3362-3371
doi:10.1093/nar/gkt1343

Nucleic Acids Research, 2014, Vol. 42, No. 5

Published online 24 December 2013

Predominance of spliceosomal complex formation
over polyadenylation site selection in TDP-43

autoregulation

Sara Bembich’, Jeremias S. Herzog’, Laura De Conti, Cristiana Stuani,
S. Eréndira Avendano-Vazquez, Emanuele Buratti, Marco Baralle and

Francisco E. Baralle*

International Centre for Genetic Engineering and Biotechnology (ICGEB), 34149 Trieste, Italy

Received May 2, 2013; Revised November 27, 2013; Accepted December 3, 2013

ABSTRACT

TDP-43 is a nuclear protein involved in many
aspects of RNA metabolism. To ensure cellular via-
bility, its expression levels within cells must be
tightly regulated. We have previously demonstrated
that TDP-43 autoregulation occurs through the acti-
vation of a normally silent intron in its 3-UTR
sequence that results in the use of alternative
polyadenylation sites. In this work, we analyse
which is the dominant event in autoregulation:
the recognition of the splice sites of 3'-UTR intron
7 or the intrinsic quality of the alternative poly-
adenylation sites. A panel of minigene constructs
was tested for autoregulation functionality, protein
production and subcellular messenger RNA local-
ization. Our data clearly indicate that constitutive
spliceosome complex formation across intron 7
does not lead to high protein production but,
on the contrary, to lower TDP-43 messenger RNA
and protein levels. This is due to altered nucleo-
cytoplasmic distribution of the RNA that is mostly
retained in the nucleus and degraded. This study
provides a novel in-depth characterization of how
RNA binding proteins can autoregulate their own
levels within cells, an essential regulatory process
in maintaining cellular viability.

INTRODUCTION

Cell viability relies on the correct protein concentration
levels within the various cellular compartments (1) and

prevents the development of disease, especially at the
neuronal level (2). There are several pathways used by
the cell to achieve this, with protein expression regulation
at the messenger RNA (mRNA) level being one of the
most common due to its ability to act in an efficient and
rapid manner. This type of regulation is often seen in
genes encoding for RNA binding proteins due to the
fact that many of these are able to bind their own RNA.
Such an arrangement, in fact, allows cells to set up effect-
ive negative feedback mechanism that will raise protein
production rapidly when cellular levels drop below a
critical threshold and inhibit protein production when
cellular concentrations become too high. Several
pathways where RNA binding proteins regulate their
own expression through direct binding to their transcript
have been described. These include proteins such as HuR
(3), PTB (hnRNP 1) (4), hnRNP L (5), hnRNP A/B (6),
TIA-1/TIAR (7), SRSF3 (SRp20) (8), SRSF2 (SC-35) (9)
and Tra2 (10). For recent reviews on the subject, the
reader is referred to Buratti and Baralle (11) and to Yap
and Makeyev (12). In the majority of these cases, the
autoregulatory processes for these proteins are based on
the selective triggering of a specific RNA degradation
mechanism called nonsense-mediated decay (NMD) (13).
Exceptions to this rule are represented by HuR (3) and
possibly Tra2 (10) proteins where polyadenylation and
translational mechanisms may be prevalent. Another
notable exception to this NMD rule is represented by
the mechanism described to occur for the nuclear factor
TDP-43 (14,15).

TDP-43 was initially identified as a transcriptional
regulator (16) and subsequently as a regulator of Cystic
fibrosis transmembrane conductance regulator (CFTR)
exon 9 splicing (17). The importance of TDP-43 in the
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neurodegeneration field was established in 2006 when it
was described as the major protein component of the
intracellular inclusions occurring in the neuronal tissues
of patients affected by amyotrophic lateral sclerosis
and frontotemporal dementia (18,19). In the patient’s
affected neurons, TDP-43 is abnormally mislocalized in
the cytoplasm, ubiquitinated, hyperphosphorylated and
cleaved to generate C-terminal fragments (20).
Currently, one hypothesis is that such mislocalization
plays a pivotal role in neurodegeneration through the
loss of proper TDP-43 functions in the nucleus,
although gain-of-function mechanisms may be active as
well (21-26).

The autoregulatory process of TDP-43 is totally
dependent on a region called TDP-43 binding region
(TDPBR) that contains several Cross-Linking and
Immunoprecipitation (CLIP) sequences that act as
targets for TDP-43 binding (27). This region is localized
in TDP-43 3’-UTR and spans a normally silent intron 7
that contains the pA; site (Figure 1A). In steady state
conditions, pA; is the major polyadenylation site (PAS)
used by the TDP-43 mRNA. The pA, site is also used,
however, to a much lower extent.

We have previously shown that a 3-fold increase in
TDP-43 nuclear levels results in an increased occupancy
of the TDPBR that in turn causes a rise in polymerase II
density in this sequence (15). Such a pausing effect induces
an increased processing of intron 7, an effect that has been
observed to occur in many experimental systems (28).
Removal of intron 7 and hence of pA; enforces pA, and
pA4 selection, and mRNAs using these PAS were shown
to be partially retained in the nucleus (15). As a result
of all these events, in the presence of high TDP-43 con-
centrations, a reduction of TDP-43 cellular mRNA levels
occurs quickly. The relative importance in this process of
TDP-43 binding to the TDPBR, spliceosome assembly,
splicing of intron 7 and pA;-pA,-pA4 polyadenylation
is still unclear. In this work, our results show that intron
7 processing and/or spliceosome assembly induced by
TDP-43 is the key event in the reduction of the amount
of TDP-43 mRNA rather than the intrinsic quality of the
various PAS:s.

