Figure 6C; Table S4),

perhaps due to the preferential transport of UT granules into

distal dendrites (Table S4). Under the TDPsi condition, the pop-

ulation of UT granules decreased in the distal part of dendrites

with time, partly due to their decreased anterograde movement

upon TDP-43 depletion (Figure S6Bb). Significantly, TDP-43

depletion also caused an 8-fold reduction (from 13.6 min to

1.7 min; Figure 6D) in the average time required for yellow UT

reporter RNA granules to become red TL ones. The lack of visible
TDP-43/FMRP and FMRP/Kinesin1 Interactions for Anterograde

xogenously expressed wild-type and mutant TDP-43 and/or FMRP proteins in

P-FMRP), (b) (pRFP-TDP-43DGly+pGFP-FMRP), (c) (pRFP-TDP-43+pGFP-

icated by red and green colors according to their tagged fluorescent proteins.

s TDP-43, and its D3 domain binds kinesin1. Also, the Gly domain of TDP-43

mplexes shown in the diagrams and exemplified in the images at right. Broken

iagram but not shown in representative images at right, as they are not the

which specific parts (red boxes) were chosen for live-cell image analysis are

endentmovements of specific dendritic Rac1mRNP granules (arrowheadswith

+red+green), (b) RFP-TDP-43DGly (white+red), (c) RFP-TDP-43 (white+red), or

ampal neurons transfected with different plasmid combinations, as indicated

ary versus bi-directionally moving versus uni-directionally moving Rac1mRNP

irectionally moving Rac1 mRNP granules (bottom) among different sets of

e velocities of different sets of uni-directionally moving Rac1 mRNP granules

by colored circles below the pie charts and above individual bars of histograms.

. Each dataset was derived from 18–25 tracked Rac1 mRNP granules; 3–6

ent experiments (biological repeats, N = 5). Error bars, SEM. Student’s t tests

p < 0.0001. Fisher’s exact test on data from pie charts; (pRFP-TDP-43+pGFP-

D1), and (pRFP-TDP-43+pGFP-FMRPDD3); p < 0.001, p = 0.2642, and p <



Figure 6. Live-Cell Imaging Analysis of Dendritic Transport and Translation of TRICK-Rac1 30UTR Reporter RNA Granules

(A) Representative images of dendrites of Sc- (top panel) and TDPsi-transfected (bottom panel) DIV14 neurons showing the distributions of un-translating (UT;

yellow and green dots) and translating (TL; red dots) TRICK-Rac1 30UTR reporter RNA granules.

(B) Magnified images of the boxed regions in (A) during a recording time period of 180 s. Scale bars, 5 mm. Note most of green dots are UT granules, as they are

also associated with the red MCP-RFP protein as verified by visualizing raw images by using two separate channels.

(C) Comparison of altered distributions of UT granules in the proximal and distal parts of dendrites of Sc oligo- (left set) and TDPsi oligo-transfected neurons (right

set) during a 7-min recording period. Each dataset was derived from 40–50 reporter RNA granules; 6–7 dendrites (technical repeats, n = 6 to 7) were examined for

each of at least three independent experiments (biological repeats, N R 3). Error bars, SEM. Student’s t tests were carried out to compare the means and

indicated as *p < 0.05, **p < 0.001, ***p < 0.0001.

(D) Translation dynamics of TRICK-Rac1 30UTR reporter RNA granules in Sc oligo- (left panel) and TDPsi oligo-transfected neurons (right panel). Histograms show

reduced occurrence of translation events during a 3,500-s recording period. The slope of the curves represents the average translation time for TRICK-Rac1

30UTR reporter RNA granules (from UT [yellow] to TL [red]). Technical repeats (n, number of granules), 52 and 97 for Sc- and TDPsi oligo-transfected neurons,

respectively. Data represent at least three independent experiments (biological repeats, N R 3).
TL granules and the robust decrease of UT/TL events within

the 7-min tracking period in neuronal dendrites treated with

the translation inhibitor cyclohexamide (CHX) confirmed the

specificity of our experiments (Figure S6Ca). Furthermore, as

deduced from our previous study of the physical interaction

between endogenous Rac1 mRNA and TDP-43 (Majumder

et al., 2016), co-localization/physical interaction between the

TRICK-Rac1 30UTR reporter RNA and TDP-43 also required

the Rac1-30 UTR sequence (Figures S6Cb, S6Cc, and S6D).

These data demonstrate the feasibility of using the TRICK-

Rac1 30UTR reporter RNA to analyze TDP-43-mediated mRNP

granule transport and translation in neuronal dendrites.

Transport-Coupled Translation in Neuronal Sub-

compartments

Translation of dendritic mRNAs primarily occurs inside dendritic

spines to facilitate synapse function (Klein et al., 2016; Rangaraju

et al., 2017). We used reporter fluorescence to elucidate the role

of TDP-43 in the spatial transport and distribution of Rac1mRNP

granules in different sub-compartments of fixed neurons (Fig-

ure 7A; Table S5). As observed for the endogenous Rac1

mRNA (Figure S3Aa), the average number of dendritic reporter

RNA granules/mm also remained unaffected after TDP-43 deple-
tion (Figure S7A). However, as shown in Figure 7Ab and Table

S5, TDP-43 depletion shifted the distribution of reporter RNA

granules from spines (decreased from 51% to 23%) to dendrites

(increased from 49% to 77%). Interestingly, accompanying this

shifted distribution, the proportion of TL TRICK reporter RNA

granules in dendrites also increased more than 4-fold, and

most of these granules were translated without reaching the

spine base (Figure 7Ac; Table S5). These data provide further

support for the requirement of TDP-43 to maintain at least

some dendritic mRNA granules in the silent state of translation

until they reach the spines for ‘‘localized translation.’’

