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Aggregation Based on Its C-terminal GIn/Asn-rich Region™
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Background: TDP-43 is the principal protein component of cellular inclusion in ALS and FTLD.

Results: Tandem repetitions of TDP-43 residues 331-369 induce cellular aggregates that recruit endogenous TDP-43.
Conclusion: Our results establish a cell-based TDP-43 aggregation model.

Significance: This model will be useful to investigate TDP-43 aggregation and develop strategies/effectors able to prevent/

reduce this phenomenon.

TDP-43 is one of the major components of the neuronal and
glial inclusions observed in several neurodegenerative diseases
such as amyotrophic lateral sclerosis and frontotemporal lobar
degeneration. These characteristic aggregates are a “landmark”
of the disease, but their role in the pathogenesis is still obscure.
In previous works, we have shown that the C-terminal Gln/Asn-
rich region (residues 321-366) of TDP-43 is involved in the
interaction of this protein with other members of the heteroge-
neous nuclear ribonucleoprotein protein family. Furthermore,
we have shown that the interaction through this region is impor-
tant for TDP-43 splicing inhibition of cystic fibrosis transmem-
brane regulator exon 9, and there were indications that it was
involved in the aggregation process. Our experiments show that
in cell lines and primary rat neuronal cultures, the introduction
of tandem repeats carrying the 331-369-residue GIn/Asn region
from TDP-43 can trigger the formation of phosphorylated and
ubiquitinated aggregates that recapitulate many but not all the
characteristics observed in patients. These results establish a
much needed cell-based TDP-43 aggregation model useful to
investigate the mechanisms involved in the formation of inclu-
sions and the gain- and loss-of-function consequences of
TDP-43 aggregation within cells. In addition, it will be a power-
ful tool to test novel therapeutic strategies/effectors aimed at
preventing/reducing this phenomenon.

In eukaryotic cells, heterogeneous nuclear ribonucleopro-
teins (hnRNPs)? play important roles in most gene expression
mechanisms such as DNA transcription, DNA replication/re-
pair, pre-mRNA splicing and stability, mRNA export/retention
processes, and protein translation (1-5). Up to now, the study
of their involvement in human disease has been mostly con-
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fined to tumor formation/progression (6, 7). As recently
reviewed, however, mislocalization and structural changes of
two hnRNPs, TDP-43 and FUS (8-11), have been shown to
occur in amyotrophic lateral sclerosis (ALS) and frontotempo-
ral lobar degeneration (FTLD). In these two and other related
diseases, the identification of TDP-43 protein as a major com-
ponent of the characteristic ubiquitinated neuronal inclusions
(12, 13) has opened up several new avenues of research
(reviewed in Refs. 10, 14—19). Most importantly, the discovery
that hnRNP proteins may play a fundamental role in causing
disease has strongly supported the emerging hypotheses that
defects at the mRNA metabolism level may provide a major
contribution to development and progression of neurodegen-
erative disease (20 -26).

From a structural point of view, TDP-43 possesses the typical
hnRNP architecture. The N-terminal sequence may contribute
to the putative interaction of TDP-43 with mutant superoxide
dismutase protein (27) and contains a strong nuclear localiza-
tion signal that keeps TDP-43 predominantly nuclear (28).
With regard to RNA binding, the RRM-1 sequence is princi-
pally responsible for the binding to the preferred nucleotide
sequence represented by (UG), -repeated sequences (29, 30),
whereas RRM-2, which has been recently crystallized (31), has
also been suggested to participate in the DNA/RNA binding
properties of this protein. The RRM-2 motif has been shown to
contain a nuclear export signal that also contributes to regulat-
ing its localization (28). Regarding this issue, however, it should
be noted that in normal conditions the protein continuously
shuttles between the nucleus and the cytoplasm and that the
C-terminal sequence and RNA binding activity are also
involved in keeping normal cellular distribution, including its
intranuclear localization (32). The remaining portion of the
molecule is composed of the C-terminal region that makes up
almost half of the protein (residues 261—414). In TDP-43, this
region contains a glycine-rich motif (33) and a GIn/Asn-rich
region that was shown to disrupt hnRNP-A2/TDP-43 com-
plexes (34), possibly causing aggregation. This region was later
identified as a potential prion-like domain (35, 36). In general,
the C-terminal regions of hnRNP proteins have been generally
found to be responsible for mediating protein-protein interac-
tions (37). In this regard, TDP-43 is well known to interact with
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numerous factors, especially other hnRNP proteins and addi-
tional factors that connect it with the general mRNA metabo-
lism (38 —40). Finally, in the brains of people affected by ALS/
FTLD and additional diseases, now collectively termed as
“TDP-43 proteinopathies” (13), the C-terminal region is partic-
ularly important because this is where all mutations associated
with disease have been found (with just one exception) (41, 42)
and its cleavage generates fragments (CTFs) that are associated
with cellular toxicity and/or increased aggregate formation
potential, as will be further discussed below (43-47). To date,
the only minimal sequences required for TDP-43 aggregation
have been reported based on peptide studies (48, 49). Another
characteristic feature of this region in disease tissues is the spe-
cific phosphorylation of several residues particularly serines
409/410 (50), a consistent feature of all sporadic and familiar
FTLD-U and ALS cases (51). Phosphorylation has been found
to be essential for pathogenicity in a Caenorhabditis elegans
animal model (52) and to regulate proteosomally mediated reg-
ulation of the CTFs by rendering them resistant to degradation
and enhancing their aggregation properties (53). In this respect,
understanding the biochemical properties of the C-terminal
tail may open the way for the establishment of aggregation
models that will be useful to better understand pathogenic pro-
cesses and might provide a testing benchmark for novel thera-
peutic options. At the moment, in fact, the only compounds
tested for their effect on TDP-43 aggregate formation are
represented by methylene blue/dimebon and inorganic zinc
(54, 55).

In this work, we have aimed to better elucidate the role of the
C-terminal tail of TDP-43 by focusing our attention on the
possible relationships between hnRNPs binding to the GIn/Asn
region and the interaction of the Gln/Asn region with itself.
This has lead to the generation of a TDP-43 aggregation model
that recapitulates many but not all features of the aggregates
observed in patients.