MATERIALS AND METHODS
Cell lines

The HEK-293 TDP-43 wild-type inducible cell line has
been previously described (14). Cells were cotransfected
using the calcium phosphate method with 3 pug of each
Green Fluorescent Protein (GFP) construct variants and
0.5 ng DiGFP, generously donated by Dr Christian Beetz.
It should also be noted that the reliability of our experi-
mental conditions in the transfection assays to correctly
measure GFP expression levels was determined by
making a titration curve that show a proportional
increase in the signal using increasing concentrations of
cellular extracts from our reference X7 construct
(Supplementary Figure S1).
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Plasmid construction, 3 RACE and reverse
transcriptase-polymerase chain reaction analysis

The X7 wild-type and ATDPBR recombinant constructs
have been previously described (15). The other X7 construct
variants were made by polymerase chain reaction (PCR)
amplification using quick change (Stratagene) according
to manufacture’s instructions (primer sequences are avail-
able upon request). For 3’RACE (Rapid amplification of
cDNA ends) analysis total RNA was reverse-transcribed
using an oligonucleotide (dT),o V anchor (5'-ctagtctagatct-
gaatatattcgtttttttttettttttttttv-3’) and amplified with the
anchor (5-cgaatatattcagatctagactag-3) and GFPfw (5-
tctcggeatggacgagcetgtacaag-3’).  Cycloheximide (CHX)
treatment was performed by adding 50 pg/ml of this antibi-
otic for 3 h before mRNA extraction.

Immunoblotting

Cells extracts were prepared in 15mM HEPES, pH 7.5,
0.25M NaCl, 0.5% NP-40, 10% glycerol, 1x protease
inhibitor (Roche 1873580), 25mM NaF, 10mM -
glycerolphosphate, 0.2mM Na3;VO, and 1mM phenyl-
methylsulphonyl fluoride. Proteins were separated by
sodium dodecyl sulphate—polyacrylamide gel electrophor-
esis and transferred to nitrocellulose (0.45 mM, Amersham
Biosciences), and protein detection was carried out with
standard western blotting techniques using an antibody to
detect GFP (Santa Cruz Biotechnology sc-8334).

Northern blotting

For northern blotting, RNA was isolated with
EuroGoldtriFast (Euroclone) following manufacturer’s
instructions. RNA samples were loaded on 1.2% formal-
dehyde agarose gels, transferred to Hybond-N" nylon mem-
branes (Amersham Biosciences) and probed with internally
32P_labelled sequences following prehybridization in
ULTRAhyb®  Ultrasensitive ~ Hybridization — Buffer
(Ambion). Prehybridization and hybridization were
carried out at 65°C. The probes were generated by PCR
using primers GFP813FW (5'-cggcgtgcagtgcttcageegetac-
3) and GFPend RV (§-cttgtacagctcgtccatgecgagag-3')
and *?P-labelled with Rediprime II DNA Labeling
System (GE Healthcare). Visualization of transcripts was
carried out with a Cyclone Plus Storage Phosphor Scanner
that included OptiQuant Software (Perkin Elmer).

RNA in situ hybridization

HEK-293 Flpln cells were fixed for 30min at room
temperature in 2% Paraformaldehyde (PFA) 24h post-
transfection. After three washes in phosphate-buffered
saline cells were permeabilized by treatment with 0.1%
triton in phosphate-buffered saline for S5min and
hybridized overnight at 37°C in 20 pl of a mixture contain-
ing 10% dextran sulphate, 10 pg yeast tRNA, 1 x SSC, 20%
formamide and 20 ng of digoxigenin-11-dUTP (Cat. No.
11573152910, Roche Applied Science) labelled PCR
product probe against GFP coding sequence. Cells were
then washed three times in 2x SSC and once in 4x SSC
and incubated for 1 h at room temperature with 1:200 anti-
digoxigenin-rhodamine Fab fragments (Cat. No. 1120775
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Figure 1. Cis acting elements and importance of PAS sequences in TDP-43 autoregulation. (A) shows a schematic diagram of TDP-43 illustrating
locations of stop codon (tag), PASs (pA;_4), TDPBR region and splicing events (in coding sequences by filled lines; in the 3’-UTR region by dotted
lines). Coding regions (black boxes), untranslated sequences (grey boxes) and introns (connecting black lines) are indicated. A schematic represen-
tation of each reporter used in this experiment is shown in (B). (C) shows the ability to autoregulate of these various TDP-43 3'-UTR constructs
fused to the GFP protein and transfected in HEK-293 cells stably expressing a TDP-43 transgene following tetracycline induction (+Tet lanes).
Western blots of GFP reporter protein, in normal (—Tet) and TDP-43 overexpression conditions (+Tet) are shown in the centre. With regards to the
technical aspects of these experiments, it should be noted that in all these cases autoregulation efficiency of the GFP reporters was normalized by
cotransfection with a plasmid expressing DiGFP (C; DiGFP, upper panel) and further confirmed by western blot against tubulin (C, lower panels).
Normalization using tubulin levels, in fact, yielded similar results to those obtained using diGFP (data not shown). In parallel, correct overexpression
of the TDP-43 transgene (Flag-TDP-43) and downregulation of the endogenous TDP-43 (TDP-43 end) was also assessed (C, lower panels). Finally,
(D) shows the quantification of three independent experiments to quantify GFP protein expression levels in —Tet and +Tet conditions normalized
according to DiGFP expression. Mean values are reported on the bar chart, and error bars indicate standarddeviation from at least three inde-
pendent experiments.