TDP-43-Regulated Reporter RNA Transport and

Translation in the Spine Area

The contrasting increase and decrease of reporter RNA granules

in dendrites and spines, respectively, upon TDPsi transfection

(Figure 7Ab; Table S5) indicated a requirement for TDP-43 to

transport dendritic RNA granules into spines. Co-IF analysis of

TDP-43, FMRP, and Staufen1 proteins with the TRICK-Rac1

30UTR reporter RNA granules around the spine area (Figure 7B)

showed that FMRP- or Staufen1-containing granules were

mostly (�70%–80%) distributed at the spine bases. However,

reporter RNP granules associated with TDP-43 were somewhat
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Figure 7. Live-Cell Imaging of Dendritic Transport-Coupled Translation of TRICK-Rac1 30UTR Reporter RNA in Primary Hippocampal

Neurons

(A) (a) Representative images showing the distributions of TL and UT reporter mRNP granules in dendrites of DIV14 primary hippocampal neurons transfected

with Sc oligo (top panels) or TDPsi oligo (bottom panels). DIC images of the DIV14 neurons are shown at left, with boxed regions indicating dendrites selected for

further analysis. Magnified views of dendritic regions show the distributions of UT (green and yellow) and TL (red) granules inside the dendritic morphologies

indicated by the white dashed lines. Boxed regions in the magnified fluorescence images are further magnified for better visualization of the translation status of

granules in the different dendritic sub-compartments, i.e., non-spine dendrite, spine base, and spine. Scale bars, 5 mm. Note that although the numbers of

(legend continued on next page)
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evenly distributed in the spine bases (55%) and inside the spines

(45%). Thus, it appears that FMRP and Staufenl might leave the

reporter RNA granule complexes before the granules enter the

spines, whereas TDP-43 might play a role in translocating the re-

porter RNA granules from the dendritic spine base into the

spines, presumably by an actin-based pathway (Schätzle

et al., 2018).

To further examine RNA transport and translation around the

spine regions, we used real-time imaging to follow the fate of

UT granules (yellow) across a 5-mm region near the spine bases,

which spanned, on average, two spines. As shown in Video S7

and Table S6, most of the reporter RNA granules (16/26) paused

around the spine base for up to �3 min. Subsequently, almost

all of these granules (15/16) moved from the spine base into

the spine before 12 of them (12/15) were locally translated over

time, as exemplified in Figure 7Ca and statistically analyzed in

Figures 7Cc and 7Cd and Table S6. Upon TDP-43 depletion,

although many of the reporter RNA granules (29/42) still

paused at the spine bases, very few (4/29) moved into the spines

(Figures 7Cb, 7Cc, and 7Cd; Table S6). Although there was no

significant difference in the pausing duration of RNA granules

at the spine base between Sc and TDPsi conditions (Figure 7Cc),

TDP-43 depletion significantly (p < 0.0001) reduced the propor-

tion of paused granules that subsequently entered the spines

(Table S6) and induced overall 2.5-fold faster translation, as de-

picted by yellow TRICK reporter granules (UT) becoming red (TL)

(Figure 7Cd). Together, the data of Figure 7 and Tables S5 and

S6 indicate that TDP-43 plays a pivotal role in regulating local-

ized translation as well as transport in the spine area.

DISCUSSION

Although TDP-43 is known to bind many RNAs and to regulate

their processing (Buratti and Baralle, 2012; Ferro et al., 2018;

Ling et al., 2013), its regulatory roles in mRNA translation and

transport in neurons have only been documented recently. As

in other cell types (Wang et al., 2002), most endogenous or exog-

enously expressed TDP-43 in neurons is located in their nuclei

(Arnold et al., 2013; Neumann et al., 2006; Walker et al., 2015;
reporter mRNP granules in different dendrites from different sets of experimen

between Sc- and TDPsi-transfected neurons (Figure S7A). (b and c) Effects of RN

reporter RNA granules in spine bases/spines (b) and on the TL fractions (%) of re

hippocampal neurons.

(B) (a) Representative images of co-localization of the reporter RNA (red, fluoresce

panel), and Staufen1 (left bottom panel), respectively. The translation status (i.e., U

of mRNP granules in the dashed boxes in the three panels is shown at right. Sca

localized with individual RBPs at spine bases (left three bars) and in the spines (righ

40 granules; 6–7 dendrites (technical repeats, n = 6 to 7) were examined for eac

(C) Transport dynamics of the TRICK-Rac1 30UTR reporter RNA in the spine area

granules in Sc oligo- (a) or TDPsi oligo-transfected neurons (b) are shown with the

granule (red, dot in the left yellow circle) exhibits some diffuse movements within

(yellow dot in the right yellow circle) initially moved uni-directionally (yellow arrow

headed yellow arrow in the 3:48 panel), before moving into the spine for localized

(yellow dot in the left yellow circle) exhibits local diffuse movement in the dend

stationary TL RNP granule presents diffuse motion in the spine base (dual-head

pausing among mRNP granules in the spine base before entering the spines. T

transfected neurons, respectively. (d) Quantitative comparison of time taken for y

(n, number of granules), 13 and 38 for Sc- and TDPsi oligo-transfected neurons, re

repeats, N R 3). Error bars, SEM.
Wang et al., 2008). In neurons, cytoplasmic TDP-43 regulates

spinogenesis by co-regulating with FMRP the translation of a

subset of neuronal mRNAs (Coyne et al., 2014; Majumder

et al., 2017). Furthermore, Alami et al. (2014) previously showed

that exogenously expressed TDP-43 in motor neuron axons

somewhat pushes the transport ofNeflmRNA in the anterograde

direction. However, direct evidence that endogenous TDP-43

actively participates in mRNA trafficking in neuronal dendrites

had been lacking. Key questions also remained regarding the

molecular mechanisms underlying TDP-43-mediated mRNA

transport and if TDP-43 spatiotemporally co-regulates the

neuronal mRNA transport/translation processes. We are espe-

cially interested in establishing whether FMRP co-regulates the

transport of mRNAs together with TDP-43, particularly in light

of their physical and functional associations and co-regulatory

roles in dendritic translation (Ferro et al., 2018; Majumder

et al., 2016).