EXPERIMENTAL PROCEDURES

Plasmid Preparation—The GST-tagged TDP-43 and
hnRNP-A2 proteins were generated as mentioned in Buratti et
al. (56, 40), respectively.

The generation of GST and EGFP fusion proteins containing
the regions from TDP-43(321-366), hnRNPA2(288 —322), and
hnRNPA2(288 —341) was performed using the expression vec-
tors pGEX-4T1 and pEGFP-C2, respectively. The PCR amplifi-
cation of the TDP-43(321-366) fragment was carried out using
the primers TDP-43 forward 321-366 (5'-tatatagaattcgccatg-
gatggct-3') and TDP-43 reverse 321-366 (5'-tatatagtcgactttag-
gectggtttgg-3') amplified from pGEX3X-TDP-43 (5). The
hnRNPA2(288 -322) and hnRNPA2(288 —341) fragments were
amplified using the primers A2 forward EcoRI (5'-tatatagaattc-
tacaatgattttgg-3'), A2 reverse Sall 288 —322 (5'-atatatgtcgactt-
tatcctccaccatatg-3'), and A2 reverse Sall 288 -341 (5'-atatatat-
gtcgactttagtatcggctec-3'), respectively, and using the pGEX3X-
hnRNP-A2 (40) as template. All PCR products were cloned in
the respective vectors in the EcoRI and Sall restriction sites and
checked by sequencing.

The EGFP-GIn/Asn fusion proteins were generated by clon-
ing different numbers of concatemers (see below), codifying
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each one for the 331-369 residues of TDP-43, in Sacl/BamHI
restriction sites of the pEGFP-C2 vector. The EGFP-GIn/Asn
recombinant proteins, containing a His, tag epitope at the N
terminus, were generated by digesting the different EGFP-GIn/
Asn constructs with Agel and BamHI restriction enzymes. The
digested products were cloned in pQE-30 expression vector
previously modified by site-directed mutagenesis to add an
Agel restriction site at the 5" of multicloning sites (MCS). For
the creation of TDP-43-12XGIn/Asn, the pFLAG-CMV4-
TDP-43WT construct was modified to add an XholI restriction
site at position 1209 of TDP-43. The 12X Gln/Asn repetitions
were digested from pEGFP-12XGln/Asn construct with Xhol/
BamHI and subcloned in the same sites of pFLAG-CMV4-
TDP-43WT. The constructs pFLAG-TBPH and pFLAG-
TBPHAC(1-332) have been adapted from the construct
originally prepared in Ref. 30. The V5-tagged FUS expression
plasmid was a generous gift by Tom Ricketts (Harwell, UK), and
the plasmid HA-ubiquitin from was Martin Monte (University
of Buenos Aires, Buenos Aires, Argentina).

Tissue Culture and Cell Transfection—HeLa, Hep3B, and
U20S cells lines were grown in DMEM/Glutamax-I (Invitro-
gen) supplemented with 10% fetal bovine serum (Invitrogen)
and antibiotic/antimycotic-stabilized suspension (Sigma). The
plasmid transfections were carried out with Effectene transfec-
tion reagent (Qiagen) according to the manufacturer’s instruc-
tions. The HEK-293 cells stably transfected with FLAG-
TDP-43 have been described elsewhere. These cells were grown
in DMEM/Glutamax-I supplemented with 10% fetal bovine
serum, antibiotic/antimycotic-stabilized suspension (Sigma),
and 100 pg/ml hygromycin (Invivogen). When necessary, the
induction of FLAG-TDP-43 was started by adding 1 mg/ml
tetracycline at the culture medium. Cultures of trigeminal gan-
glion neurons were obtained from Wistar rats (7—10 days). Ani-
mals were anesthetized with carbonic anhydride and sacrificed
by decapitation. The dissociation of trigeminal ganglion neu-
rons was performed in 500 ml of F-12 medium (Invitrogen)
containing 0.25 mg/ml trypsin, 1 ug/ml collagenase, and 0.2
mg/ml DNase at room temperature. The samples were centri-
fuged at 1000 X g for 5 min at RT; the supernatant was dis-
carded, and cells were resuspended in F-12 medium plus 10%
fetal bovine serum. Trigeminal ganglion neurons were incu-
bated at 37 °C with 5% CO, for 3 days in 6-well plates contain-
ing F-12 medium plus 10% fetal bovine serum and glasses
pre-coated with collagen. Transfection was carried out with
Effectene reagent according to manufacturer’s instructions,
and immunofluorescence (see below) was performed 24 h
post-transfection.

Co-immunoprecipitation Assays—For co-immunoprecipita-
tion assays, Hep3B cells (70% of confluence) were transfected
with 3 ug of each plasmid. The cells were collected in PBS
supplemented with protease inhibitors (Roche Applied Sci-
ence) and lysed by sonication. The lysates were incubated with
3 ul of anti-GFP antibody (Santa Cruz Biotechnology) for 3 h at
4°C, and then 30 ul of A/G Plus agarose beads (Santa Cruz
Biotechnology) were added. After an overnight incubation at
4 °C, the beads were precipitated and washed three times with
PBS. The immunoprecipitates were then analyzed by Western
blot using an anti-FLAG antibody (F1804, Sigma).
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Protein Expression and Supershift EMSAs—All GST fusion
proteins were obtained by transforming Escherichia coli BL21-
DE3 with the respective expression vectors, and recombinant
protein expression and purification were performed according
to the procedure already described by Buratti et al. (56). The His
tag recombinant proteins were purified under native condi-
tions according to Qiagen protein purification protocol. Briefly,
5 ml of LB ampicillin/kanamycin pre-cultures (E. coli M15)
were grown overnight at 37 °C. The pre-cultures were used to
inoculate 400 ml of LB ampicillin/kanamycin until an absor-
bance of 0.5-0.7. 1 mm isopropyl 1-thio-B-p-galactopyranoside
was used to induce the protein expression for 3 h at 37 °C. The
cells were centrifuged, and bacterial pellets were resuspended
in 30 ml of lysis buffer supplemented with proteases inhibitors
(Roche Applied Science mixture tablets). The bacterial solu-
tions were sonicated at maximum power for 10 min on ice and
with 10-s pulse intervals. After 40 min of centrifugation at
4000 X g, the supernatants were incubated in agitation at 4 °C
with 1 ml of nickel-glutathione beads (Clontech). After three
washes with washing buffer, the proteins were eluted at 4 °C
with 500 ul of elution buffer in four fractions.

