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Abstract

TDP-43 is a well known RNA binding protein involved in the pathogenesis of Amyotrophic Lateral Sclerosis (ALS) and
Frontotemporal Lobar Dementia (FTLD). In physiological conditions, TDP-43 mainly localizes in the nucleus and shuttles, at
least in neurons, to the cytoplasm to form TDP-43 RNA granules. In the nucleus, TDP-43 participates to the expression and
splicing of RNAs, while in the cytoplasm its functions range from transport to translation of specific mRNAs. However, if loss
or gain of these TDP-43 functions are affected in ALS/FTLD pathogenesis is not clear. Here, we report that TDP-43 localizes on
ribosomes not only in primary neurons but also in SH-SY5Y human neuroblastoma cells. We find that binding of TDP-43 to
the translational machinery is mediated by an interaction with a specific ribosomal protein, RACK1, and that an increase in
cytoplasmic TDP-43 represses global protein synthesis, an effect which is rescued by overexpression of RACK1. Ribosomal
loss of RACK1, which excludes TDP-43 from the translational machinery, remarkably reduces formation of TDP-43 cytoplas-
mic inclusions in neuroblastoma cells. Finally, we corroborate the interaction between TDP-43 and RACK1 on polyribosomes
of neuroblastoma cells with mis-localization of RACK1 on TDP-43 positive cytoplasmic inclusions in motor neurons of ALS
patients. In conclusions, results from this study suggest that TDP-43 represents a translational repressor not only for specific
mRNAs but for overall translation and that its binding to polyribosomes through RACK1 may promote, under conditions
inducing ALS pathogenesis, the formation of cytoplasmic inclusions.

Introduction

Amyotrophic lateral sclerosis (ALS) and Frontotemporal Lobar
Dementia (FTLD) are devastating fatal neurodegenerative dis-
eases, characterized by degenerating motor neurons in brain
and in spinal cord (1). The causes of neurodegeneration are not
yet clear, even if most of sporadic and familial ALS/FTLD cases

share a pathological feature: the accumulation of ubiquitin-
positive and phosphorylated cytoplasmic inclusions containing
the TAR DNA-binding protein TDP-43 (2-4). The TARDBP gene
encodes for a well characterized RNA binding protein, contain-
ing two RNA binding domains (RRM1 and RRM2), a glycine-rich
domain in the C-terminal region for the binding with protein
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partners and a nuclear localization signal (NLS) (5-7). Nuclear
TDP-43 regulates RNA metabolism, including RNA expression
and splicing (8-10). TDP-43 also shuttles from nucleus to cyto-
plasm, where its function is not fully determined yet. In neu-
rons, cytoplasmic TDP-43 forms mobile RNA granules
containing mRNA Binding Proteins (mRBPs) such as FMRP,
ZBP1/IMP-1 and HuD, and, at least, B-actin and CaMKII mRNAs,
that suggest a role on transport, stability and translation of spe-
cific mRNAs (11-13). Interestingly, recent studies indicate that
TDP-43 ALS-linked mutations might affect size and movement
along axons and dendrites of these TDP-43 RNA enriched gran-
ules (14,15). TDP-43 is also recruited, with others mRBPs, to
form Stress Granules (SGs), which are cytoplasmic protein:RNA
complexes that modulate RNA translation during stress (16).
Noteworthy, SGs, recruiting small ribosome subunits and eu-
karyotic initiation factors, block constitutive protein synthesis,
allowing translation of protein required to stress (17-19).

Biochemical studies of ALS and FTLD cases have found that
TDP-43 in cytoplasmic inclusions, besides being ubiquinated and
phosphorylated, can also be cleaved in C-terminal fragments (CTF)
(3,20), which accumulate in cytoplasmic inclusions of FTLD brains
and in cytoplasmic aggregations of ALS spinal cords (21-23).

Another result of cytoplasmic accumulation of TDP-43 in
ALS and FTLD cases is loss of nuclear TDP-43 itself (3,20). The
nuclear loss of TDP-43 opens the question on whether degener-
ation of motor neurons depends on loss-of-nuclear or gain-of-
cytoplasmic functions of TDP-43, or a combination of the two.
Although transgenic murine models overexpressing wild-type
and ALS-linked mutated forms of human TDP-43 show some
ALS/FTLD phenotypes without cytoplasmic aggregation or nu-
clear loss of TDP-43 (24-26), none of these models closely recap-
itulate the full pathological picture of ALS and FTLD. Therefore,
one cannot exclude that a combination of both events might be
involved in disease development.

In recent years, classical SGs markers have been found in
TDP-43 cytoplasmic inclusions and an increasing number of ALS/
FTLD related proteins have been reported on SGs (21,27). These
findings have led to the hypothesis that cytoplasmic inclusions
may originate from SGs that failed to disassemble. However, at
present, there is no data nor methodology available to determine
if these inclusions are broadly composed of SG proteins or if SG
proteins are themselves recruited on pre-formed inclusions.