In this study, we show that TDP-43 co-operates with FMRP

and Staufen 1 to regulate the spatiotemporal transport of a sub-

set of dendritic mRNAs. First, the requirement for TDP-43 in den-

dritic transport of Rac1 mRNA is evidenced in mouse primary

hippocampal neurons (Figure 1) and pyramidal neurons derived

from genetically modified mESC expressing an endogenous

RFP-tagged TDP-43 protein (Figure 2), demonstrating dynamic

co-movement of endogenous protein and RNA in neuronal

dendrites. In particular, we show that Rac1mRNP granules lack-

ing any associated TDP-43 protein are mostly stationary (84%)

or only move bi-directionally over short distances (12%).

Furthermore, in this case, the percentage of granules moving

uni-directionally is merely 4% and they move in a retrograde-

dominant fashion (Figure 2Ca), with significantly lower net

displacement and average velocity in either direction than gran-

ules associated with endogenous TDP-43 (Figures 2Cb and

2Cc). TDP-43 also appears to regulate repetitive KCl stimula-

tion-mediated dendritic mRNA localization (Figure S3A). Thus,

in addition to mRNA translation, TDP-43 also functions as a

regulator of dendritic mRNA trafficking. TDP-43 facilitates

anterograde transport of Rac1 and probably other mRNP

granules in neuronal processes by co-operating with FMRP to
ts varied, the average numbers of granules per mm of dendrites were similar

Ai depletion of TDP-43 on the proportions (%) of dendritic TRICK-Rac1 30UTR
porter RNA granules in different dendritic compartments (c) of DIV14 primary

nce fromRNA-boundMCP-RFP) with TDP-43 (left top panel), FMRP (left middle

T [yellow and green, PCP-GFP+MCP-RFP/PCP-GFP] and TL [red, MCP-RFP])

le bar, 5 mm. (b) Statistical analysis of the proportion (%) of reporter RNA co-

t three bars). Each dataset shown in (A) and (B) was derived from analyzing 15–

h of three independent experiments (biological repeats, N = 3).

of neuronal dendrites. Representative time-lapse images of the reporter RNA

dendritic morphologies indicated by a white dashed line. In (a), a stationary TL

a spine throughout the observation period (2:39–5:24), whereas a UT granule

in the 2:39 panel), then paused at the base of a nearby dendritic spine (dual-

translation (red arrow in the 5:24 panel). Note that in (b), a stationary UT granule

rite (dual-headed yellow arrow) and becomes translated in time, whereas a

ed red arrow). Scale bars, 5 mm. (c) Statistical comparison of the duration of

echnical repeats (n, number of granules), 16 and 29 for Sc- and TDPsi oligo-

ellow UT granules to become red TL granules in spine areas. Technical repeats

spectively. All data represent at least three independent experiments (biological
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recruit kinesin1 to thesemRNP granules (Figures 3Aa, S3C, 3Ba,

4, and 5). It is noteworthy that amyotrophic lateral sclerosis

(ALS)-causing mutations in TDP-43 (e.g., A315T, M337V, and

G298S) negatively affect TDP-43-mediated anterograde axonal

transport of mouse Nefl or human NEFL mRNP granules in

mouse cortical neurons or human induced pluripotent stem cell

(iPSC)-derived motor neurons (Alami et al., 2014). Because

anterograde transport of mRNP granules is mediated through

the interaction between the glycine-rich domain of TDP-43 (Ma-

jumder et al., 2016) and the D1 domain of FMRP (Figure S5A), we

suggest that some of the ALS-associated mutations in the

glycine-rich domainmay affect the physical association between

TDP-43 and FMRP and, consequently, recruitment of TDP-43-

bound mRNAs to kinesin1 and microtubules. This indeed could

be the case, as implicated by the weaker binding affinity of

FMRP toward the mutant TDP-43 (A315T) than to the wild-type

TDP-43 (unpublished data).

TDP-43 indirectly and partly facilitates dendritic transport of

mRNP granules in the retrograde direction by maintaining suffi-

cient gene expression of dynein1 and dynactin1 (Figure S3Db).

Staufen1 recruits dynein1 to mRNP granules (Figures 3Ab,

S3C, and 3Ba) independently of TDP-43 to facilitate their retro-

grade transport by dynein1/dynactin1 complex. Notably, kine-

sin1 and dynein1 are plus-end- and minus-end-directed motors,

respectively, so they promote the transport of mRNAs in oppo-

site directions because these motor proteins are associated

with differentially oriented microtubules (Czaplinski, 2014; Lu

and Gelfand, 2017). However, TDP-43 joins a group of other

RBPs—including FMRP, Satufen1, and DISC1 (Di Liegro et al.,

2014; Falley et al., 2009; Tsuboi et al., 2015)—that function to

transport different mRNAs in neuronal processes. All of these

RBPs form complexes with mRNAs and other proteins to facili-

tate mRNA transport while keeping mRNA translation in a silent

state during transport (Terenzio et al., 2017). Importantly, further

investigation using a TDP-43 null background system may pro-

vide more insights into the structural/functional aspects of the

role of TDP-43 in dendritic mRNA transport.

We extended our study to examine the importance of TDP-43-

mediated mRNA transport in localized translation. TDP-43 was

previously reported to regulate dendritic translation of Rac1

and other mRNAs (Majumder et al., 2016), but the dynamics of

TDP-43-mediated translation had remained elusive. To simulta-

neously detect transport and translation phenomena, we adop-

ted the biosensor TRICK to follow the fate of mRNP granules

during these two processes in neuronal dendrites (Figures 6, 7,

and S7B; Tables S4, S5, and S6; Videos S6 and S7). Other

more advanced biosensors, e.g., the Sun-Tag system, have

been used to analyze multiple translation rounds of single

mRNA transcript(s) (Wang et al., 2016; Wu et al., 2016), but the

TRICK system primarily measures the first round of translation

of multiple RNAs within individual RNP granules (Halstead

et al., 2015). Our approach allowed us to study the transport/

translation of RNP granules in real time inside different compart-

ments of neuronal dendrites, as well as the functional require-

ment of TDP-43 for these two processes. By simultaneously

detecting both processes, we could also analyze association/

dissociation of RBPs with mRNAs to establish the translation

fate of the mRNAs in different dendritic sub-compartments. As
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reported for other types of RNP granules (Graber et al., 2013;