EMSAs were conducted according to procedures already
described (29) with minor modifications. The binding buffer
contained 20 mm HEPES, pH 7.5, 0.2 mM EDTA, 0.5 mMm DTT,
and 6% glycerol. The RNA oligonucleotide (UG)4 5'-ugugugu-
guguga-3' was made by Integrated DNA Technologies. The 5’
end labeling of the oligonucleotide was carried out with poly-
nucleotide kinase according to standard protocols. In all exper-
iments, 100-200 ng of GST-TDP-43 fusion protein and indi-
cated amounts of competitor peptides were incubated for 5 min
at room temperature. For supershift analysis, 0.5 ug of GST-
hnRNP-A2 and 0.5 ng of labeled oligonucleotide were added,
and the mixture was incubated at room temperature for 5 min.
Native 5% polyacrylamide gels were run at 100-120 V at 4 °C
using 0.5X TBE buffer. Gels were dried and an exposition using
Biomax RAR (Eastman Kodak Co.) was performed.

Immunofluorescence Microscopy—For indirect immunofluo-
rescence, U20S cells were transfected and processed as
described previously (32). The anti-FLAG and anti-TDP-43
antibodies were purchased from Sigma and Protein Tech,
respectively. The anti-phospho-TDP-43 (Ser(P)-409/410-1)
and anti-HA were purchased from COSMO BIO and Santa
Cruz Biotechnology, respectively. The secondary antibodies,
anti-mouse AlexaFluor, anti-rabbit AlexaFluor. or anti-mouse
Far Red, were from Molecular Probes, and the anti-rabbit FITC
was from Jackson ImmunoResearch. Cells were analyzed on a
Zeiss LSM 510 confocal microscope.

Filter Trap Assay—For filter trap assays, 100 —200 ng of GST-
TDP-43 were incubated with 0.25-0.5 uMm of His-EGFP-GIn/
Asn recombinant proteins in reaction buffer (20 mm HEPES,
pH7.5,2mM EDTA, 0.5 mMm DTT, and 6% glycerol) plus (UG),
(0.5-1.5 ng). After 20 min at RT, samples were partially solubi-
lized with SDS as final 0.5% (v/v) concentration. The complete
reaction mixture was applied on a pre-wetted cellulose acetate
0.2-mm filter (from STERLITECH) using a dot blot chamber.
The membrane was washed two times with 500 ml of PBS and
immediately used to perform a Western blot.
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Cell Lysate Fractionation—U20S cell were co-transfected
with FLAG-TDP-43 WT and EGFP or EGFP-12XGIn/Asn.
After 24 h, cells were centrifuged at 1000 X g for 5 min at 4 °C.
The cellular pellets were resuspended in 300 wl of lysis buffer
(15 mm HEPES, pH 7.5, 250 mm NaCl, 0.5% Nonidet P-40, and
10% glycerol) supplemented with proteases (Roche Applied
Science mixture) and phosphatase inhibitors (10 mm NaF, 1 mm
B-glycerol phosphate, and 1 mm Na;VO,). Cells were sonicated
with 10 pulses (30% of pulse) at 50% of power and centrifuged at
700 X gfor 10 min at 4 °C. The pellets were discarded, and total
cell lysates were quantified by Bradford. For the fractionation,
450 pg from each total cell lysates were centrifuged at 16,000 X
¢ for 30 min at 4 °C. The supernatants were transferred into a
new tube, and the pellets were washed again with lysis buffer,
resuspended in 50 ul of urea buffer, and sonicated again. To
analyze each fraction by Western blot, 50 ug of total lysates, 50
pg of soluble fraction, and all pellet volume were loaded in a
10% SDS-PAGE.

TAT Peptide Transduction—U20S cells (3 X 10°) were
plated in 6-well plates containing coverslips. The next day, the
cells were incubated (or not) with 2.5 um TAT(342-366) and
TAT-pControl peptides (see sequences below) for 20 h. Cells
were washed three times with PBS, and immunolabeling was
carried out using an anti-TDP-43 as mentioned before. The
peptide sequences transduced in these experiments are as fol-
lows: TAT(342-366) (ggygrkkrrqrrr -, ) GGsqqngsgpsgnngn-
qgnmgrepnqa) and TAT-pControl (ggygrkkrrqrrr ;G
GSHTLRGRRLVFDNQLTIRSPSRREC).

Toxicity Assays—U20S cells (6 X 10%) were plated in 24-well
plates and transfected with 0.1 ug of EGFP, EGFP-1XGlIn/Asn,
EGFP-4XGIn/Asn, or EGFP-12XGIn/Asn constructs (see
below). Twenty four, 48, and 72 h after transfection, 50 ul of
medium from each condition was used to assay the activity of
lactate dehydrogenase enzyme as cell toxicity parameter
(G1780, Promega.).

RESULTS

We have previously identified several members of the
hnRNP-A/B protein family as specific interactors of region
321-366 of TDP-43 and have shown that these contacts are
very important for maintaining the splicing functionality of
TDP-43 (34, 40). Interestingly, half of the residues making up
this sequence are represented by Gln/Asn residues, forming a
region that is somewhat reminiscent of “prion domains” in
which alternating Gln and Asn residues can be arranged in a
self-propagating amyloid conformation. In keeping with this
possibility, the region spanning residues 320-367 has been
shown to be responsible for sequestration of TDP-43 in poly-
glutamine aggregates and cause loss-of-function effects (36, 57)
as predicted by a model previously proposed (14).