In this report, we found that cytoplasmic TDP-43 inhibits
global protein synthesis. In agreement with literature (28), we
confirm that TDP-43 RNA granules contain polyribosomes, the
associated translational machinery and other proteins. We also
demonstrate that this occurs through a mechanism dependent
on the binding to a ribosomal scaffold protein, RACK1 (Receptor
Activated C Kinase 1 protein). Moreover, we determine that the
localization of TDP-43 on ribosomes might promote the forma-
tion of TDP-43 cytoplasmic inclusions. Finally, we found that
these results correlate with mislocalization of RACK1 on TDP-43
cytoplasmic inclusions of ALS spinal cord patients. Thus, taken
together these results suggest that a cytoplasmic excess of TDP-
43, following nuclear loss of TDP-43, represses global translation
at the onset of motor neuron degeneration.

Results

TDP-43 RNA granules include the
translational machinery

To test whether cytoplasmic TDP-43 might regulate global pro-
tein synthesis, we initially examined the association of TDP-43

to the translational machinery. To this end, mouse embryonic
hippocampal cells, which express TDP-43 in cytoplasm
(11,14,15), were double immunostained for TDP-43 and riboso-
mal protein RACK1, a specific ribosomal docking site for several
proteins and kinases such as ZBP1/IMP-1, AGO-1, PKC and Src
(29-31). Labeling of TDP-43 showed a strong nuclear localization
and a granular pattern in soma and along neurites (Fig. 1A), as
previously described. RACK1 strongly appeared in the soma and
showed a punctated pattern similar to that of TDP-43 along
neurites (Fig. 1A). Co-localization analysis showed a significant
overlapping between TDP-43 and RACK1 in the soma and in
granules of neurites (0.5 Pearson’s coefficient in bar graph,
Fig. 1B). However, a part of RACK1 granules was adjacent to
those of TDP-43 (Fig. 1A, enlarged images). A double labeling of
neurons with RACK1 and 40S ribosomal protein S6, rpS6 demon-
strated strong co-localization, indicating that most part of gran-
ules labeled by RACK1 corresponded to ribosome/
polyribosomes (Supplementary Material Fig. S1 and 0.8 coeffi-
cient Pearson’s Fig. 1B). These results suggest that a pool of
cytoplasmic TDP-43 granules interact with the translational
machinery under physiological conditions.

TDP-43 is recruited on the translational machinery
by RACK1

Since it has previously been reported that RACK1 functions as
a ribosomal scaffold for several other proteins, we next inves-
tigated whether the association of TDP-43 with ribosomes
requires RACK1. Performing a polysome profile purification in
SH-SY5Y human neuroblastoma cells, which express TDP-43
in nucleus and cytoplasm (Supplementary Material Fig. S2),
we initially examined whether RACK1 and TDP-43 co-
sedimented with ribosomal subunits. A total lysate of human
neuroblastoma SH-SY5Y cells was loaded on 10-50% sucrose
density gradient, and free ribosomes and polysomes
were separated through ultracentrifugation. Next, polysome
profile was obtained by adsorbance at 254 nm and free ribo-
somes and polyribosomes were collected in fractions.
Immunoblotting experiments on collected fractions revealed
that TDP-43, RACK1 and rpS6 co-sedimented in the same ribo-
some and polyribosomes fractions (Fig. 2A, left). Moreover,
when polysomes profiles were performed with EDTA treat-
ment, which dissociates polyribosomes to 40S and 60S free
ribosome subunits, TDP-43 distribution shifted in the
ribosome-enriched fractions, marked by RACK1 and rpS6 lo-
calization (Fig. 2A, right), indicating that TDP-43 associated to
ribosome subunits.

Next, we determined whether RACK1 was needed for bind-
ing of TDP-43 to ribosome/polyribosomes. For this purpose, we
generated SH-SYSY cells stably overexpressing His-Myc tagged
RACK1 carrying mutations in R38D/K40E (RACK1pg), which is
unable to bind to ribosomes (32,33), and isolated RACK1 (WT
and DE) by a histidine purification assay. We initially verified
whether TDP-43 bound this mutated form of RACK1 protein.
Immunoblotting experiments on imidazole eluted proteins indi-
cated that TDP-43 co-purified with RACKlpg as well as
RACK1lywr. A decreased amount rpS6 was co-purified with
RACK1pg pull downs, which confirmed the inability of RACK1pg
to bind to translational machinery and validated the specificity
of the co-purification (Fig. 3A). Moreover, we also investigated if
the interaction of TDP-43 with RACKlyr was dependent on
RNA. Co-purification by histidine pull down assay in presence
of RNase, showed a not significant decrease of the binding
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Figure 1. Part of TDP-43 enriched granules may contain translational machinery. (A) Embryonic hippocampal mouse cells immunolabeled by TDP-43 and RACK1.
RACK1 has been used to indicate ribosomes and polyribosomes. Magnification of boxed regions is reported in a. The heads of arrows indicate the partial or adjacent co-
localization of TDP-43 and RACK1, while the arrows indicate the full co-localization of TDP-43/RACK1. 1 is magnification of regions indicated by the heads and the
arrows. Scale bar=10 pm. (B) Graph reporting the correlation measured by Pearson coefficient of the puncta signal between TDP-43 and RACK1 (TDP-43 graph bar) and
that between rpS6 and RACK1 (rpS6 graph bar). All bar represent mean *+ SD; n=70 puncta from three independent experiments. Blue = DAPIL
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Figure 2. TDP-43 co-sediments with translational components on polysomal profiling from SH-SY5Y cells. Ribosome and polyribosome collected fractions were immu-
noblotted for TDP-43 to examine the localization of TDP-43 on free ribosome subunits and polyribosomes indicated by RACK1 and rpS6 proteins (left). EDTA treatment,
which disassembles polyribosomes in free ribosomal subunits, enriched TDP-43 on free dissociated ribosome subunits as indicated by RACK1 and rpS6 (right).