0910, Roche Applied Science) in 4x SSC. Following three region that regulates intron 7 splicing within the non-

washes in 4x SSC, cells were mounted and the images were coding 3-UTR. This region represents an essential
captured on a Zeiss LSM 510 META confocal microscope element for the negative feedback loop that allows TDP-
(Carl Zeiss Microimaging, Inc.) with a 63 x NA 1.4 Plan- 43 to control its own expression levels within cells (14,15).
Apochromat oil objective. Cells nuclei were visualized We have previously shown that a minimal transcript con-
using TO-PRO-3 (Invitrogen, T3605). sisting in a portion of the TDP-43 3’-UTR region fused to

the GFP reporter protein displays similar autoregulatory

properties to those observed for endogenous TARDBP

RESULTS gene (Figure 1B, X7 construct) (14,15). In fact, production
Evaluating the effects of PAS shuffling on TDP-43 ?f the GEP reporter protein from t'hlS t'ransc'rlpt'follovag
. ransfection in HEK-293 cells that carry an integrated
autoregulation tetracycline  (Tet)-inducible TDP-43 complementary
Figure 1A shows a schematic representation of the DNA (cDNA) is ~4-fold decreased on overexpression of
TARDBP gene illustrating the locations of the stop TDP-43 (+Tet conditions) as determined by western blot
codon (tag), the various PASs (pA;_4) and the TDPBR analysis (Figure 1C, GFP reporter, lanes 1-2) and
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densitometric quantification (Figure 1D). Using this
minimal transcript, we have previously reported the
central role played by the TDPBR sequence and by the
splice sites of intron 7. This was achieved by engineering
mutants where the TDPBR was deleted (Figure 1B,
mutants X7-ATDPBR) and another construct where the
splice sites were disrupted (Figure 1B, X7-Agt-ag respect-
ively) (15). As shown in Figure 1C, no GFP downregula-
tion could be observed following tetracycline induction of
TDP-43 expression for neither of these mutants
(Figure 1C, lanes 3-6 and Figure 1D).

A question that remained open from these experiments
was the eventual role played by pAs in TDP-43 auto-
regulation process. Therefore, to assess its eventual
importance, we engineered a mutant GFP reporter
(Supplementary Figure S2A, X7-inpA2) in which the
entire TDP-43 3-UTR sequence was deleted from 33 nt
beyond pA, till the pA4 and compared its protein expres-
sion levels with those of X7 both in —Tet and +Tet condi-
tions. This experiment showed that in +Tet conditions
the X7-inpA2 could efficiently autoregulate its own levels
similarly to the wild-type X7 construct (Supplementary
Figure S2B), even in the absence of pAg, indicating that
this PAS does not contribute significantly to the TDP-43
autoregulatory process. Further work is required to under-
stand the biological function of the 3’-UTR beyond pA.,.

What remained unclear from our previous results,
however, was an assessment of the relative importance of
PAS switch from pA; to pA, compared with the actual
event of intron 7 processing. To address the relative im-
portance of pA; and pA, in the autoregulatory process, we
engineered two mutants, one in which the pA, was
removed (X7-ApA2) and another in which pA, was
replaced with a second pA; site (X7-2pAl) (Figure 1B).
Following transfection of these mutants in HEK-293 cells
(—Tet lanes) and induction of the transgene (+Tet), it was
observed that both constructs displayed efficient
autoregulation (Figure 1C, lanes 7-8 and 9-10, respect-
ively, and 1D). These results indicate that the use of pA,
is not intrinsically required to achieve TDP-43
autoregulation, and that it is not inherently defective but
capable of sustaining efficient protein translation. To
further corroborate this, we engineered a mutant X7 con-
struct, X7-Ain7cDNA (Figure 1B), in which intron 7 was
removed artificially and the pA, sequence was kept as the
only available PAS (artificially mimicking the transcript
that would naturally originate following intron 7 removal
by the spliccosome). Following transfection in HEK-293
cells of this mutant, it was observed that X7-Ain7cDNA
produced TDP-43 at an analogous level than X7 in —Tet
conditions (Figure 1C, lane 11 and Figure 1D). Moreover,
in contrast X7, it was no longer capable of autoregulation
following transgene induction (Figure 1C and D).

The 3’ RACE analysis of the PAS-modified constructs

To gain better insight regarding PAS usage in these con-
structs, 3’ RACE analysis with primers specific for the
GFP reporter sequence (GFPfw) and a polyT anchor as
reverse primer was performed (Figure 2A). As previously
reported for the X7 plasmid (15), in normal conditions a
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dominant transcript was obtained (band 1, —Tet lane) that
contained the TDP-43 3-UTR sequence ending at pA;
(Figure 2B). On induction of the transgene, the X7 band
1 diminished and a new product appeared (band 2) that
was observed to derive from intron 7 removal and the use
of pA, (Figure 2B, +Tet lane).

