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ABSTRACT

Two DNA/RNA binding proteins, TDP-43 and FUS/TLSU, are involved in RNA processing, and their
aberrant mutations induce inherited amyotrophic lateral sclerosis and frontotemporal lobar degenera-
tion with ubiquitinated inclusions. Wild type TDP-43 and FUS (wtTDP-43 and wtFUS) are mainly
localized in the nucleus and biochemically interact with the microRNA processing enzyme Drosha. In this
study, we investigated Drosha stability in Neuro 2A cells by gain and loss of function studies of wtTDP-43
and wtFUS and cycloheximide mediated protein degradation assay. We also generated three different
phosphomimetic mutants of TDP-43 (S379E, S403/404E and S409/410E) by using a site-directed muta-
genesis method and examined Drosha stability to elucidate a correlation between the phosphorylated
TDP-43 mutants and Drosha stability. Overexpression of wtTDP-43 and/or wtFUS increased Drosha
stability in Neuro 2A cells and double knockdown of wtTDP-43 and wtFUS reduced its stability. However,
knockdown of wtTDP-43 or wtFUS did not affect Drosha stability in Neuro 2A cells. Interestingly, a
phosphomimetic mutant TDP-43 (S409/410E) significantly reduced Drosha stability via prevention of

protein—protein interactions between wtFUS and Drosha, and induced cytotoxicity in Neuro 2A cells.
Our findings suggest that TDP-43 and FUS controls Drosha stability in Neuro 2A cells and that a
phosphomimetic mutant TDP-43 (S409/410E) which is associated with Drosha instability can induce

neuronal toxicity.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar
degeneration with ubiquitinated inclusions (FTLD-U) are neuro-
degenerative diseases [ 1], and most of the research efforts made to
understand the pathogenesis of these diseases have focused on
mutations in various genes such as Cu/Zn superoxide dismutase 1
(SOD1), TAF15, EWSR1, FUS, and TDP-43 [2—6]. Recently, many
studies demonstrated that mutations in these genes play an
important role in the critical pathogenesis of ALS or FTLD-U [2—6].
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Fused in sarcoma/translocated in liposarcoma (FUS/TLS) and
TAR DNA-binding protein 43 (TDP-43) have recently garnered
considerable interest because mutations of FUS and TDP-43 have
been identified in patients with ALS-FTLD-U [5—7]. FUS and TDP-43
are ubiquitously expressed and are RNA-DNA binding protein. Both
wild type FUS and TDP-43 (wtFUS and wtTDP-43) are mainly
located in the nucleus and affect gene expression such as microRNA
(miRNA) processing, transcriptional regulation and pre-mRNA
splicing [7,8]. WtTDP-43 has two RNA recognition motifs and a
glycine-rich region in its C-terminal domain. Most TDP-43 muta-
tions occur in the glycine-rich region that causes neuronal cyto-
plasmic inclusions in ALS and FTLD-U [8]. According to recent
reports, phosphorylated TDP-43 (ser379, ser403/404 and ser409/
410) has been detected in patients with ALS and FTLD-U [5,9].

MiRNAs are small noncoding RNAs that regulate post-
transcriptional gene regulation. miRNAs (~22 nucleotides) are
involved in developmental and pathological processes in animals
[10,11]. Processing of miRNAs is initiated by RNA polymerase II to
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generate primary-miRNAs (pri-miRNAs). In the nucleus, two mi-
croprocessors, Drosha, an RNase Il enzyme, and DGCRS8, a double-
stranded RNA-binding protein, cleave pri-miRNAs to precursor-
miRNAs (pre-miRNAs) [12—14]. In the last few years, wtFUS and
wtTDP-43 have been shown to interact with Drosha and regulate
miRNA biogenesis [8,15]. Specifically, loss of wtTDP-43 induces
destabilization of Drosha under neuronal differentiation [16].
However, the precise role of wtTDP-43 in Drosha protein stability
remains less characterized.