between TDP-43 and RACK 1wt (Supplementary Material Fig. S3).
Next, given that TDP-43 bound RACK1pg as well as RACK1yr,
and that RACK1pe mutation inhibited binding to ribosomes, it
was reasonable to hypothesize that RACKlpg might exclude
TDP-43 from ribosome/polyribosomes. Thus, we measured the
amount of TDP-43 bound to the translational machinery in the
polysome profile performed on RACK1pg overexpressing cells.
Immunoblots on collected fractions showed that TDP-43 was
less associated to the translational machinery in RACK1pg ex-
pressing cells compared to RACK 1y cells (Fig. 3B and bar graph).
In particular, the decreasing of TDP-43 was more marked in
polyribosome fractions than in free ribosome subunits, suggest-
ing that TDP-43 preferentially associated with actively translat-
ing ribosomes. Moreover, these results indicated that binding of
TDP-43 to translational machinery is mediated by the scaffold
ribosomal protein RACK1.

RACK1 regulates the localization of TDP-43 on
Stress Granules (SGs)

Considering that ribosome subunits are included in SGs (16,34),
we next investigated if RACK1 might also control the recruit-
ment of TDP-43 on these cytoplasmic structures. We first veri-
fied whether TDP-43 and RACK1 co-localized on the same SGs.
Immunofluorescence experiments conducted on SH-SY5Y cells
stressed by heat shock revealed a percentage of co-localization
between RACK1 and TDP-43 higher than that measured for
TDP-43 and TIAR, the classical marker used for SGs
(Supplementary Material Fig. S4A and B and bar graph in C).
Moreover, the number of SGs labeled by TDP-43 was lower than
those visualized by RACK1, suggesting that TDP-43 probably
localized on SGs later than RACK1 (Supplementary Material
Fig. S4A and bar graph in D), which would be consistent with a
mechanism in which RACK1 promotes the recruitment of


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddx035/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddx035/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddx035/-/DC1

1410 | Human Molecular Genetics, 2017, Vol. 26, No. 8

A Input His.-pur. - i .
s8¢ 3 &N
§§F & § =

EMyc-RACKIWT
oOMyc-RACKIDE

L
e .. ~ — " IDPa3 * rpS6

B Mye-RACKIWT Myc-RACKIDE

0.1 254nm

Polysomes

'Izl‘-‘l_.]l_:"lo'l'_!lgl 1'3'1I415'd'?lsl

1 L
IDF-4; e asam| PURS ~ — v =
MYC N s S, ol S

P56 e — - [ — - -
C 1.0
0.8
0.6

» Myc-RACKIWT

0.4 0 Myc-RACKI1DE
0.2
0.0

2 3 4 5 4 7 8

Figure 3. TDP-43 associates the translational machinery by the binding to
RACK1. (A) Left, immunoblotting for TDP-43, rpS6 and Myc antibodies on pro-
teins eluted by histidine purification from SH-SYS5Y cells overxpressing Myc-
RACK1lwr (MRWT) and Myc-RACK1pg (MRDE) proteins. The amount of TDP-43
purified from MRWT and MRDE imidazole eluted proteins was similar, while the
level of rpS6 was reduced in purified MRDE. Right, quantification of TDP-43 and
rpS6 co-purified with MRWT or MRDE measured by densitometry on bands
related to immunoblottings of three independent experiments. All bar graphs
represent the mean and Standard Deviation (S.D.) of TDP-43 or rpS6 level nor-
malized to amount of purified Myc-fusion proteins. Student’s t-test was used to
calculate P-values *<0.01. (B) Amount of TDP-43, examined by immunoblotting,
on ribosomal fractions collected by polysome profiling conducted on SH-SY5Y
cells overexpressing MRWT or MRDE proteins. The localization of TDP-43 on
translational machinery was reduced by the overexpression of MRDE. The
graphic in C quantifies amount of TDP-43 normalized to level of rpS6 on ribo-
some and polyribosome fractions (from 2 to 8 fractions) measured by densitom-
etry on bands related to immunoblottings of three independent experiments.
All bar graphs represent the mean and S.D.

TDP-43 on SGs. To confirm this possibility, localization of
TDP-43 on SGs was investigated in RACK1lyr or RACK1pg SH-
SYSY overexpressing cells stressed by heat shock
Immunofluorescence studies, using TDP-43 and Myc antibodies
to label endogenous TDP-43 and exogenous RACKlyrt or
RACK1pg, revealed a co-localization between TDP-43 and
RACK1lw on most of same SGs (Fig. 4A), while neither TDP-43
nor RACK1pg displayed SG labelling (Fig. 4B), even if SGs were
induced by heat stress as revealed by TIAR immunofluores-
cences (Supplementary Material Fig. S5). Thus, these results in-
dicate that RACK1 not only mediates association of TDP-43 to
the translational machinery, but also to SGs.