Wu et al., 2016), most TRICK Rac1 30UTR reporter RNA granules

in DIV12–14 primary neurons are translationally silent and they

are transported over long distances between the proximal and

distal dendrites (Figure 6; Video S6). Notably, TDP-43 depletion

accelerated translation dynamics 8-fold (Figure 6D) and signifi-

cantly enhanced translation kinetics (Table S4), most likely by

eliminating the translation silencing exerted by TDP-43/FMRP/

CYFIP1 (Majumder et al., 2016) and due to faster ribosome entry

into mRNP granules upon RBP dissociating from these granules

(Dynes and Steward, 2012; H€uttelmaier et al., 2005; Lovci et al.,

2016). An almost similar scenario is apparent near the spine ba-

ses where FMRP and Staufen1 dissociate from the mRNPs (Fig-

ure 7B), which facilitates polyribosomes located at spine

bases to attach onto mRNAs. Ribosomal loading may limit the

movement of mRNAs near spine bases (Katz et al., 2016), as evi-

denced by the TRICK-Rac1 30UTR reporter pausing before mov-

ing into the spines for translation (Figure 7C; Video S7). This latter

short-distance movement of TRICK reporter RNA granules may

be achieved through synaptic tagging (Akbalik and Schuman,

2014; Buxbaum et al., 2015b). Our real-time data clearly shows

the necessity for translation to occur on relatively stationary

RNA granules (Figures 7C and S7B; Videos S6 and S7).

Significantly, TDP-43 depletion increases mis-localized

dendritic translation due to stalled movement of the reporter

RNA granules in dendrites, preventing them from entering spine

areas due to impairedmicrotubule-dependent transport (Figures

1, 2, 3, 4, 5, and S6B) and, to a lesser extent, stalling them at

spine bases probably due to impaired base-to-spine transport

(Figure 7C; Table S6). Thus, TDP-43 appears to be necessary

to maintain long-distance microtubule-dependent transport, to

inhibit translation inside the transporting mRNPs (Majumder

et al., 2016) and for short distance base-to-spine transport of

a subset of dendritic mRNAs, all of which are essential for

appropriate localized translation in spines. Interestingly, these

functions of TDP-43 are analogous to those of its physical and

functional partner FMRP (Majumder et al., 2016; this study)

that has been shown previously to also regulate dendritic trans-

port (Buxbaum et al., 2014; Dictenberg et al., 2008), translation

inhibition during transport (Chen and Joseph, 2015), and base-

to-spine transport (El Fatimy et al., 2016; Ifrim et al., 2015) of

mRNPs. In contrast, most (�75%) of the TRICK-Rac1 30UTR
reporter RNA granules associated with the FMRP protein remain

at the spine base, whereas those associated with TDP-43 are

almost equally distributed between the spine base area and in-

side the spines (Figure 7B), suggesting that FMRP might

have no role or a minor role in spine base-to-spine transport

of these mRNP granules. Thus, base-to-spine transport of

different sets of dendritic mRNAs may depend on different

RBPs. Regulation of this short-distance movement of RNA gran-

ules into the spines by TDP-43 may involve crosstalk between

actin filament remodeling and transient microtubule polymeriza-

tion (McVicker et al., 2016; Schätzle et al., 2018). Our data on

transport and translation dynamics in spine areas further support

the important role of TDP-43 in controlling the transport-coupled

translation process in dendritic spines (Figure 7C; Table S6).

Notably, mRNP granules are assembled as membraneless

organelles in neurons by liquid-liquid phase separation (LLPS)



(Gomes and Shorter, 2018). TDP-43 is known to associate

with mRNPs by LLPS (Gasset-Rosa et al., 2019; Shorter, 2019).

However, questions remain as to how LLPS may facilitate timely

assembly and disassembly of TDP-43-associatedmRNPs in den-

drites and in spines to direct transport and translation processes,

respectively.

In summary, we have used multiple approaches to dissect the

molecular mechanisms of TDP-43-mediated mRNA transport

and coupling of transport-translation of mRNP granules in

neuronal dendrites, in particular those containing Rac1 mRNA,

in co-operation with two other RBPs, namely, FMRP and Stau-

fen1, as depicted in Figure S8. Our study reveals real-time co-

movement of endogenous TDP-43 protein and RNA in neuronal

processes and also demonstrates simultaneous transport and

translation dynamics by using reporter RNAs. This study also

provides direct evidence for the regulation of mRNA transport

dynamics by TDP-43 in neuronal dendrites and the molecular

mechanisms underlying this role. Finally, we show how the trans-

port of dendritic mRNAs modulates their timely translation in

spines. Although different mRNAs likely exhibit different RBP-

mediated regulation, some elements of themechanistic scenario

we present could be applicable to dendritic mRNA transport and

translation in general. Furthermore, the co-operative functions of

TDP-43 and FMRP in regulating dendritic transport and trans-

port-coupled spine translation of synaptic mRNAs suggest the

existence of common as yet uncharacterized pathophysiological

pathways underlying neurodegenerative diseases and neurode-

velopmental disorders.
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Experimental Models: Cell Lines

mESC expressing endogenous RFP-TDP-43 This manuscript N/A

Oligonucleotides

Alexa 488-conjugated 50-TTGACTGGTTCA

TTGGTTCA-30 (anti-sense probe against Rac1 RNA)

Invitrogen Cat# K8042A02
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backbone (Rac1 beacon/live cell FISH probe)
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Scrambled RNAi (Sc) oligo Ambion Majumder et al., 2016