To understand the aggregation process, a thorough knowl-
edge of the interactions of TDP-43 and its partners was needed.
We have focused on the TDP-43-hnRNP-A2 interaction being
one of the most prominent and verified by several proteomic/
interaction studies (38 —40, 43). We have first extended our
investigation of the TDP-43-hnRNP-A2 interactions mapping
the minimal sequences needed on both sides. Once this was
established and sequences finely mapped, we have looked at the
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FIGURE 1. A shows the co-immunoprecipitation between a transfected FLAG-TDP-43 protein and EGFP-hnRNP-A2(288-322), EGFP-hnRNP-A2(288-341), or
empty EGFP expressed in Hep3B cells. Following immunoprecipitation with anti-EGFP antibody, the bound FLAG-TDP-43 is detected by Western blot analysis
using an anti-FLAG mAb. The expression levels of each of the EGFP constructs is reported in the bottom panel. B shows a similar co-immunoprecipitation
experiment but this time between a transfected FLAG-hnRNP-A2 protein and EGFP-TDP-43(321-366) or EGFP alone. Also in this case, following immunopre-
cipitation with anti-EGFP antibody, the bound FLAG-hnRNP-A2 is detected by Western blot analysis using an anti-FLAG mAb. The expression levels of each
EGFP constructsis reported in the bottom panel. C shows a co-immunoprecipitation analysis of endogenous TDP-43 associated with stably transfected cell lines
producing a flagged TDP-43 FAL and A321-366 TDP-43 mutants. The migration of the endogenous TDP-43 is indicated.

aggregation properties of the minimal TDP-43 region involved
in the process and set up a cellular model of aggregation.

hnRNP-A2 Binding Region to TDP-43—As already men-
tioned, we have previously narrowed down the region of
TDP-43 interacting with hnRNP-A2 to residues 321-366 of
this protein (34). However, very little data are available with
regard to which region of hnRNP-A2 is directly binding to
TDP-43. In fact, previous experiments from our laboratory had
only loosely identified the C-terminal tail of hnRNP-A2 and
-A1 as being responsible for this interaction (40) but not spe-
cific short amino acid sequences. Deletion mutants of
hnRNP-A2 performed in our laboratory have suggested, using
band shift experiments, that the TDP-43-binding site was
restricted to residues spanning from 288 to 341 of hnRNP-A2
(data not shown).

To validate this interaction in a more natural setting, we then
decided to perform several co-immunoprecipitation (co-IP)
analyses using constructs that expressed these hnRNP-A2 and
TDP-43 regions fused to EGFP. In the first co-IP experiment,
we co-transfected in Hep3B cells constructs EGFP-A2(288 —
322) or EGFP-A2(288-341) together with a construct that
expressed a FLAG-TDP-43 protein. Following IP with an
anti-EGFP Ab, the Western blot was probed with an anti-
FLAG antibody to detect the eventually associated FLAG-
TDP-43 protein. As shown in Fig. 1A, whereas EGFP-
A2(288-322) could IP only weakly the FLAG-TDP-43
protein, pulldown efficiency was very much enhanced in the
case of the EGFP-A2(288 —341) protein. As expected, no sig-
nal could be detected using an EGFP protein alone. More-
over, all EGFP constructs were expressed at equal levels in
the transfected cells as determined using an anti-EGFP anti-
body (Fig. 14, bottom panel).

In a second co-IP experiment, we used a similar strategy,
differing only in the EGFP molecule utilized, that was fused
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with the 321-366 residues of TDP-43 (EGFP-TDP-43(321-
366)) and co-transfecting this construct with a flagged
hnRNP-A2 expression plasmid. As above, IP was performed
using an anti-EGFP Ab, and the pulled down flagged
hnRNP-A2 molecule was detected using an anti-FLAG anti-
body. Also in this case, the results reported in Fig. 1B show that
EGFP-TDP-43(321-366) could efficiently co-IP the flagged
hnRNP-A2 protein and that no signal could be detected for the
EGEFP protein alone. Finally, we confirmed these results in vivo
by immunoprecipitation of TDP-43 from cells that stably
expressed the flagged TDP-43 F4L and TDP-43 A321-366
mutants previously described from our laboratory (58) (the F4L
mutant was chosen as a positive control because it is unable to
down-regulate the endogenous TDP-43). Immunoprecipita-
tion using anti-FLAG antibodies shows that the F4L mutant is
much more efficient at co-immunoprecipitating endogenous
TDP-43 (that is barely detectable in the lane for the A321-366
mutant) (Fig. 1C). Taken together, these results show that
hnRNP-A2 residues 288-341 and TDP-43 residues 321-366
are sufficient to support the interaction between these two pro-
teins in the natural cellular environment and also without the
support of additional protein sequences.

Refining the 321-366 hnRNP-A2 Binding Sequence of
TDP-43—In parallel to these experiments, we were also inter-
ested in better defining the 321-366 sequence with the use of
synthetic peptides that spanned different portions of this
TDP-43 region. As a first approach, we synthesized a number of
peptides that divided up this sequence in four different ways
(Fig. 2A4). Each peptide was used in competition analysis in the
presence of TDP-43 bound to a labeled UG oligonucleotide
and supershifted following the addition of hnRNP-A2 (Fig. 2B,
indicated by an arrow). In a first experiment, Fig. 2B shows that
neither peptides spanning residues 321-346 nor 346-366
could successfully compete for supershift formation (compare
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FIGURE 2. Competition analysis of interaction between TDP-43 and hnRNP-A2 (measured using a band shift assay) using different peptides based on

the 321-366 sequence is shown. A scheme of the peptides used in this experiment is reported in A. Band C show the band shift assays in which increasing
quantities (as indicated) of the different synthetic peptides were used as competitors. A nonrelated peptide (pControl) was also used as control. In each

experiment, the supershifted (UG)s-TDP-43-hnRNPA2 interaction is indicated by an arrow.
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FIGURE 3. A and B show competition analysis of the interaction between TDP-43 and hnRNP-A2 (measured using a band shift assay) using different peptides
based on the 339-366-residue sequence. In this experiment, increasing quantities (as indicated) of the different synthetic peptides were used as competitors,
and a nonrelated peptide (pControl) was used as control. The supershifted (UG),-TDP-43-hnRNPA2 interaction is indicated by an arrow. Cand D show the effect
on (UG)¢-TDP-32-hnRNPA2 supershift formation (indicated by an arrow) using peptides based on the 342-366 sequence in which the various GIn/Asn-rich
regions were mutated to alanines. Also in this case, increasing quantities (as indicated) of the different synthetic peptides were used as competitors and a

nonrelated peptide (pControl) was used as control.