Ribosomal TDP-43 reduces protein synthesis

Although the localization of TDP-43 on ribosomes/polyribo-
somes has been found by several studies (17,35,36), which role

CTR

42°

Figure 4. RACK1 mediates recruitment on SGs of TDP-43. (A, B), TDP-43 positive
SGs were analysed on SH-SY5Y cells overexpressing RACK 1y (A) and RACK1pg
(B) proteins stressed by heat shock at 42°C for 1h. MRDE overexpression reduced
the accumulation of TDP-43 on SGs, indicated by arrows in MRWT overexpress-
ing cells. Scale bar = 10 pm.

TDP-43 performs on global translation is still not fully deter-
mined. One possible reason might be the low amount of TDP-43
in the cytoplasm. Thus, a mutant in the Nuclear Localization
Signal of TDP-43 (ANLS-TDP-43) fused with a Myc tag,
(25,27,37,38), has been used to increase the amount of cytoplas-
mic TDP-43. Immunofluorescence studies in transiently trans-
fected SH-SYSY cells revealed that ANLS-TDP-43 diffused in the
cytoplasm and, partially, also in the nucleus (Fig. 5A). Moreover,
a low number of cells exhibited cytoplasmic inclusions, in
which TIAR was also included (Supplementary Material Fig. S6).
To examine whether ANLS-TDP-43 was part of the translational
machinery, we co-labeled ANLS-TDP43 with RACK1 or rpS6 anti-
bodies. Double labeling experiments showed a diffuse co-
localization between ANLS-TDP43 and RACK1 or rpS6 in the
cytoplasm, which was more evident in cells containing ANLS-
TDP43 inclusions (Fig. 5A). To further investigate whether
ANLS-TDP43 bound to RACK1 and rpS6, we performed a co-
immunoprecipitation assay, using Myc antibody to immunopre-
cipitate ANLS-TDP43. As negative control, we used SH-SY5Y
transfected with Myc alone. By immunoblotting subsequent to
Myc-immunoprecipitation, RACK1 and rpS6 only appeared in
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Figure 5. ANLS-TDP-43 associates translational machinery. (A) The SH-SY5Y
cells overexpressing Myc-ANLS-TDP-43 showed co-localization in cytoplasm
with RACK1 and rpS6, which was more pronounced in ANLS-TDP-43 cytoplas-
mic inclusions indicated by arrows. Scale bar = 10 pm. (B) RACK1 and rpS6 pro-
teins were eluted with ANLS-TDP-43 purified by Myc immunoprecipitation assay
from SH-SYS5Y cells overexpressing Myc-ANLS-TDP-43 protein.

extracts co-purified with ANLS-TDP43 and not with those puri-
fied in the negative control (Fig. 5B). These results indicated that
ANLS-TDP43 associates to the translational machinery as well
as endogenous TDP-43 and thus it could be used to examine the
activity of TDP-43 on protein synthesis.

To probe TDP-43 role in translation, we performed SUrface
SEnsing of Translation (SUnSET) technique. SUnSET consists in
a non-radioactive method, in which protein synthesis is eval-
uated through puromyecin incorporation, measured by immuno-
blotting using an anti-puromycin antibody. We performed
SUNSET to measure overall translation in SH-SY5Y cells overex-
pressing GFP-ANLS-TDP-43 cDNA and, considering that RACK1
might regulate the binding of endogenous TDP-43 to the
translational machinery, in SH-SY5Y co-expressing GFP-ANLS-
TDP-43 and RACK 1yt or RACK1pg proteins. We used GFP-ANLS-
TDP-43 instead of Myc-ANLS-TDP43 to avoid possible
interferences between the Myc tag fused to ANLS-TDP43 and
the one fused to RACKlwt or RACK1pg protein. Nevertheless,
ANLS-TDP43 features were not affected (data not shown).
Immunoblots for puromycin indicated that overexpression of
ANLS-TDP-43 significantly reduced translation compared to
controls (cells transfected with an empty vector), while the
overexpression of RACK1lyr or RACK1pg increased puromycin
incorporation (Fig. 6A). Interestingly, when ANLS-TDP-43 was
co-expressed with RACK1y or RACK1pg, the puromycin incorp-
oration was comparable to controls, which suggests a rescue of
translation by either RACK1ywr or RACK1pg. These results indi-
cate that TDP-43 can inhibit protein synthesis, and that RACK1
can suppress the translational repressor activity of TDP-43

To understand how ANLS-TDP43 reduce translation, we ini-
tially determined the level of eukaryotic initiation 2 alpha
(eIF2alpha) phosphorylation, that is reported to precede SG for-
mation and to induce a prolonged translational repression in

Human Molecular Genetics, 2017, Vol. 26, No. 8 | 1411

Drosophila overexpressing TDP-43 (16,39). By immunoblotting,
we found that the overexpression of ANLS-TDP-43 in SH-SY5Y
cells did not stimulate the phosphorylation of elF2a (Fig. 6A),
indicating that ANLS-TDP-43 impaired protein synthesis
through an elF2a phosphorylation-independent mechanism.