TDP-43 RNAi (TDPsi) oligo Ambion Majumder et al., 2016

FMRP RNAi (FMRPsi) oligo Sigma Majumder et al., 2016

Staufen1 RNAi (Staufen1si) oligo Dharmacon This manuscript

Primers/oligos used in molecular cloning, RT-qPCR

and CRISPR/Cas9 genome editing

Mission Biotech, Taiwan This manuscript Table S7

Recombinant DNA

pFlag-TDP-43 Majumder et al., 2016 N/A

pFlag-TDP-43(DGly) Majumder et al., 2016 N/A

pRFP-TDP-43 This manuscript N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pRFP-TDP-43(DGly) This manuscript N/A

pGFP-FMRP Majumder et al., 2016 N/A

pGFP-FMRPDD1 This manuscript N/A

pGFP-FMRPDD2 This manuscript N/A

pGFP-FMRPDD3 This manuscript N/A

pmax ponA 6xTRICK 24xMS2SL (pTRICK) Addgene Cat# 64542

pTRICK-Rac1 30UTR This manuscript N/A

pPCP-GFP Addgene Cat# 64539

pMCP-RFP Addgene Cat# 64541

pMS2 This manuscript N/A

pMS2-Rac1 30UTR This manuscript N/A

pMS2-Rac1 30UTR(2M3M) This manuscript N/A

Software and Algorithms

Imaris x64 Bitplane Version 8.4.1

Prism5 GraphPad Version 5.0.2

Stellaris Probe Designer Biosearch Technology Website: http://biosearchtech.com

Oligowalk Dr. David H. Mathews Website: http://rna.urmc.rochester.edu

mfold Dr. Michael Zuker Website: http://unafold.rna.albany.edu
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests of materials used in this research should be directed to the Lead Contact, Prof. C.-K. James Shen

(ckshen@gate.sinica.edu.tw). Plasmid DNA constructs generated in this study (indicated in the Key Resources Table) as well as

mESC expressing endogenous RFP-TDP-43 will be made available via material transfer agreement (MTA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary hippocampal neuron culture
Fourteen day pregnant FVB femalemicewere used to prepare primary neuronal culture following standard procedure andweremain-

tained in 37 �C incubator containing 5% CO2 for 3 weeks. All pregnant FVB mice were purchased from the National Laboratory An-

imal Center of Taiwan andmaintained in the Animal Facility of the Institute of Molecular Biology (IMB), Academia Sinica, Taiwan. They

were housed in a room maintained on a 12 h/12 h light/dark cycle (light on at 7:00 a.m.) with continuous supply of food and water.

Experimental procedures for handling the mice were approved by the Institutional Animal Care and Utilization Committee, Academia

Sinica, IACUC number 14-12-769.

Mouse embryonic stem cell culture
mESCs was cultured from cryo-preserved vials, bought from ATCC, on feeder MEF cells using DMEM supplemented with fetal calf

serum and LIF. Time to time these cells are differentiated to pyramidal neurons following standard procedure.

Cell Lines
HEK293T cells were obtained from ATCC, cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and penicillin/strep-

tomycin solution in a 37 �C incubator containing 5% CO2.

METHOD DETAILS

Plasmid construction
pEF promoter-based expression plasmids pFlag-TDP-43 and pFlag-TDP-43(DGly) encoding Flag-tagged mouse TDP-43 (Tardbp,

‘‘GenBank: NM_145556.4’’) and its glycine rich-domain deletion mutant, as well as pGFP-FMRP encoding GFP-tagged mouse

FMRP (‘‘GenBank: NM_008031.3’’), have been described previously (Majumder et al., 2016). Using the primers listed in Table S7,

wild-type and mutant forms of TDP-43 were cloned into pDsRed C1 vector within the HindIII/BamHI sites to generate pRFP-TDP-

43 and pRFP-TDP-43(DGly). Different domain deletion mutants of FMRP—namely FMRPDD1, FMRPDD2 and FMRPDD3—were

generated by PCR using the primers listed in Table S7 and cloned into pEGFP N2 vector at the SacI/EcoRI sites. To determine which
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FMRP domain is required to physically interact with TDP-43, the plasmids were co-transfected in HEK293T cells using lipofectamine

2000 (Invitrogen) following a standard protocol, and immunoprecipitation experiments were carried out as previously described (Dic-

tenberg et al., 2008;Majumder et al., 2016). The RFP-tagged andGFP-tagged plasmids were used in live-cell FISH to study the effect

of TDP-43 and FMRP protein expression on mRNA transport.

pBSK (generous gift fromDr. Yi-ShuangHuang’s lab, Academia Sinica, Taiwan) contained a sequence (Luc-24XMS2) correspond-

ing to the luciferase (Luc) open reading frame followed by 24 repeats of the MS2 coat protein-binding site under the control of the

bacterial T7 promoter. We cloned the Luc-24xMS2 sequence from this plasmid into the mammalian expression vector pCMV-Tag

3B to generate pMS2. The wild-type and mutated form (2M3M, disrupting two UG/GU stretches at the 30UTR required for TDP-43

binding) were cloned into XhoI/NotI sites of pMS2 downstream of the Luc-24xMS2 sequence to generate pMS2-Rac1 30UTR and

pMS2-Rac1 30UTR (2M3M). pMS2-Rac1 30UTR was co-transfected with pMCP-RFP and used to study reporter RNA transport dy-

namics. pMS2-Rac1 30UTR (2M3M) was used as a control.

The 30UTR of Rac1 RNA (‘‘GenBank: NM_009007.2’’) was also cloned into pmax ponA 6xTRICK 24xMS2SL (pTRICK) plasmid

(Addgene, USA) at the AflII/StuI sites to study both transport and translation dynamics of reporter RNA. The TRICK-Rac1 30UTRphys-

ically associates with TDP-43 protein only through the UG/GU repeats in the Rac1 30UTR. This association is required for translation

inhibition of Rac1mRNA along the dendrites (Majumder et al., 2016). pTRICK expressing a reporter RNAwithout the Rac1 30UTRwas

used as a negative control.