A decrease of band 1 was also obtained for the other
two constructs, X7-ApA2 and X7-2pAl that displayed
autoregulation at the protein level following transgene
induction. In fact, Figure 2C-D shows that in both cases
the transgene induction caused a drop in the mRNA that
contain the unspliced intron 7 and resulted in the appear-
ance of novel mRNA (compare —Tet and +Tet lanes).
Sequencing of these bands revealed that these spliced tran-
scripts used alternative PAS. In the case of X7-ApA2, the
decrease in band 1 is associated with the use of a cryptic
PAS within the plasmid after unusual splicing events
within the 3-UTR (band 3, Figure 2C), and one
originating from a cryptic splicing event within intron 7
(band 4, Figure 2C). X7-2pA; on the other hand uses the
second pA; after the intron 7 3’ss that is uniquely present
in this mutant (bands five and six, Figure 2D). In fact, the
X7-2pA; construct has the option of using also the second
pPA; (placed at the site of pA,) in —Tet conditions when
there is no intron 7 splicing. As a substantial amount of
transcript made use of this second pA; sequence, it would
appear that the pA; is more efficient than pA,, with run-
through transcripts that do not use the first pA; using
the second pA; as well, possibly also detrimental to pAy
use (that cannot be detected in this 3’RACE analysis
because it is >3 kb away, and a fragment this long does
not amplify as efficiently as the shorter ones).

The 3’ RACE of the X7-Ain7cDNA showed that the
pA, contained in this construct was used in all the
mRNAs transcribed both under —Tet and +Tet condi-
tions, and that no further processing of this transcript
could be observed (Figure 2E). This situation is similar
to that previously described in the X7-Agt-ag mutant
that does not autoregulate even if in the case the pA; is
used (15) (Figure 2F). In this mutant, intron 7 splicing
is completely inhibited following the inactivation of
its donor and acceptor splice sites. As a result, the only
transcript observed for this construct uses pA; in a con-
stitutive manner, both in —Tet and +Tet conditions (band
1, Figure 2F). A similar situation is also observed for the
X7-ATDPBR construct in which deletion of the TDPBR
region leads to loss of autoregulation (Figure 2G).

These constructs allow us to conclude that auto-
regulation is not strictly linked to the quality of the PASs.
Furthermore, it is interesting to note that autoregulation
only takes place when splicing is occuring, suggesting that
the key feature that allows TDP-43 autoregulation is repre-
sented by spliceosome assembly on intron 7 splice sites.

Comparing the mRNA and protein expression levels of the
X7-Ain7¢DNA and X7 constructs

One of the most interesting findings of the mutants
analysed in Figure 1 was the relatively equal protein pro-
duction stemming from differential pA; and pA, usage by
the X7 and X7-Ain7cDNA (compare Figure 1B, lanes 1
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Figure 2. 3’ RACE analyses. (A) shows a schematic diagram of the X7 reporter construct with an indication of the primers used for 3’ RACE
analysis (GFPfw and anchor primers). (B-G) show the results of the 3’ RACE analyses from the various hybrid constructs under normal (—Tet) and
following TDP-43 transgene overexpression (+Tet). The amplified bands were all subjected to sequencing and the schematic diagrams on the right

show which PAS become activated following transgene induction.

and 11 and the —Tet lanes in Figure 2B and E). In —Tet
conditions, in fact, the X7 construct uses almost exclu-
sively pA; as opposed to X7-Ain7cDNA that uses exclu-
sively the pA; site. This allowed us to conclude that the
use of pA, is not the main factor responsible for the
autoregulation process.

To analyse further eventual functional differences in
mRNAs carrying these two different PASs exists, we
then decided to compare the level of mRNA in cells
without transgene induction for the constructs X7 and
X7-Ain7cDNA.

The comparative RNA expression levels from these
two constructs were analysed by northern blot following
transfection of the two constructs in HEK-293 cells either
separately or together (Figure 3A). Quantification of the
various band intensities detected only a slightly lower
mRNA level of the X7-Ain7cDNA construct with
respect to the X7 constructs (Figure 3B). However, this
decrease failed to reach statistical significance consistent
with protein expression levels (Figure 1, lanes 1 and 11).

Therefore, taken together these results suggest that the
use of pA; instead of pA, does not result in any significant
difference with regards to mRINNA and protein expression
levels, and that the two PASs are perfectly comparable in
terms of protein production efficiency.

Improving intron 7 splice site strength to induce its
constitutive splicing

The central importance of intron 7 in the autoregulation
process of TDP-43 was previously shown in a X7 Agt-ag
mutant, in which loss of autoregulation following expres-
sion of the transgene was achieved by simply deleting both
splice sites from the wild-type X7 construct (15) and
Figure 1, lanes 5 and 6.

To complement the X7 Agt-ag mutant result and further
extend our insight into the role of splicing of this intron in
autoregulation, it was then decided to mutate both these
sequences to improve the strength of the splice sites. In this
respect, it should be noted that in normal conditions intron
7 splicing is not observed. This is not surprising, as its 5
and 3’ splice sites are not of optimal strength according to
Maxentscan weight matrix model (29) and NNSplice (30)
(Figure 4A, upper schematic diagram). A considerable im-
provement was then achieved in mutant X7-sup5’-3’
(Figure 4A, lower schematic diagram). The purpose of
these mutations was to make the splicing of intron 7 as
constitutive as possible without the need for any external
enhancer factor (like high levels of TDP-43).