To further find which mechanism use ANLS-TDP43 to af-
fected protein synthesis, the level of eukaryotic initiation 4E
phosphorylation (eIF4E), which promotes translation (40), and
the amount of 4E eukaryotic binding protein (4E-BP1), a transla-
tional repressor (41), were measured by immunoblotting. The
phosphorylation of eIF4E was slightly reduced by the
overexpression of ANLS-TDP-43 compared to control. The
co-expression with RACK 1y or RACK1pg in ANLS-TDP-43 over-
expressing cells increased phosphorylated eIF4E, more in ANLS-
TDP43/RACK1pg co-expressing cells than in those co-expressing
ANLS-TDP43/RACK1y:. This increase of elF4E phosphorylation
was dependent on the RACK1 overexpression because SH-SY5Y
cells overexpressing RACK 1y or RACK1pe showed more phos-
phorylated eIF4E than control cells (Fig. 6B). In parallel, the over-
expression of ANLS-TDP-43 increased the amount of 4E-BP1
with respect to control; in contrast the overexpression of
RACK1wr or RACK1pg rescued it to control level. As seen for
elF4E phosphorylation, the recovery of 4E-BP1 amount was
related to RACK1 overexpression. In fact, the 4E-BP1 expression
was reduced in both RACK 1yt or RACK1p overexpressing cells.

Moreover, we also us wondered whether TDP-43 may block
protein synthesis by including components of 60S ribosomal
subunits in cytoplasmic aggregates. To this end, an immunolab-
eling using an antibody for elF6/p27°"F,a protein associated to
60S ribosomal subunits (30), was conducted on GFP-ANLS-TDP-
43 overexpressing cells. elF6/p27°®F appeared in the nucleus, in
particular in the nucleolus, and in cytoplasm as expected, but
no co-localization was visible in GFP-ANLS-TDP-43 cytoplasmic
(Supplementary Material Fig. S7). This result suggests that TDP-
43 cytoplasmic inclusions only contain element of 40S riboso-
mal subunits.

Next, as it has been reported that cytoplasmic mislocaliza-
tion of TDP-43 is toxic to neurons (42), we also measured the
cell viability in SH-SY5Y cells overexpressing GFP-ANLS-TDP-43
protein and in those co-expressing GFP-ANLS-TDP-43 and
RACK1wT or RACK1pg proteins. By MTT assay, we observed that
the overexpression of GFP-ANLS-TDP-43 protein was signifi-
cantly more toxic compared to controls, but the co-expression
with RACKlyr or RACK1pg rescued this toxicity (Fig. 6C).
Interestingly, while the overexpression of RACKlyr signifi-
cantly increased the cell viability, in contrast, RACK1pg overex-
pression slightly appeared more toxic than control and
RACK1wt overexpression. These results indicate that the cyto-
plasmic mislocalization of TDP-43 reduces the cell viability, but
RACK1 can mitigate this effect.

Binding of ANLS-TDP-43 to polyribosomes favors
formation of ANLS-TDP-43 cytoplasmic inclusions

Even if the origin of TDP-43 cytoplasmic inclusions has not been
fully determined (16,43,44), we wondered whether the associ-
ation of TDP-43 to the translation machinery might be involved
on its metabolism. For this purpose, we used confocal analysis
to examine ANLS-TDP-43 cytoplasmic inclusions in SH-SY5Y
cells co-expressing RACK1lyrt or RACK1lpg. We observed that
GFP-ANLS-TDP-43 formed cytoplasmic inclusions in RACKlyr
cells, but its localization appeared diffused in cells overexpress-
ing RACK1pg. (Fig. 7A and B, bar graph). These results indicated
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Figure 7. Myc-RACK1pg overexpression inhibits the formation of ANLS-TDP-43 cytoplasmic inclusions. (A) SH-SY5Y co-expressing RACK 1yt or RACK1pg and GFP-ANLS-
TDP-43 cDNAs were labeled with myc and TDP-43 antibodies and showed that TDP-43 positive cytoplasmic inclusions induced by the overexpression of ANLS-TDP-43

were reduced by the RACK1pg expression. The arrows indicate the ANLS-TDP-43 cytoplasmic aggregates in RACK 1y overexpressing cells and in cells overexpressing
alone GFP-ANLS-TDP-43. Scale bar = 10 pm. (B) The graph shows the quantification of cells positive for DNLS-TDP-43 that present cytoplasmatic foci of TDP-43 itself.
For each genotype, at least 60 cells were analysed. Statistic applied was t-test, paired, two tails (*P-value<0.005%).

that although an excess of ANLS-TDP-43 induced cytoplasmic
inclusions, expression of RACK1pg, probably excluding it from
polysomes, inhibited formation of granules positive for ANLS-
TDP-43.