Primary mouse hippocampal neuronal culture and transfection of RNAi oligos and plasmid DNAs
The 14-day-old pregnant FVBmice were obtained from the National Laboratory Animal Center of Taiwan. Preparation of primary hip-

pocampal neuron cultures followed standard protocols described in Majumder et al. (2016). In some cases, primary neuron cultures

were subjected to cyclohexamide (Sigma) (100 mg/ml for 30 minutes), nocodazole (Sigma) (1 mg/ml for 10 minutes), or cytochalasin D

(Enzo Life Sciences) (1 mg/ml for 10 minutes) treatment and/or repetitive KCl (Merck, Germany) treatment (90 mM for 3 minutes, fol-

lowed by 5 minutes recovery, with 3 repetitions of this process). For RNAi knockdown, the cultured hippocampal neurons at days

in vitro (DIV) 12-14 were transfected with different RNAi oligos—TDP-43 RNAi oligo (TDPsi, Ambion), FMRP RNAi oligo (FMRPsi,

Sigma), Staufen1 RNAi oligo (Staufen1si, Dharmacon), or control oligo (Sc, Dharmacon)—using lipofectamine 2000 (Invitrogen)

following a standard protocol (Majumder et al., 2016). For live-cell FISH analysis with fluorescence-tagged proteins, 4 mg of

pRFP-TDP-43 or pGFP-FMRP was transfected alone, or 2 mg of pRFP-TDP-43 or pRFP-TDP-43DGly was co-transfected together

with 2 mg of pGFP-FMRP or pGFP-FMRPDD1 or pGFP-FMRPDD2 or pGFP-FMRPDD3, using lipofectamine 2000 (Invitrogen)

following the same protocol. Twenty-four hours after plasmid transfection, the cells were incubated with 10 nM live-cell FISH probe

against Rac1 RNA for another 1 day before starting live-cell imaging. To carry out TRICK reporter RNA experiments, 0.5 mg of pPCP-

GFP (Addgene, USA), 1.5 mg of pMCP-RFP (Addgene, USA) and 1 mg of pTRICK-Rac1 30UTR were co-transfected using a standard

procedure.

Synaptosome extract preparation and RT-qPCR
Synaptosome extracts were prepared from hippocampal neurons at DIV 12-14 using SynPer reagent from ThermoScientific (USA)

following the user’s manual. In brief, cells were lysed in an appropriate amount of SynPer reagent supplemented with protease in-

hibiter and RNase inhibiter to ensure the integrity of protein and RNA content in the synaptosomes. Cell lysates were then centrifuged

at 12003 g for 10 minutes at 4�C to precipitate the nuclei (discarded), followed by centrifugation of the supernatant at 15,0003 g for

20 minutes at 4�C. The synaptosome pellet was resuspended in SynPer reagent and subjected to western blot (WB) analysis using

anti-PSD-95 and compared with crude cell extract to ensure enrichment of these proteins in the synaptosome extract (Figure S3Da).

We carried out RT-qPCR analysis using synaptosome extracts following the method described in Majumder et al. (2016). Total

RNA was isolated from synaptosome extracts using the Trizol method, followed by first-strand cDNA synthesis using Superscript

RT (Invitrogen) and subjected to real-time PCR using a Light Cycler machine (Roche Biochemical Sciences) with primers for the

mouse KIF5A subunit of kinesin1, dynein1, dynactin1 and Gapdh (Table S7).

RNA immunoprecipitation (RNA-IP) assay
RNA-IP experiments were carried out with synaptosome extracts from primary hippocampal neurons as described (Majumder et al.,

2016). In brief, the lysates were incubated with anti-KIF5A (Millipore), anti-dynein1 (Millipore), or control IgG antibodies (Jackson Lab,

USA) at 4�C overnight to immunoprecipitate the RNA-protein complexes. Agarose beads (GE Healthcare) were used to pull down

these complexes and RNAs were extracted from the complexes using TRIZOL (Invitrogen). We then conducted RT-qPCR using

the primers listed in Table S7. Another part of the extracts of the pulled down complexes was separated by 10% SDS-PAGE, trans-

ferred to membranes, and analyzed by western blotting using anti-TDP-43 (Genetex), anti-FMRP (Millipore), anti-Staufen1 (Santa

Cruz Biotechnology), anti- KIF5A (Millipore) and anti-dynein1 (Millipore) antibodies. Note that different parts of membrane(s) were

cut according to the molecular weight marker and probed with different antibodies. RNA-IP with HEK293T cells co-transfected

with pTRICK or pTRICK-Rac1 30UTR plasmids along with different RNAi oligos was conducted in the same way.
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Combined RNA fluorescence in situ hybridization and immunofluorescence staining (RNA FISH/IF)
The RNA FISH probes were designed using the program available from the website of Biosearch Technology. The reliability of

the selected probes was tested in the OLIGOWALK and mFold software. Sequence specificities of the selected 30UTR regions for

probe design were checked by BLAST on the NCBI website. Live-cell FISH of Rac1 mRNA was performed using Cy5-conjugated

50-GCUCAUUGACUGGUUCAUUGGUUC A[BtndT]GAGC-BHQ3-30 with a nuclease-resistant 20-O-methylribonucleotide backbone.

The probe was prevented from nuclear localization by conjugation to NeutrAvidin. This RNA probe can specifically bind to endoge-

nous Rac1 RNA (Majumder et al., 2016; Figure S1D). Beacons were synthesized with a biotin-modified-dT nucleotide in the 30 stem
sequence and a Cy5 quencher of BHQ3 was conjugated at the 30 end. RNA FISH was performed using Alexa 488-conjugated

50-TTGACTGGTTCATTGGTTCA-30 (anti-sense probe against Rac1 RNA) and 50-AGTTCAAATCCTGTGGTGTG-30 (anti-sense probe

against Map1b RNA) purchased from Life Technologies (Japan) following the protocol described in Majumder et al. (2016). Simulta-

neous imaging of RNA by FISH and proteins by IF staining was carried out using standard Biosearch Technology protocols. The FISH

probes and antibodies anti-TDP-43 (GeneTex, 1:450), anti-FMRP (Millipore, 1:200), anti-Staufen1 (Santa Cruz Biotechnology, 1:100),

anti-KIF5A (Millipore, 1:200) and/or anti-dynein1 (Millipore, 1:250) weremixed and incubated with the neurons overnight at 37�C. The
cells were then further incubated with AlexaFluor 488-, AlexaFluor 546-, AlexaFluor 647-, and/or AlexaFluor 350-conjugated second-

ary antibodies (1:5000 for each, Invitrogen). FISH-IF images were acquired by LSM780 (Zeiss, Germany) confocal microscopy and

analyzed by Zen2010 (Zeiss, Germany) and Metamorph (Molecular Devices) software.