with the 321-366 peptide). In addition, no competition could
also be observed for the peptide spanning residues 321-338
(Fig. 2C). However, successful competition could be observed
using a peptide spanning the 339 -366 region of TDP-43 (Fig.
2C). To see if this region could be reduced even further, we then
prepared a second set of peptides where only the extremities of
the 339-366 sequence were deleted (Fig. 34). This analysis
showed that efficient competition could be obtained with a
peptide spanning residues 342—366 (Fig. 3B). It was noted that
within this sequence there were three Gln/Asn-rich stretches
(342-345, 352-357, and 363-366), raising the possibility that
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they were mediating this interaction. Therefore, all these res-
idues were selectively mutated in alanines (Fig. 3C), and the
effect of these substitutions was tested in a supershift assay.
The results showed that mutating even a single GIn/Asn-rich
region within these sequences completely abolished the abil-
ity of the peptide to successfully compete in the supershift
assay (Fig. 3D). Interestingly, in all these experiments, when-
ever we used synthetic peptides in EMSA analysis all the
successful candidates (p321-366, p339 —366, and p342-366)
not only disrupted the supershifted complex but also caused
the appearance of a highly retarded radioactive signal (com-
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FIGURE 4. A shows a schematic representation of constructs generated by cloning different repetitions (1, 4, or 12) of the GIn/Asn region from TDP-43 (residues
331-369) in the C terminus of the EGFP protein. The same constructs were subcloned to include an N-terminal Hisg tag (see “Experimental Procedures”).
B shows a Western blot of purified Hisg-EGFP-GIn/Asn constructs using an anti-GFP antibody. In a filter-binding assay (C), different concentrations of these
proteins were incubated in vitro with recombinant GST-TDP-43 to test the aggregate formation. D, U20S cells were co-transfected with FLAG-TDP-43 and
EGFP-12XGIn/Asn constructs. Cell lysates were fractioned in soluble (S) and insoluble (pellet (P)) fractions, and the presence of FLAG-TDP-43 was detected by
Western blot using an anti-FLAG Ab (IN, inputs). The correct expression of EGFP and EGFP-12XGIn/Asn was detected using an anti-GFP Ab. Quantification from

three independent experiments is shown in E.

posed of TDP-43 bound to radioactive RNA oligonucleotide)
that remained within the wells of the polyacrylamide gel
(Figs. 2Cand 3B). The same phenomenon was also present in
our previous work (see Figs. 5 and 8D in Ref. 34). Taking in
mind the role of Gln and Asn residues in the protein aggre-
gation process, it was possible that the GIn/Asn residues
from this TDP-43 region could be implicated in the aggrega-
tion process itself. Consistent with this finding, none of the
peptides in which the alanines substituted the Gln/Asn
sequences were observed to give rise to aggregate formation
in the wells (Fig. 3D). Additionally, the aggregate formation
in the wells observed in the presence of the p321-366 pep-
tide was progressively reduced in vitro following addition of
increasing amounts of GST-hnRNP-A2(288-341) in the
reaction mixture. This experiment suggested that the A2
sequence was displacing or avoiding the interaction of p321—
366 peptide with TDP-43 and its aggregation (supplemental
Fig. 1).

Taken together, all these in vitro data demonstrated that the
residues 342-366 from TDP-43 conform to the minimal
sequence necessary to interact with hnRNPA2. Additionally,
the rich composition in Gln/Asn residues of this sequence and
the observation that all the competing peptides caused the pro-
duction of pre-aggregates make this region a good target to
study its role in TDP-43 aggregation.
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Use of Tandem Repeats Carrying the 331-369 Gln/Asn-rich
Region Alone Can Promote Aggregation in Vitro and in Trans-
fected U20S Cells—According to the results observed previ-
ously, it was then decided to determine whether this GIn/Asn
region was capable of inducing a similar kind of aggregate for-
mation iz vivo. Initially, we used synthetic hybrid peptides,
including the 321-366 and 342—366 sequences linked to a fluo-
rophore and fused to an HIV sequence, to facilitate their intro-
duction into the cell. It was observed that the peptides entered
all cells causing a limited cytoplasmic TPD-43 aggregation phe-
nomenon (supplemental Fig. 2). At this point, it was hypothe-
sized that for the formation of inclusions, there may be a need of
an aggregation focus, and it was decided to try with plasmids
carrying multiple copies of the peptide sequence. To achieve
this, we chose the 331-369 region rather than the minimal
342-366 sequence studied in vitro to provide some additional
degree of structural integrity. To achieve this aim, we engi-
neered several plasmids that carried 1, 4, or 12 different copies
of the 331-369 region fused to EGFP (Fig. 4, A and B).

First of all, these constructs were cloned in a bacterial expres-
sion vector to include an N-terminal His, tag. Following their
expression and purification, the purified proteins were then
mixed with GST-TDP-43 wild type and an unlabeled UG oligo-
nucleotide. Aggregate formation was then measured using a
filter binding assay (Fig. 4C). This experiment showed that with
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FIGURE 5. A shows animmunofluorescence of U20S cells transfected with EGFP, EGFP-1 X GIn/Asn, EGFP-4 X GIn/Asn, or EGFP-12X GIn/Asn (green). The cellular
distribution of endogenous TDP-43 was assayed using an anti-TDP-43 Ab (red). Cells nuclei were visualized with DAPI. Co-localization of endogenous TDP-43
aggregates with those from EGFP-12XGIn/Asn was observed (yellow) (scale bars, 10 um). An enlarged image of the co-localization is shown (enlarged image).
B shows an immunofluorescence of the cellular distribution of V5-FUS and FLAG-TIA-1 (red) proteins in an EGFP-12XGIn/Asn (green) background transfection.