As shown in the 3’RACE analysis of Figure 4B, this
objective was successfully achieved and transfection
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Figure 3. Comparison of RNA and protein levels in the X7-
Ain7cDNA and X7 constructs. (A) shows the northern blots following
transfection of the X7-Ain7cDNA and X7 constructs in HEK-293 cells
under —Tet conditions. Both plasmids were transfected alone and
together (in triplicate) to allow for normalization. Schematic
diagrams for each band are shown on the right. (B) shows the quanti-
fication of the RNAs derived from X7-Ain7cDNA normalized to the
intensity of the X7 transcript. Standard deviations from the three
independent experiments are reported.

in —Tet conditions immediately led to the appearance of a
totally processed transcript in which pA, was used as the
only PAS available. As expected, this situation was un-
changed following transgene induction (Figure 4B, +Tet
lane). In addition, the transcripts originated from
X7-sup5’-3’ are not subjected to any change following
CHX treatment (Figure 4B, CHX, —Tet and +Tet lanes).

In terms of the qualitative nature of the transcript
species being generated, the mRNA is the same as the
one produced by the X7-Ain7cDNA transcript (compare
Figure 4B with Figure 2E) with the difference that the
mRNA of X7-sup5-3’ is generated by transcription
followed by splicing, whereas the mRNA of X7-
Ain7cDNA only by transcription. However, quantita-
tively the results were strikingly different, as in northern
blot analysis the amount of pA,-using transcript from
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X7-supy-3’ was significantly lower when compared with
X7 (Figure 4C-E).

Taking in consideration the reduction in the amount of
total RNA for the X7-sup5’-3’ construct (Figure 4C-E), it
was then interesting to measure whether these differences
could result in a reduction of GFP protein expression. In
keeping with this hypothesis, the western blot result
reported in Figure 4D showed that the amount of GFP
protein produced by the X7-sup5’-3’ construct was much
lower with respect to the X7 wild-type construct, both in
—Tet and +Tet conditions. Quantification of this drop in
expression confirmed that X7-sup5-3’ GFP protein levels
were ~25% of normal X7 GFP production levels
(Figure 4F), a significant reduction compared with the
estimated change in mRNA levels suggesting a difference
in translational ability and/or in nuclear export of the pA,
mRNA.

Altered nucleocytoplasmic distribution of the X7-sup5’-3’
transcript

One possibility to explain the differences mentioned earlier
in the text may lie on the availability of the mRNAs in
the cytoplasm. RNA fluorescence in situ hybridization
analysis of the various transcripts originating from the
X7, X7-Ain7cDNA, and X7-sup5’-3’ constructs was then
performed. This analysis is not suited to detect quantita-
tive differences in expression but rather, differential distri-
butions of RNAs in the cell body. As shown in Figure SA
by the Anti-digox-rhod signal, in red, the transcripts from
X7 are predominantly localized in the cytoplasm with a
consequently high efficiency of GFP production. A similar
situation is also observed for the x7-Ain7cDNA construct
(Figure 5C), further highlighting our observation that use
of pA; (X7) or pA, (X7-Ain7cDNA) does not make any
difference to the resulting protein production process.

On the other hand, the RNA transcribed from the X7-
sup5’-3’ shows a very different nucleus/cytoplasm ratio
from the one observed in both X7 and X7-Ain7cDNA
notwithstanding the latter being identical to the transcript
produced by X7-sup5’-3’ (Figure 5B). This data, in fact,
clearly shows that instead of being mainly localized in the
cytoplasm the RNA produced by X7-sup5’-3’ is uniformly
distributed between the nucleus and cytoplasm. This result
suggests that the 3-UTR intron 7 recognition by the
splicing machinery somehow marks the bulk of the tran-
script for nuclear retention and degradation, resulting
in lower amounts of cytoplasmic mRNA and hence
protein level.

DISCUSSION

TDP-43 is an ubiquitously expressed protein (17,31,32),
whose production is tightly autoregulated in cells (33).
Even though the exact identification of the various roles
played by TDP-43 has not proved to be an easy task (34),
there is no doubt that correctly regulating TDP-43 con-
centrations within cells is essential for maintaining cell
viability. It has been recently described that TDP-43
levels and intracellular localization can be transiently
altered following axotomy (35), nerve crush (36), axonal
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Figure 4. Effects on mRNA and protein level production of improving intron 7 donor and acceptor splice sites. (A) shows a schematic diagram of
the intron 7 splice sites both in their natural setting (X7) and in the improved version (X7-sup5’-3’). (B) shows a 3’ RACE analysis of X7-sup5’-3’
either in normal conditions (—CHX) or following CHX treatment (+CHX) to rule out eventual effects by NMD. (C) shows a northern blot analysis
of X7 and the X7-sup5’-3’ mutant transfected alone or together (in triplicate) to allow for quantification (E). With regards to GFP protein
production, (D) shows the immunoblots of the X7-sup5’-3’ construct with respect to the X7 construct under —Tet and +Tet conditions. As in
Figure 1, these constructs were cotransfected with DiGFP to allow for internal normalization. Below this figure, a western blot is also reported to
show the correct overexpression of the transgene (Flag-TDP-43) and the consequent shut down of the endogenous TDP-43 (TDP-43 end) in the +Tet
conditions. Finally, all western blots were also hybridized with an antibody against tubulin to act as a further normalizing control. (F) shows the
quantification of three independent experiments of the X7-sup5’-3’ versus X7 protein expression levels (error bars indicate standarddeviation from at

least three independent experiments).