Immunofluorescence staining with anti-Map2 (Millipore, 1:100) was used to study microtubule stability in primary hippocampal

neurons. Microtubule destabilization by 1 mg/ml nocodazole treatment for 10 minutes, which would cause dendrite retractions and

reduce dendritic lengths (Dehmelt et al., 2011; Khatri et al., 2018) visible by Map2 staining (Smafield et al., 2015), was used as a

positive control.

Genome editing by CRISPR/Cas9
Cloning of donor plasmid

DNA sequences for the left homology arm (LHA, part of exon 6 of TDP-43) and the right homology arm (RHA, part of the 30UTRof TDP-

43) were amplified from genomic DNA using the primers listed in Table S7. The coding sequence of RFP was PCR-amplified from

pDsRed C1 plasmid. These three fragments of DNA were joined together, keeping the coding sequence of RFP in the middle and

in-frame with the LHA, using PCR. Final PCR product (size�900 base pairs) was gel-purified and cloned into pJet2.1 (ThermoFisher

Scientific, USA) using a standard procedure.

Cloning of gRNA

Guide RNA (gRNA) oligos were designed using the online CRISPRDesign Tool (https://zlab.bio/guide-design-resources) and the one

with the least off-target effect was chosen for the next step. Oligonucleotide pairs (Table S7) were hybridized and cloned into pAll-

Cas9.pPuro (RNAi Core Facility, Academia Sinica, Taiwan) at the BsmBI site.

Transfection and clone isolation

mESCs were cultured on inactivated MEF cells (feeder) for about 24 hr in ES cell culture medium (DMEM supplemented with 15%

FCS, LIF (1:100), 2 mM L-glutamine, non-essential amino acids, 5 ml/500 mL of b-mercaptoethanol) using a standard procedure.

Cells, taken up in a cuvette as a suspension culture, were electroporated with the bicistronic gRNA/Cas9 plasmid (10mg) and

the donor plasmid (10 mg) at 500V for 2 ms using the Electroporater ECM830 system (BTX). Cells were plated and cultured first

for 3 days under puromycin (Thermo Scientific, final concentration 2 mg/ml) and then by culture for �7 days in medium without

puromycin. The cells were then sorted for RFP fusion protein using BD FACS Aria III (BD Biosciences, Heidelberg, Germany) and

cultured in a 6 cm format. After a few days, single colonies were isolated under microscopy, cultured in 12-well plate formats,

and inspected under fluorescence microscopy to select clones with the highest expression of RFP-tagged protein. At this stage,

mESCs from each highly-expressing clone were preserved for further analysis. Finally, DNA and protein were isolated from each

of these clones to check the junctions between the 900 bp donor sequence and the genomic DNA between the LHA and RFP

CDS, as well as that between the RFP CDS and RHA, using semiquantitative PCR and to examine homozygosity and heterozygosity

using WB analysis.

mESC differentiation into pyramidal neurons in culture

Differentiation of mESCs followed the procedure established by Bibel and co-workers (Bibel et al., 2004, 2007). Briefly, mESCs

were cultured with ES cell culture medium on plates coated in 0.1% gelatin (Merck, Germany) and without feeder for 2-3 passages

before being re-cultured with CA medium (DMEM supplemented with 10% FCS, 2 mM L-glutamine, non-essential amino acids and

5 ml/500 mL b –mercaptoethanol) in bacteriological plates to allow embryonic body (EB) formation. After 4 days, retinoic acid

(RA, final concentration 5 mM) was added. EBs were dissociated into single cells on day 8 using a standard procedure with freshly

prepared trypsin/EDTA solution. Cells were then re-suspended in N2 medium [125 mL DMEM, 1.25 mL L-glutamine (2 mM), 125 mL

F-12, 1.25 mL insulin (25 mg/ml), 6.25 mL transferrin (50 mg/ ml), 0.25 mL progesterone (20 nM), 0.25 mL putrescine (100 nM), 25 mL

sodium selenite (30 nM), 1.25 mL BSA (Sigma, 50 mg/ml), and 2.5 mL penicillin/streptomycin] and finally plated on coverslips pre-

coated with ornithine (Sigma) and laminin (Sigma). For long-term culture, N2 medium was supplemented with B27 (GIBCO). Staging

of the differentiated neurons was done by immunofluorescence-staining using anti-ChAT (Sigma), anti-Synaptophysin (Sigma),
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anti-GluR1 (Santa Cruz Biotechnology) and anti-PSD-95 (Sigma), followed by microscopic analysis of the cells at different days in

culture (Bibel et al., 2007). For live-cell imaging studies, neurons at 28-32 days of differentiation were used after being transfected

with RNAi oligos, e.g., Sc or TDPsi.

Characterization of the pyramidal neurons was carried out by IF using antibodies against pyramidal neuron-specific markers, i.e.,

CamKII and PSD-95 (Figure S2Aa). These neurons are likely functional and excitable given the repetitive KCl stimulation-mediated

increases of TDP-43/FMRP/GluR1 protein puncta (Figure S2Ab) in their dendrites.

Live-cell imaging
Imaging of primary hippocampal neurons was done at DIV 12-14, and that of mESC-derived pyramidal neurons was done at 28-

32 days of differentiation. Dendrites of the neurons were chosen over axons primarily on the basis of the presence of spines and pro-

trusions under the microscope and in the DIC images. In some cases, to validate the identity of the dendrites over axons, the cells

were fixed after live cell imaging and co-immunostained with anti-Map2 (staining the dendrites) and anti-Tau (staining the axons).