Nuclei are highlighted with white dotted lines. Scale bars, 10 wm.

respect to the EGFP protein or the EGFP proteins carrying one
and four repeats (EGFP-1XGIn/Asn and EGFP 4XGln/Asn),
only the EGFP protein carrying 12 repeats (EGFP-12XGlIn/
Asn) was capable of efficiently promoting TDP-43 aggregation.

This ability of EGFP-12XGIn/Asn to sequester the wild type
TDP-43 protein to form aggregates in vitro was then assayed in
a more natural setting following its transfection in U20S cells
together with FLAG-TDP-43 (co-transfection with EGFP was
used as a control). The transfected samples were then centri-
fuged, and the soluble and pelleted fractions were analyzed by
Western blot both for FLAG-TDP-43 expression and EGFP/
EGFP-12XGIn/Asn expression. As shown in Fig. 4D, co-trans-
fection with EGFP-12XGIn/Asn substantially increased the
amount of FLAG-TDP-43 in the P fraction (lane 6) as opposed
to co-transfection with EGFP (lanes 1-3). These results were
confirmed by three independent experiments. Their quantifi-
cation is shown in Fig. 4E. All these results indicated that the
interaction of TDP-43 with multiple repeats composed by the
331-369 TDP-43 sequence can induce in vitro and in vivo
TDP-43 aggregation.

Cellular Distribution of the EGFP-12XGln/Asn Aggregates—
We performed a preliminary characterization of this aggrega-
tion process in connection with endogenous TDP-43 distribu-
tion by transfecting EGFP, EGFP-1XGIn/Asn, EGFP-4X
GIn/Asn, and EGFP-12XGIn/Asn in U20S cells and
HEK-293 (data not shown). This transfection experiment (Fig.
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5A) showed that aggregate formation of the EGFP carrying GIn/
Asn repeats could not be observed at all for the control EGFP
and EGFP-1XGIn/Asn constructs. However, aggregate forma-
tion was weakly apparent for the EGFP-4XGIn/Asn construct
(diffuse green spots in the cytoplasm) and much more promi-
nent for EGFP-12XGIn/Asn expression. In this respect, it
should be noted that transfecting three times the amount of
EGFP-4XGIn/Asn with respect to EGFP-12XGlIn/Asn did not
result in similar aggregate formation, suggesting that this phe-
nomenon is not just a consequence of the absolute amount of
GlIn/Asn repeats introduced into cells (data not shown). Most
importantly, the aggregates formed by the EGFP-12XGIn/Asn
constructs were observed to co-localize with the endogenous
TDP-43 (Fig. 5A, enlarged image). The observation that neither
FUS protein (fused to a V5 epitope) nor TIA-1 (a typical stress
granules marker expressed as a FLAG-tagged protein) co-local-
ized with these aggregates shows both the specificity of the
EGFP-12XGlIn/Asn for sequestering endogenous TDP-43 and
that these aggregates are different from stress granules. In the
case of TIA-1, in fact, it is known that just the overexpression of
this protein can induce stress granule formation rendering use-
ful this phenomenon to differentiate stress granules from other
kind of aggregates (59). It should be kept in mind, however, that
Liu-Yesucevitz et al. (60) reported the presence of TIA-1 in
spinal cord aggregates of ALS patients. Finally, cell fraction-
ation studies performed following the co-transfection of
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fected with EGFP-12 X GIn/Asn (green) in U20S cells is shown. Enlarged images from selected co-localization events are shown (bottom panels). Nuclei are

highlighted with white dotted lines. Scale bars, 10 um.

V5-tagged FUS and EGFP-12XGIn/Asn construct showed that
in contrast with the TDP-43 case (Fig. 4D) no change in solu-
bility could be observed for FUS confirming its absence in
EGFP-12XGlIn/Asn aggregates (data not shown).

Role of TDP-43 Functional Domains on Aggregate Co-
localization—To eventually understand the triggering fac-
tors for aggregation, it is essential to know the functional
domains/properties of TDP-43 that are important for EGFP-
12X GIn/Asn-TDP-43 co-localization. Fig. 6 shows co-trans-
fection of the EGFP-12XGIn/Asn construct with FLAG-
TDP-43 wild type and two mutants, one carrying a deletion in
the 321-366 region (FLAG-TDP-43-A321-366) and the other
carrying two Phe/Leu substitutions in RRM-1 that render it
unable to bind RNA (FLAG-TDP-43 F147L,F149L). To avoid
any interference from endogenous TDP-43, U20S cells were
treated with TDP-43 siRNA before transfecting these
siRNA-resistant mutants. The results of this experiment clearly
showed that co-localization with EGFP-12XGIn/Asn aggre-
gates occurs with FLAG-TDP-43 wild type and with the mutant
lacking RNA binding capacity (FLAG-TDP-43 F147L,F149L).
Interestingly, in the case of FLAG-TDP-43 wild type, it was
observed occasionally that the nuclei of the cells containing
extensive aggregation were almost devoid of TDP-43 (see
GRS

N
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enlarged image at Fig. 6, bottom left panel). Conversely, the
co-localization with the EGFP-12XGln/Asn aggregates was
completely abolished in the case of FLAG-TDP-43-A321-366,
the mutant lacking the Gln/Asn region. No cytoplasmic co-lo-
calization could be observed when any of these mutants were
co-transfected with EGFP alone (supplemental Fig. 3). These
experiments demonstrate that the EGFP-12XGIn/Asn aggregates
can sequester TDP-43 only if it carries the 321-366 sequence.
Moreover, once recruited in these aggregates the FLAG-TDP-43
wild type was observed to become both ubiquitinated (Fig. 7A4) and
phosphorylated in the two 409 and 410 serine residues (Fig. 7B)
that represent two distinguishing features of the inclusions
observed in the brain of ALS and FTLD patients. These results
were confirmed by Western blot analysis (supplemental Fig. 4). It
should also be noted that in several instances we observed aggre-
gates of EGFP-12XGlIn/Asn that lack TDP-43 and also lack ubig-
uitination and phosphorylation, suggesting that EGFP-12XGIn/
Asn can aggregate in the absence of much full-length TDP-43. We
have not been able to detect cleaved fragments, but they could be a
late event in the development of the disease that is not easily repro-
ducible in cell culture.