ligation (37), acute ischemic stroke in rats (38) and human
traumatic brain injury (39), as part of a normal physio-
logical response to injury. Therefore, the presence of an
RNA autoregulatory mechanism can help to control all
these tasks quickly and then swiftly return to steady-state
expression levels once the need is over. In addition,
keeping a tight control on TDP-43 may also be especially

important in a pathological setting, as already discussed in
detail elsewhere (11,40). In this case, in fact, pathological
aggregates may act as a protein ‘sink’ of TDP-43, lowering
its nuclear levels and triggering through the TDP-43
self-regulation loop and ever increasing rate of TDP-43
production that might prove harmful to cells, especially
neurons.
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merge of these three signals. Scale bar 9 pm.
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Figure 6. Schematic representation of the importance of intron 7 processing in autoregulation. (A) shows a schematic representation of the pro-
cessing events of the X7-sup5’-3’ construct. In this construct, spliceosomal assembly and/or constitutive processing of intron 7 leads to degradation of
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protein production. (B) shows the opposite situation, where intron 7 is removed artificially in the X7-Ain7cDNA construct before transfection into
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The results presented in this manuscript advance our
knowledge of the mechanism of TDP-43 self-regulation
in several ways. Previously, we have demonstrated that
TDP-43 autoregulation involves the activation of the
normally silent intron 7 in its 3’-UTR sequence, and that
removal of this intron results in the use of alternative PAS
(14,15). However, the importance of each event was not
clear, as originally it was thought that pA; and pA, had
intrinsic different qualities, with pA, usage being detri-
mental to proper nuclear export and/or translation.
Now, the results presented in this work clearly indicate
that constitutive splicing of intron 7 does not lead to
high protein production but, on the contrary, to lower
mRNA and protein levels. In addition, we show here
that an mRNA ending in pA, that is produced only by
transcription without involving spliceosome assembly
does not autoregulate. Furthermore, this mRNA is
exported to the cytoplasm and translated producing
equivalent levels of mRNA (ending in pA;, Figure 3)
and protein than the wild-type X7 configuration
(Figure 1, compare lanes 11 and 1). Instead, the construct
where the splicing of intron 7 is constitutive (X7-sup5’-3’)
results in low mRNA and protein production (Figure 4B).
Of course, additional modifier factors may be acting at the
level of splicing and/or transcription and can also have an
impact on regulating TDP-43 expression levels within
cells. In fact, the splicing of introns is generally a co-
operative process that involves many auxiliary factors in
determining the final outcome (41-43).

These results refine substantially the previous proposal
of the self-regulation determinants and mechanism.
The spliceosome assembly in intron 7 either induced by
TDP-43 binding to the TDPBR or by improvement of
intron 7 splice sites is responsible of the downregulation
of mRNA and protein production.

These data suggest that the autoregulation mechanism
can be interpreted as described in Figure 6A. In this figure,
we propose that most of the spliceosomal complex is not
productive and the pre-mRNA transcript is not fully pro-
cessed. As a consequence, it is retained in the nucleus and
degraded. The molecules that do undergo splicing are
either exported to the cytoplasm, translated and represent
the source for the reduced protein production or, as we
have shown before, the mature pre-mRNA bearing pA,
produced by the splicing process is marked somehow for
substantial nucleus retention and degraded (Figure 6A).
On the other hand, in the case of cDNA expression
(Figure 6B) where the spliceosome is not involved, the
pA> mRNA is exported to the cytoplasm with reasonable
efficiency and translated to protein, giving similar amount
of protein compared with the pA; mRNA. This latter
mRNA is always produced by transcription and
polyadenylation without involvement of the intron 7
splicing process when intracellular levels of TDP-43 are
normal.

In conclusion, our data indicate that in the endogenous
gene the key event that mediates autoregulation of TDP-
43 mRNA levels in the nucleus is represented by the
spliceosomal assembly process across 3'-UTR intron 7
induced by TDP-43 binding to the TDPBR.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

FUNDING

Associazione Ricerca Italiana sulla Sclerosi Laterale
Amiotrofica (AriSLA) [TARMA to F.B.] and Thierry-
Latran Fondation [project REHNPALS to E.B.].
Funding for open access charge: AriSLA (Associazione
Ricerca Italiana sulla Sclerosi Laterale Amiotrofica).

Conflict of interest statement. None declared.

REFERENCES

1. Balch,W.E., Morimoto,R.I., Dillin,A. and Kelly,J.W. (2008)
Adapting proteostasis for disease intervention. Science, 319,
916-919.

2. Douglas,P.M. and Dillin,A. (2010) Protein homeostasis and
aging in neurodegeneration. J. Cell Biol., 190, 719-729.

3. Dai,W., Zhang,G. and Makeyev,E.V. (2012) RNA-binding protein
HuR autoregulates its expression by promoting alternative
polyadenylation site usage. Nucleic Acids Res., 40, 787-800.