Representative microscopic pictures are shown in Figure S4B. Time-lapse movies were obtained using a Spinning-Disc confocal

system (Nikon, Japan) associated with a 647 nm solid-state laser (Cobolt) to excite the Cy5 reporter tagged on the endogenous

Rac1mRNA FISH probes, a 561 nm solid-state laser (Cobolt) to excite the RFP reporter of endogenous RFP-TDP-43 protein or exog-

enous RFP-tagged TDP-43 protein or MCP-RFP in TRICK experiments, or a 488 nm solid-state laser (Coherent) to excite exogenous

GFP-tagged FMRP protein or PCP-GFP in TRICK experiments. This approach allowed us to follow the dynamics of endogenous

Rac1 mRNA alone or together with endogenous/exogenous RBPs or to track the translation dynamics of Rac1 reporter RNA using

the TRICK system. For all experiments, imaging was conducted using a Nikon 60x or 100x 1.4NA objective lens, with cells being

maintained at 37�C and 5% CO2 (FC-5N CO2 controller) throughout the LCI TC chamber (Korea), with the alto-focus system turned

on during the recording of time-lapse images. In live-cell FISH experiments to follow endogenous Rac1 mRNA, the recording time-

period was 5 min, whereas in our translation kinetics study and in the experiments in which we followed translation dynamics using

the TRICK system, the recording time-periods were 7 min and 30-60 min, respectively. For all the experiments with one laser, the

time-lapse between the recordings was set as 0.5 s and those with multiple lasers were set at 1-3 s.

Note that primary hippocampal neuronal dendrites have a mixed polarity system, with the minus-end out for approximately one

third of dynamic microtubules (Kapitein and Hoogenraad, 2011; Yau et al., 2016) and with the uniform plus-end out array in distal

dendrites (Baas et al., 1988). To remove any effect of microtubule polarity during comparisons of different dynamic parameters be-

tween control and knockdown or overexpression systems (Figures 1, 2, 4, and 5), we analyzed similar numbers of granules from

different parts of dendrites. All dynamic transport parameters were solely calculated from uni-directionally moving granules.

Imaging and movie analysis
Tracking of endogenous Rac1 RNA or TDP-43 protein

Experiments were carried out using one laser at a time. The time-lapse movies were analyzed using Imaris program 8.4.1 (Bitplane

Science software, South Windsor, CT) with the manual particle-tracking module. Only granules with diameters % 800 nm were

analyzed. Notably, almost all granules with diameter > 800 nmwere stationary. Granules that moved more than 3 mm in one direction

within our tracking time-period of 10 s (0.5 s/frame) were considered asmoving uni-directionally, whereas those exhibitingmovement

of at least 1 mm in either direction were considered bi-directional. Granules that moved less than 1 mm were considered stationary.

Dynamic parameters, e.g., directionality of movements, net displacements and average velocities, were solely calculated from uni-

directional granules.

Tracking of endogenous Rac1 mRNA along with endogenous or exogenous protein(s)

These experiments were carried out by simultaneous excitation with two or three lasers. Movie analysis and the criteria for assigning

granule types were essentially as described above, except that in these cases the tracking time-period was�15 to 30 s (1-3 s/frame).

Tracking of reporter RNA (TRICK-Rac1-30UTR or MS2-Rac1-30UTR) granules
Simultaneous excitation by two lasers was required to track co-movements of MCP-RFP and PCP-GFP associated with the un-

translating reporter RNA granules. The criteria for assigning granule types were similar to those for the endogenous mRNA system,

but the tracking time-period was�30 s (2 s/frame). For translation kinetics of reporter RNAs, we analyzed the change in color (yellow

to red) of TRICK reporter granules present in proximal (0-30 mm from soma) and distal (60-90 mm from soma) dendrites within 7-min

time-periods. To analyze translation dynamics of Rac1 reporter RNA, we followed the individual un-translating (UT, yellow) granules

until they became translating granules (TL, red). A granule was considered to pause if it appeared to be stationary or moving bi-direc-

tionally in the spine base region (3 mm) within the time-period of our real-time observation. It was considered translating (TL) when

more than 50%of its fluorescence became red. All imageswere analyzed after subtraction of the background for each channel. Since

the human retina is more sensitive toward green than red, many of the UT granules appeared to be green rather than yellow. When

verified by visualizing raw images using two separate channels, most of these granules were found to be associated with red MCP-

RFP protein.

Distribution of TL and UT TRICK-Rac1 30UTR RNA granules in neuronal dendrites

For live-imaging, we identified the localization of pre-TL granules (those that were already red before detection) out of plane within

neuronal dendrites as being the localization of synapses, which included the spine base (in plane) and the dendritic spine (out of
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plane). We then followed the fate of individual TRICK granules within a radius of 5 mm of the synapse (representing an average of two

dendritic spines). All images were analyzed after subtraction of the background for each channel.

Kymographs

Kymographs were generated for the transport dynamics of the endogenous Rac1 mRNP granules in Sc oligo-, TDPsi oligo-, FMRPsi

oligo-, and Staufen1si oligo-transfected neuronal dendrites using MetaMorph software (Molecular Devices, USA). X-axes represent

the length (70 mm) of the dendrite analyzed, whereas the y axis represents the time-period (300 s) analyzed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bar diagrams and pie charts were generated in Microsoft Excel. Statistical analyses were performed using GraphPad QuickCalcs

(GraphPad Software Inc., La Jolla, CA). Student’s t tests were carried out to compare the means, *p < 0.05, **p < 0.001, ***p <

0.0001. Categorical variables e.g., those represented by pie charts, were further compared using Fisher’s exact tests. Specific details

of biological and technical replicates are provided in the respective figure legends.

DATA AND CODE AVAILABILITY

No new datasets/codes were generated in this study.
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