It is not really known if the aggregates in the brains of
patients are neurotoxic (see the review by Baloh (61) for a dis-
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FIGURE 7. Immunofluorescence experiment shows that aggregates are positive for ubiquitination and abnormal phosphorylation in TDP-43 residues
Ser-409/410. A, FLAG-TDP-43WT (red) was co-transfected with EGFP-12XGIn/Asn (green) plus HA-ubiquitin (blue). The co-localization of aggregates with
HA-ubiquitin is observed as white. B, cells were co-transfected with FLAG-TDP-43WT (red) and EGFP-12XGIn/Asn (green), and the phosphorylation of Ser-409/
410 TDP-43 residues was detected using a specific anti-Ser(P)-409/410 Ab (blue). The co-localization of the aggregates with phosphorylated Ser-409/410
residues is observed as white. Nuclei are highlighted with white dotted lines. Scale bars, 10 um.
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FIGURE 8. As an indicator of cellular toxicity, the release of lactate dehy-
drogenase (LDH) into the media was used following transfection of the
1XGIn/Asn, 4XGIn/Asn, and 12X GIn/Asn constructs in U20S cells. Lac-
tate dehydrogenase levels were measured at 24, 48, and 72 h after cells were
transfected with the indicated constructs. Data from three separate experi-
ments were analyzed, and the results are reported with standard deviation.

cussion on this subject). It was then of interest to examine
whether transfection with the GIn/Asn repeat constructs was
associated with increased cellular toxicity as determined by lac-
tate dehydrogenase release. The results of this assay failed to
detect any increased release of lactate dehydrogenase levels in
the presence of the 1 XGIn/Asn, 4XGIn/Asn, and 12X GIn/Asn
constructs with respect to controls (Fig. 8). In this respect, it
should be noted that preliminary immunohistochemical stud-
ies of our inclusions with anti-p62 and anti-LC3 antibodies
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were suggestive of an initial autophagic response (data not
shown); this observation may provide an explanation for the
lack of toxicity and deserves further studies.

We have previously shown that human TDP-43 could
replace the Drosophila TBPH in the development of the neuro-
muscular junction (34, 60) and that they shared also their func-
tional properties in splicing assays (30). Interestingly we
observe aggregate co-localization when the EGFP-12XGlIn/
Asn construct was co-transfected with Drosophila TBPH show-
ing once more the considerable functional homology of human
TDP-43 (supplemental Fig. 5). In keeping with this similarity,
especially with regard to the role played by the C-terminal tail,
deleting the C-terminal tail of TBPH also abolished co-localiza-
tion with EGFP-12XGln/Asn (supplemental Fig. 5).

Finally, all these experiments were performed in non-neuro-
nal cell lines, and thus we considered it important to check if the
EGFP-12XGIn/Asn construct was capable of inducing aggre-
gate formation also in neuronal cells. To perform this, we pre-
pared primary neuronal cultures from rat trigeminal dorsal
ganglia and transfected the EGFP-12XGln/Asn construct into
them. As shown in Fig. 9, transfection of EGFP-12XGIn/Asn
caused the appearance of one or few more round cytoplasmic
inclusions that are highly similar to what is commonly observed
in the neurons of affected patients.

DISCUSSION

TDP-43 is a typical hnRNP protein whose involvement in
several neurodegenerative diseases has recently received a lot of
attention by the research community (14, 15, 33). A detailed
knowledge of its biochemical properties and hence its basic role
in biological processes such as transcription (62, 63),
pre-mRNA splicing (56, 64— 66), microRNA processing (67),
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FIGURE 9. Immunofluorescence assay shows the formation of aggregates in primary neuronal cultures. Trigeminal ganglion neurons were transfected
with EGFP or EGFP-12XGIn/Asn (green), and the cellular distribution of endogenous TDP-43 (red) was analyzed using an anti-TDP-43 Ab. An enlarged image
from co-localization is shown (right panels). Nuclei are highlighted with white dotted lines. Scale bars, 10 um.

and mRNA stability (68, 69) is essential to develop novel diag-
nostic and therapeutic approaches. As usual for most hnRNP
proteins, these functional properties are mediated by its char-
acteristic domains that include an N-terminal sequence, two
RNA recognition motif domains, and a Gly-rich C-terminal
region.

The C-terminal region is particularly significant as it has
been found that TDP-43 mutations associated with disease (41,
42, 70) are mostly localized within the C-terminal region and
are generally thought to enhance inclusion formation (46, 71,
72). Indeed, on the basis of sequence homology, an intriguing
hypothesis has also been recently made regarding the presence
in this region of a potentially infectious “prion domain” from
residue 277 to 414 (35), a characteristic that may be shared with
other proteins involved in ALS/FTLD (73). With regard to the
C-terminal tail, our previous work on TDP-43-hnRNP interac-
tions suggested that the interaction of TDP-43 with its 321-366
Gln/Asn-rich sequence was stronger than the interaction with
hnRNP-A2 as the 321-366-residue peptide was able to disrupt
the TDP-43-hnRNP-A2 complex and produce a material that is
retained at the origin of the gel (34). Consistent with this obser-
vation, it was recently shown that the presence of a Gln/Asn-
rich region spanning residues 320-367 is responsible for
sequestration of TDP-43 in polyglutamine aggregates and
causes loss-of-function effects (36, 57).