RACK1 is included in TDP-43 positive aggregates of spi-
nal cord ALS patients

Finally, to further corroborate the interaction between TDP-43
and RACK1, we examined whether positive TDP-43 cytoplasmic
inclusions of ALS cases included RACK1. Double label immuno-
fluorescences for RACK1 and TDP-43 were conducted on spinal
cord sections of three controls and three ALS patients. In control
sections, RACK1 appeared diffusely in the cytoplasm and TDP-
43 was mainly localized in the nucleus. In ALS tissues, even if
RACK1 partially maintained a diffuse cytoplasmic localization,
it tended to accumulate in cytoplasmic structures labeled by
TDP-43. Co-localization analysis (Fig. 8) between RACK1 and
TDP-43 indicated that RACK1 overlapped with TDP-43 in about
50% of TDP-43 positive cytoplasmic inclusions (Supplementary
Material Fig. S8A and B and Table S1 in supplementary data).
This percentage of co-localization was near to that found for
PABPC, another marker of SGs (21,39), and demonstrated that
RACK1, as other SG components, was partially mislocalized in
patients with ALS.

Discussion

Although most of studies concerning TDP-43 has focused on its
splicing activity, recently it has also been investigated its role in
protein synthesis. In Drosophila and in mouse neurons, TDP-43
has been found to repress translation of Futsch/Map1B, Racl
and GluR1 mRNAs (35,45) and to stimulate the phosphorylation
of elF2a to induce a prolonged state of translational repression

(39). Here we report that an increase of cytoplasmic TDP-43
represses global protein synthesis. In this study, considering
that TDP-43 is included in cytoplasmic aggregates of motor neu-
rons in ALS/FTLD cases, a mutant form of human TDP-43 lack-
ing the nuclear localization signal (ANLS-TDP-43), which main
localizes in cytoplasm, has been overexpressed in SH-SY5Y
neuroblastoma cells. In previous reports, the overexpression of
this TDP-43 form results to be toxic for rat primary cortical neu-
rons (42). Moreover, ANLS-TDP-43 overexpressing mice show
neurodegeneration, with formation of rare cytoplasmic inclu-
sions in motor neurons (25,46). In our cells, overexpression of
ANLS-TDP-43 induces a decrease in cell viability, suggesting a
putative toxicity of ANLS-TDP-43 as reported by (42), and shows
a low number of cells containing cytoplasmic inclusions in
agreement with mice models. Therefore, the results obtained in
our cell model, reproducing identical features seen in vivo (25)
and in vitro (42), suggest that a decrease of translational rate
may be involved in ALS/FTLD disease.

What mechanism does TDP-43 use to repress translation? In
SH-SYS5Y cells, the overexpression of ANLS-TDP-43 increases 4E-
BP1, a translational repressor, and reduces the phosphorylation
of eIF4E, which promotes the translation when it is phosphory-
lated (40). 4E-BP1 represses the translation inhibiting the bind-
ing of elF4E to elF4F complex, a critical step for association to
5'm’GpppN cap structure of mRNAs to 43S complex and subse-
quent AUG scanning (41). When phosphorylated by mTOR kin-
ase, 4E-BP1 loss its repressor activity (47). Here, we have not
been able to determine neither the level of 4E-BP1 phosphoryl-
ation nor its association to eIF4E, however the increase of total
4E-BP1 in ANLS-TDP-43 overexpressing cells may partially con-
tribute to reduce protein synthesis. Another contribution to the
decrease of the translation in ANLS-TDP-43 overexpressing cells
may come by the reduction of eIF4E phosphorylation. eIF4E is
specifically phosphorylated by the MAPK-interacting kinases
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RACK1
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CTRL

ALS#1

ALS#2

ALS#3

Figure 8. RACK1 accumulates in TDP-43 positive inclusions in motor neurons of
ALS spinal cord cases. The cytoplasmic localization of RACK1 was examined in
motor neurons of three control patients (CTRL, in figure is reported only one
case) and three ALS cases. RACK1 appeared diffuse in the cytoplasm of CTRL,
while was inclined to (in ALS#1 case) or aggregated with TDP-43 in ALS cases.
Scale bar = 10 pm.

(Mnk) to translate specific mRNAs involved in cell growth and
cell survival (48). Thus, that may suggest that the ANLS-TDP-43
toxicity for the cell, as seen here and in other reports, may be
ascribed to translational decrease of e[F4E mRNA targets deter-
mined by the affected Mnk-elIF4E axis. However, taken together
these results suggest that an increase of cytoplasmic TDP-43
hits the translational initiation phase.

The activity of cytoplasmic TDP-43 may require its localiza-
tion on ribosomes. Here, we find that TDP-43 associate to trans-
lational machinery by the binding to an associated ribosomal
protein, RACK1. RACKI, identified three decades ago as a scaf-
fold protein for the activated PKC (49), has been found on 40S
ribosome subunits and polyribosomes (29,30,50-52), on which it
functions as a docking site for several proteins on the transla-
tional machinery (29,31,53). Moreover, given its ability to inter-
act with several kinases, such as PKC, Erk, Src and JNK (54-57),
RACK1 is considered a hub for translational control and cell sig-
naling (58). Under stressful conditions, RACK1 is also included
in SGs (59) and, recently, it has been found among proteins
identified in TDP-43 complex (13,60). Through the binding of
TDP-43 to a mutated form of RACK1 (RACK1pg) unable to associ-
ate to ribosomes/polyribosomes, we observe a decrease of the
level of endogenous TDP-43 on translational machinery and a
reduction of ANLS-TDP-43 aggregates, which may depend on