4. Wollerton,M.C., Gooding,C., Wagner,E.J., Garcia-Blanco,M.A.
and Smith,C.W. (2004) Autoregulation of polypyrimidine tract
binding protein by alternative splicing leading to nonsense-
mediated decay. Mol. Cell, 13, 91-100.

5. Rossbach,O., Hung,L.H., Schreiner,S., Grishina,l., Heiner,M.,
Hui,J. and Bindereif,A. (2009) Auto- and cross-regulation of the
hnRNP L proteins by alternative splicing. Mol. Cell. Biol., 29,
1442-1451.

6. McGlincy,N.J., Tan,L.Y., Paul,N., Zavolan,M., Lilley,K.S. and
Smith,C.W. (2010) Expression proteomics of UPFI knockdown in
HeLa cells reveals autoregulation of hnRNP A2/B1 mediated by
alternative splicing resulting in nonsense-mediated mRNA decay.
BMC Genomics, 11, 565.

7. Le Guiner,C., Lejeune,F., Galiana,D., Kister,L., Breathnach,R.,
Stevenin,J. and Del Gatto-Konczak,F. (2001) TIA-1 and TIAR
activate splicing of alternative exons with weak 5" splice sites
followed by a U-rich stretch on their own pre-mRNAs. J. Biol.
Chem., 276, 40638-40646.

8. Jumaa,H. and Nielsen,P.J. (1997) The splicing factor SRp20
modifies splicing of its own mRNA and ASF/SF2 antagonizes
this regulation. EMBO J., 16, 5077-5085.

9. Sureau,A., Gattoni,R., Dooghe,Y., Stevenin,J. and Soret,J. (2001)
SC35 autoregulates its expression by promoting splicing events
that destabilize its mRNAs. EMBO J., 20, 1785-1796.

10. Stoilov,P., Daoud,R., Nayler,O. and Stamm,S. (2004) Human
tra2-betal autoregulates its protein concentration by influencing
alternative splicing of its pre-mRNA. Hum. Mol. Genet., 13,
509-524.

11. Buratti,E. and Baralle,F.E. (2011) TDP-43: new aspects of
autoregulation mechanisms in RNA binding proteins and their
connection with human disease. FEBS J., 278, 3530-3538.

12. Yap,K. and Makeyev,E.V. (2013) Regulation of gene expression
in mammalian nervous system through alternative pre-mRNA
splicing coupled with RNA quality control mechanisms.

Mol. Cell. Neurosci., 56, 420-428.

13. Maquat,L.E. (2005) Nonsense-mediated mRNA decay in
mammals. J. Cell Sci., 118, 1773-1776.

14. Ayala,Y .M., De Conti,L., Avendano-Vazquez,S.E., Dhir,A.,
Romano,M., D’Ambrogio,A., Tollervey.,J., Ule,J., Baralle,M.,
Buratti,E. et al. (2011) TDP-43 regulates its mRNA levels
through a negative feedback loop. EMBO J., 30, 277-288.

15. Avendano-Vazquez,S.E., Dhir,A., Bembich,S., Buratti,E.,
Proudfoot,N. and Baralle,F.E. (2012) Autoregulation of TDP-43
mRNA levels involves interplay between transcription, splicing,
and alternative polyA site selection. Genes Dev., 26, 1679-1684.

16. Ou,S.H., Wu,F., Harrich,D., Garcia-Martinez,L.F. and
Gaynor,R.B. (1995) Cloning and characterization of a


7 
seven
'
polyadenylation sites (
)
]
7 
seven
7 
seven
'
'
very 
]
7 
seven
7 
seven
is
s
,
to
7 
seven
'
7 
seven
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1343/-/DC1
This research was supported by 

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

novel cellular protein, TDP-43, that binds to human
immunodeficiency virus type | TAR DNA sequence motifs.
J. Virol., 69, 3584-3596.

. Buratti,E., Dork,T., Zuccato,E., Pagani,F., Romano,M. and

Baralle,F.E. (2001) Nuclear factor TDP-43 and SR proteins
promote in vitro and in vivo CFTR exon 9 skipping. EMBO J.,
20, 1774-1784.

. Arai,T., Hasegawa,M., Akiyama,H., Tkeda,K., Nonaka,T.,

Mori,H., Mann,D., Tsuchiya,K., Yoshida,M., Hashizume,Y. et al.
(2006) TDP-43 is a component of ubiquitin-positive tau-negative
inclusions in frontotemporal lobar degeneration and amyotrophic
lateral sclerosis. Biochem. Biophys. Res. Commun., 351, 602—611.

. Neumann,M., Sampathu,D.M., Kwong,L.K., Truax,A.C.,

Micsenyi,M.C., Chou,T.T., Bruce,J., Schuck,T., Grossman,M.,
Clark,C.M. et al. (2006) Ubiquitinated TDP-43 in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Science, 314,
130-133.

Buratti,E. and Baralle,F.E. (2012) TDP-43: gumming up neurons
through protein-protein and protein-RNA interactions. Trends
Biochem. Sci., 37, 237-247.

Halliday,G., Bigio,E.H., Cairns,N.J., Neumann,M.,
Mackenzie,I.R. and Mann,D.M. (2012) Mechanisms of disease in
frontotemporal lobar degeneration: gain of function versus loss of
function effects. Acta Neuropathol., 124, 373-382.

Buratti,E. and Baralle,F.E. (2009) The molecular links between
TDP-43 dysfunction and neurodegeneration. Adv. Genet., 66,
1-34.