At the moment, in fact, the simple conclusion that TDP-43
aggregates are just toxic by themselves and can thus explain the
neurodegeneration has not been upheld by several studies, as
recently reviewed (61). Regarding this issue, a large series of
reports have focused on the potential toxicity of overexpression
of the whole TDP-43 (certainly toxic with or without aggrega-
tion) and/or several large CTFs similar to those found in the
brain extracts from patients. It is certain, in fact, that overex-
pression of TDP-43 and/or its fragments can promote aggrega-
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tion in the cellular cytoplasm, as discussed in many recent
reviews (61, 74). How they may do this is still not clear, and a
“two-hit” model has been recently proposed (75). However, the
significance of cleavage in the pathological pathway is not well
established, and hence the significance of CTFs aggregation
should be cautiously interpreted.

Our results are in keeping with this view, as cytotoxicity
measurements failed to detect a significant effect following
transfection with our 1X, 4X, and 12X GIn/Asn constructs into
U20S cells. Moreover, this lack of toxicity of the aggregations
per se has been also reported by Johnson et al. (76) using a yeast
aggregation model in which toxicity was associated with aggre-
gation only when the RRM motifs and glycine-rich domains
were included in the expressed constructs (either singly or in
pairs). This finding further strengthens the hypothesis that the
pathological significance of the aggregates probably resides in
their ability to function as a “TDP-sink” in the cytoplasm,
resulting in various loss-of-function effects within the nucleus.
An alternative explanation that cannot be excluded is that
aggregates may be toxic by themselves.

We show here that a repeated TDP-43 amino acid sequence
331-369 is capable of inducing TDP-43 aggregate formation
both in non-neuronal and neuronal cells that mimic many but
not all of the characteristics of the inclusions found in patients
(see Table 1 for a comparison between the characteristics of our
inclusions and patient observations). In particular, this system
is capable of recapitulating some of the morphological features
of TDP-43 aggregates found in ALS and FTLD brains. In fact it
produces round and large formations, as we observed in rat
dorsal ganglion neurons or granular dot-like inclusions, as we
observed in U20S and HEK-293 cells (data not shown). Their
localization is predominantly cytoplasmic with occasional
nuclear occurrence. Our data demonstrate that the key inter-
action for aggregate formation is TDP-43 with itself through
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TABLE 1
Comparison between the 12X GIn/Asn-induced aggregates and patient aggregates
Aggregate characteristics 12X GIn/Asn aggregates Pathological aggregates
Origin Expression of 339-369-residue Gln/Asn repeats Unknown
Localization Preferentially cytoplasmic Preferentially cytoplasmic

Time of generation 24 h Unknown (probably late in lifetime)
Stress granules Apparently not Uncertain

TIA-1 co-localization No Uncertain®

Ubiquitination Yes Yes

Hyperphosphorylation Yes Yes

Cleavage No Yes

Empty nuclei In some cells following transient transfection Yes in some neurons
Overexpression of endogenous TDP-43 No Uncertain

“ There is some controversy regarding this issue as initial reports did not find any co-localization in the aggregates from the spinal cords of three sporadic ALS patients (83).
However, a later and more detailed study reported that co-localization between TIA-1 and TDP-43 aggregates could be observed in four ALS patients (spinal cord) and five
FTLD-U patients (brains) (60).

A Physiological Situation Pathological Situation

,;9—369‘»

Interaction disruption

_
High TDP-43 levels

FIGURE 10. In a physiological situation, TDP-43 is interacting with its partners (i.e. mainly other hnRNP proteins of the A/B family) through its 331-369 region to
carry out the normal biological functions (A, left side). When this normal interaction becomes disrupted, maybe through an increase in its expression levels,
TDP-43 molecules are more prone to produce aggregates and generate a pathological situation (4, right side). This hypothesis is supported by our data where
the addition of multiple repetitions of 331-369 TDP-43 sequence (EGFP-12XGIn/Asn) can successfully compete the TDP-43-hnRNP interaction (B, left side),

inducing the recruitment of TDP-43 molecules and generating an aggregation condition that mimics the pathological situation (B, right side).

the 331-369 region. In fact, TDP-43 147/149 Phe — Leu is not
able to bind RNA, but it is efficient in forming aggregates,
whereas TDP-43 A321-366 does not induce aggregation (Fig.
6). It is also clear from the results shown in Fig. 7 that ubiquiti-
nation and phosphorylation follow the aggregation. It is also
worth noting that in some cells, where there is substantial cyto-
plasmic aggregation, there is a scant presence of TDP-43 in the
nucleus, strengthening the hypothesis that sequestering
TDP-43 in the aggregates essentially results in a situation
equivalent to a nuclear knock-out of TDP-43 with its well
known consequences (77— 81).

The observation that the FLAG-TDP-43-A321-366 con-
struct does not co-localize with the EGFP-12XGIn/Asn aggre-
gates in U20S cells suggests that the normal interactions of
TDP-43 with other hnRNPs might keep TDP-43 soluble. This is
consistent with the substantial overlap of the 321-366 region
with the site that interacts with hnRNP-A2 and with the result
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observed in supplemental Fig. 1. Moreover, the irrelevance for
aggregation of the TDP-43 RNA binding domain mutant sug-
gests that protein-protein contact may modulate the aggrega-
tion process and that the trigger may be a defect in the TDP-43
normal interactions. This would also be consistent with the
observation that TDP-43 aggregates in patients do not contain
hnRNP proteins (82). All these considerations are summarized
in the schematic model reported in Fig. 10. Indeed, in our case
the aggregation seems to be a process that involves mainly
TDP-43 self-interactions and that leads to phosphorylation,
ubiquitination, and possibly nuclear TDP-43 depletion.
Finally, it is important to highlight that because all the inclu-
sions reported in this paper were induced using the same basic
construct (EGFP-12XGln/Asn), it is clear that this system may
be a formidable research tool as it represents a much needed
cell-based TDP-43 aggregation model. Such a model will be
fundamental for the identification of the factors involved in the
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formation of the original aggregate core and its impact in cel-
lular metabolism and to follow the modifications that are seen
in the final stage of the aggregates observed in the brains of
patients. The aggregation model described in this study is the
subject of the patent application RM2011A000582.
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