the exclusion from polyribosomes of ANLS-TDP-43. On the basis
of these considerations, we would have expected that only the
overexpression of RACK1pr would rescue the effects of ANLS-
TDP-43 on translation mechanisms. Instead we observe that
also RACK 1y overexpression represses the ANLS-TDP-43 activ-
ity. This suggests that RACK1 overexpression, independently on
its ribosomal localization, may stimulate a biochemical path-
way to inhibit the activity of ANLS-TDP-43. However, consider-
ing the role of RACK1 on ribosome, we cannot exclude the
hypothesis that it may function as a docking site on ribosomes
for hypothetical phosphorylation of TDP-43, which may repress
its ribosomal activity. In this case, the results obtained by the
overexpression of RACK1ywr and RACK1pg may be separately in-
terpreted: in RACK 1y, overexpression conditions, the hypothet-
ical phosphorylation of TDP-43 on ribosome may inhibit its
translational repression, while the exclusion of TDP-43 from
ribosomes in RACK1pg overexpression may eliminate its repres-
sion activity.

In conclusion, here we propose that an excess of cytoplasmic
TDP-43 associates with translational machinery by the binding
to RACK1 to repress translation modulating the activity of
4E-BP1 and eIF4E phosphorylation. Moreover, the TDP-43 on
polyribosomes may also promote the aggregation of TDP-43 im-
mature cytoplasmic inclusions that, pursuing this state, may
mature to cytoplasmic inclusions which may favour the degen-
eration of motor neurons. Future studies, using ALS relevant
cell types, will be required to define by which molecular mech-
anisms TDP-43 regulates the overall translational rate during
ALS/FTLD pathogenesis.

Materials and Methods

Cell culture, transfections and stable clones

Human neuroblastoma SH-SY5Y cells, obtained from American
Type Culture Collection (ATCC, Rockville, MD) were cultured in
DMEM/F12 medium containing 10% FBS and antibiotics (50 U/ml
penicillin and 50 mg/ml streptomycin) at 37°C in 5% C02/95%
air. Embryonic primary cultures were produced and cultured as
reported in (29). SH-SYSY cells were transfected with Myc,
Myc-RACK1lwr or RACK1pg, pEGFP, Myc-ANLS-TDP-43 or GFP-
ANLS-TDP43 cDNAs using the manufacturer’'s protocol of
Lipofectamine 2000 (Thermofisher). Stable SH-SYSY clone cells
for Myc, Myc-RACK 1wt and Myc-RACK1pe were produced by se-
lecting transfected cells resistant at 450mg/ml G418
(Gentamycin, Sigma).

SUNnSET

To measure the rate of protein synthesis, cells were treated for
10min with 5 pg/ml of puromycin (Thermofisher), then lysed
and subjected to immunoblotting analysis as described below.

Immunofluorescences and antibodies

Cells were seeded the day before the staining, then rinsed three
times with Phosphate Saline Buffer (Na,HPO, 10 mM, KH,PO,
1.8mM, NacCl 137 mM, KCI 2.7 mM, pH 7.4) (PBS) and fixed with
4% paraformaldehyde for 10min at room temperature. After
three washes with PBS, cells were permeabilized with PBS-
Triton-X 0.1% for 10 min at room temperature and then blocked
in PBS-BSA 2% at 37°C for 30 min. The following primary anti-
bodies (dissolved in blocking solution) were incubated for 3 h at
room temperature: mouse anti-Myc (Thermofisher, 9E10,



1:1000), mouse anti-RACK1 (BD Biosciences, 610178, 1:200), poly-
clonal anti-TDP-43 (ProteinTech, 10782-2-AP, 1:200), mouse
anti-TIAR (Cell Signaling, 8611, 1:100), polyclonal anti-rpS6 (Cell
Signaling, 5610, 1:200) and rabbit polyclonal elF6/p275F (1:200,
kindly given by prof. Biffo Stefano, INGM Milan Italy). After
rinses, the following secondary antibodies were incubated for
1h at room temperature in the dark: goat anti-mouse, goat anti-
rabbit (Alexa Fluor® secondary antibodies, Molecular Probes),
dissolved 1:500 in PBS-DAPI (Molecular Probes NucBlue® Live
Ready Probes® Reagent R37605) as manufacturer protocol. After
mounting with ProLong Gold (Invitrogen, P36930), cells were
examined by confocal microscopy (Leica TCS SP5). For immuno-
fluorescences on tissues, sections from sALS patients were
deparaffinized and rehydrated, then treated with Glycin 0.1 M
for 30 min. After three washes with PBS, sections were micro-
waved for 30min in high citrate buffer. Section were then
blocked for 1 h in PBS-0.2% Triton-X with 5% of Normal Donkey
Serum. Primary antibodies, dissolved in blocking solution, were
incubated overnight at 4°C. After rinses with PBS, secondary
antibodies were incubated for 1 h at room temperature in the
dark, together with DAPI (1 pg/ml). Background fluorescence
was quenched incubating sections for 3min with Black Sudan
1%, then sections were washed with PBS and mounted on slides
with ProLong Gold, and analysed with confocal microscopy.