Lee,E.B., Lee,V.M. and Trojanowski,J.Q. (2012) Gains or losses:
molecular mechanisms of TDP43-mediated neurodegeneration.
Nat. Rev. Neurosci., 13, 38-50.

Xu,Z.S. (2012) Does a loss of TDP-43 function cause
neurodegeneration? Mol. Neurodegener., 7, 27.

Arnold,E.S., Ling,S.C., Huelga,S.C., Lagier-Tourenne,C.,
Polymenidou,M., Ditsworth,D., Kordasiewicz,H.B., McAlonis-
Downes,M., Platoshyn,O., Parone,P.A. et al. (2013) ALS-linked
TDP-43 mutations produce aberrant RNA splicing and
adult-onset motor neuron disease without aggregation or loss of
nuclear TDP-43. Proc. Natl Acad. Sci. USA, 110, E736-E745.
Guo,W., Chen,Y., Zhou,X., Kar,A., Ray,P., Chen,X., Rao.,E.J.,
Yang, M., Ye,H., Zhu,L. et al. (2011) An ALS-associated
mutation affecting TDP-43 enhances protein aggregation, fibril
formation and neurotoxicity. Nat. Struct. Mol. Biol., 18, 822-830.
Bhardwaj,A., Myers,M.P., Buratti,E. and Baralle,F.E. (2013)
Characterizing TDP-43 interaction with its RNA targets.

Nucleic Acids Res., 41, 5062-5074.

Kornblihtt,A.R. (2007) Coupling transcription and alternative
splicing. Adv. Exp. Med. Biol., 623, 175-189.

Yeo,G. and Burge,C.B. (2004) Maximum entropy modeling of
short sequence motifs with applications to RNA splicing signals.
J. Comput. Biol., 11, 377-394.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Nucleic Acids Research, 2014, Vol. 42, No.5 3371

Reese,M.G., Eeckman,F.H., Kulp,D. and Haussler,D. (1997)
Improved splice site detection in Genie. J. Comput. Biol., 4,
311-323.

Huang,C., Xia,P.Y. and Zhou,H. (2010) Sustained expression of
TDP-43 and FUS in motor neurons in rodent’s lifetime. Inz.

J. Biol. Sci., 6, 396-406.

Disset,A., Michot,C., Harris,A., Buratti,E., Claustres,M. and
Tuffery-Giraud,S. (2005) A T3 allele in the CFTR gene
exacerbates exon 9 skipping in vas deferens and epididymal cell
lines and is associated with Congenital Bilateral Absence of Vas
Deferens (CBAVD). Hum. Mutat., 25, 72-81.

Buratti,E. and Baralle,F.E. (2010) The multiple roles of TDP-43
in pre-mRNA processing and gene expression regulation.

RNA Biol., 7, 420-429.

Buratti,E., Romano,M. and Baralle,F.E. (2013) TDP-43 high
throughput screening analyses in neurodegeneration: advantages
and pitfalls. Mol. Cell. Neurosci., 56, 465—474.

Moisse,K., Volkening,K., Leystra-Lantz,C., Welch,I., Hill,T. and
Strong,M.J. (2009) Divergent patterns of cytosolic TDP-43 and
neuronal progranulin expression following axotomy: implications
for TDP-43 in the physiological response to neuronal injury.
Brain Res., 1249, 202-211.

Swarup,V., Audet,J.N., Phaneuf,D., Kriz,J. and Julien,J.P. (2012)
Abnormal regenerative responses and impaired axonal outgrowth
after nerve crush in TDP-43 transgenic mouse models of
amyotrophic lateral sclerosis. J. Neurosci., 32, 18186-18195.
Sato,T., Takeuchi,S., Saito,A., Ding,W., Bamba,H., Matsuura,H.,
Hisa,Y., Tooyama,l. and Urushitani,M. (2009) Axonal ligation
induces transient redistribution of TDP-43 in brainstem motor
neurons. Neuroscience, 164, 1565-1578.

Kanazawa,M., Kakita,A., Igarashi,H., Takahashi,T.,
Kawamura,K., Takahashi,H., Nakada,T., Nishizawa,M. and
Shimohata,T. (2011) Biochemical and histopathological alterations
in TAR DNA-binding protein-43 after acute ischemic stroke in
rats. J. Neurochem., 116, 957-965.

Johnson,V.E., Stewart,W., Trojanowski,J.Q. and Smith,D.H.
(2011) Acute and chronically increased immunoreactivity to
phosphorylation-independent but not pathological TDP-43 after a
single traumatic brain injury in humans. Acta Neuropathol., 122,
715-726.

Budini,M. and Buratti,E. (2011) TDP-43 autoregulation:
implications for disease. J. Mol. Neurosci., 45, 473-479.
Smith,C.W. and Valcarcel,J. (2000) Alternative pre-mRNA
splicing: the logic of combinatorial control. Trends Biochem. Sci.,
25, 381-388.

Buratti,E., Baralle,M. and Baralle,F.E. (2006) Defective splicing,
disease and therapy: searching for master checkpoints in exon
definition. Nucleic Acids Res., 34, 3494-3510.

Roca,X., Krainer,A.R. and Eperon,I.C. (2013) Pick one, but be
quick: 5 splice sites and the problems of too many choices.
Genes Dev., 27, 129-144.