SGs induction and quantification

Stress Granules formation was induced by heat, incubating cells
for 30min at 42°C, 5% C02/95% air. Then, cells were rapidly
fixed for subsequent analysis. For quantification, ten areas of
each coverslip were selected, and SGs identified by TIAR immu-
nolabeling. Cells were scored positive when they had at least
two TIAR-positive foci. Cell counting was performed on 40x
magnification.

Polysome profiles

Growing cells were lysed in polysomal buffer (10 mM Tris-HCI,
150mM NaCl, 10mM MgCl, and 0.1% TritonX-100). MgCl, was
substituted with 5 mM EDTA for polysome profiles in the
presence of EDTA. Total lysate was clarified by centrifugation at
15 000g for 5min at 4°C and the supernatant was loaded on a
continuous sucrose gradient 15-50% in 10 mM Tris-HCI, 150 mM
NaCl, 10mM MgCl2 or 10 mM EDTA. After ultracentrifugation at
4°Cin a SW41Ti Beckman rotor at 37 000 rpm for 2 h, absorbance
at 254nm was recorded by BioLogic LP software (BioRad) and
fractions (1 ml each) were collected. The proteins in the col-
lected fractions were precipitated incubating them in 10% tri-
chloroacetic acid (TCA) for 30 min in ice, and then centrifuged at
15 000g for 15min. The resulting protein pellets were then re-
suspended for subsequent analysis.

Histidine pull-down

Cells were lysed and protein extracts clarified as seen for poly-
some profiles. Then, extracts were incubated 2 h with nickel af-
finity resin (BioRad), pre-equilibrated with polysomal buffer.
The resin was then extensively washed with 20 mM Imidazole
dissolved in polysomal buffer and finally eluted with 500 mM
Imidazole in polysomal buffer. The eluted proteins were then
precipitated with 10% TCA, as described for polysomal profiles.
For histidine pull down in presence of RNase I, protein extracts
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were or not treated with 50 ung/ml of RNase I for 30 min at room
temperature before histidine purification as previously seen.

Co-immunoprecipitation assay

Cells were lysed and protein extracts clarified as seen for poly-
some profiles. Protein extracts were pre-cleared for 1h at 4°C
with Protein G Sepharose Resin (Sigma) pre-equilibrated with
polysomal buffer, then anti-Myc antibody (Thermofisher, 9E10,
1:1000) was added to pre-cleared extracts for 16h at 4°C. Pre-
equilibrated resin was then incubated for 1h, washed three
times with PBS and finally resuspended for immunoblotting.

Immunoblottings and antibodies

SDS-PAGEs were performed on protein extracts obtained with
polysomal buffer as seen for polysomal profiles. Protein concen-
tration was determined with BCA analysis (Thermo Fisher
Scientific). Equal amounts of proteins were loaded on each lane
and separated on a 10% SDS-PAGEs, then transferred on a PVDF
membrane. Membranes were blocked in 5% non-fat milk or 5%
Bovine Serum Albumin in PBS1X with Tween (0.01%) for 30 min
at 37°C. The following primary antibodies were used: mouse
anti-RACK1 (BD Biosciences, 610178, 1:2000), mouse anti-f-actin
(Sigma, A2228, 1:1000), polyclonal anti-TDP43 (ProteinTech,
10782-2-AP, 1:2000), polyclonal anti-rpS6 (Cell Signaling, 5610,
1:1000), polyclonal anti-phospho-elF2a (Cell Signaling, 9721,
1:1000), mouse anti-puromycin (Millipore, MABE343, 1:10 000)
rabbit polyclonal 4E-BP1 (Cell Signaling, 9452, 1:1000), rabbit
elF4E (Cell Signaling, 9742, 1:1000), rabbit polyclonal phospho-
elF4E (Cell Signaling, 9741, 1:1000) and goat polyclonal Lamin B
(Santa Cruz, 1:1000). Secondary HRP-conjugated anti-mouse,
anti-rabbit or anti-goat antibodies and ECL reagent (1:5000, GE
Healthcare) were used. For RACK1, mouse HRP-conjugated anti-
IgM (1:5000, Sigma) was used.

Nucleus—cytoplasm fractionation

Cells were lysed in hypotonic buffer (20 mM HEPES pH 7.4,
10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA) and centrifuged at 700g
for 5min at 4°C. The supernatant was then centrifuged 10 min
at 4°C at 10 000g, obtaining the cytoplasmic extract. The pellet
from the first centrifugation was instead resuspended in nu-
clear lysis buffer (50mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-
40, 0.5% Sodium Deoxicolate, 0.1% SDS) and incubated 15 min in
ice, then centrifuged 10 min at 4°C at 10 000xg. The supernatant
of this centrifugation is the nuclear extract. Next, nuclear and
cytoplasmic proteins were processed as seen in Immunoblotting
and antibodies.

MTT assay

A total of 15 000 cells of each genotype were plated in 0.2ml
in 96-well flat bottom plates. At the indicated times, 20 pl of
S5mg/ml MTT solution in PBS were added to each well for 4h.
After removal of the medium, 170ml of DMSO were added to
each well to dissolve the formazan crystals. The absorbance at
540nm was determined using a Biokinetics plate reader (Bio-
Tek Instruments Inc., Winooski, VT, USA). Triplicate wells were
assayed for each condition and S.D. determined.
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