In this report, we investigate Drosha stability via gain- and loss
of function studies of wtTDP-43 and wtFUS. We have also devel-
oped three different phosphomimetic mutants of TDP-43 (S379E,
S403/404E and S409/410E) to elucidate the correlation between the
phosphorylated TDP-43 mutants and Drosha stability. Surprisingly,
TDP-43 (S409/410E), a phosphomimetic mutant, causes the desta-
bilization of a conspicuous amount of Drosha protein and induces
cytotoxicity in Neuro 2A cells.

2. Materials and methods
2.1. Cell culture

Neuro 2A cells were grown in Dulbecco's modified Eagle's me-
dium (Hyclone) supplemented with 10% FBS (Hyclone), 100 U/ml
penicillin, 100 pg/ml streptomycin (Invitrogen).

2.2. Mutagenesis of TDP-43

wtTDP-43 plasmid DNAs were mutated by using mutagenesis
KIT (TOYOBO) and PCR carried out with mutagenesis primers
(Supplementary Table 1). PCR product was sequenced.

2.3. Quantitative real Time-PCR (qRT-PCR)

Total RNA was extracted from Neuro 2A cells by TRIzol reagent
(MRC). RNA was measured in a spectrophotometer at 260-nm
absorbance. RNA analysis was conducted as follows. Fifty nano-
grams of RNA were used as a template for quantitative RT-PCR (qRT-
PCR) amplification, using SYBR Green Real-time PCR Master Mix
(Toyobo). Primers were standardized in the linear range of cycle
before the onset of the plateau. Primer sequences are given in
Supplementary Table 2. Mouse GAPDH was used as an internal
control. Two-step PCR thermal cycling for DNA amplification and
real-time data acquisition were performed with an ABI StepOne-
Plus™ Real-Time PCR System using the following cycle conditions:
95 °C for 1 min x 1 cycle, and 95 °C for 15s, followed by 60 °C for
1 min x 45 cycles. Fluorescence data were analyzed by the ABI
StepOnePlus software and expressed as C; the number of cycles
needed to generate a fluorescent signal above a predefined
threshold. The ABI StepOnePlus software set baseline and threshold
values.

2.4. RNA interference experiments and Western blot analysis

30 nM of siRNA duplex were transfected in Neuro 2A cells with
RNAiMax transfection reagent (Invitrogen) according to the man-
ufacturer's instructions. siRNAs were synthesis from COSMO GEN-
ETECH. Target sequences of mouse siTDP-43 and siFUS were 5'-
GUUAGAAAGAAGUGGAAGATT-3' and 5-GAAUUCU-
CUGGGAAUCCUAATAT-3". Neuro 2A cells were collected at 72 h
after siRNA transfection. Neuro 2A cells were collected at 72 h after
GFP-wtTDP-43, V5-wtFUS and Flag-Drosha transfection with Lip-
ofectamine 2000 (Invitorgen). The cells were dispersed by pipet-
ting in lysis buffer (10 mM Tris at pH 74, 1 mM
ethylenediaminetetra acetic acid [EDTA] at pH 8.0500 mM NadCl,

and 0.5% Triton X-100) and incubated for 30 min on ice. Primary
antibodies used in this study are goat anti-GFP antibody (Rockland),
mouse anti-V5 antibody (Invitrogen), rabbit anti-Drosha antibody
(abCam), rabbit anti-TDP-43 (Proteintech), rabbit anti-FUS (abCam),
mouse anti-Flag (SIGMA, St Louis, MO, USA), rabbit anti-Bax (Cell
signaling) and mouse anti f-actin (Millipore).

2.5. Lactate dehydrogenase (LDH) release assay

At the end of treatment, cell culture medium was collected and
briefly centrifuged. The supernatants were transferred into wells in
96-well plates. Equal amounts of lactate dehydrogenase assay
substrate (SIGMA), enzyme and dye solution were mixed. A Half
volume of the above mixture was added to one volume of medium
supernatant. After incubating at room temperature for 30 min, the
reaction was terminated by the addition of 1/10 volume of 1N HCl
to each well. Spectrophotometrical absorbance was measured at a
wavelength of 490 nm and reference wavelength of 690 nm.

2.6. Immunoprecipitation (IP)

Cells were harvested at 48 h post-transfection and lysed in
HEPES lysis buffer (20 mM HEPES, pH 7.2, 50 mM Nacl, 0.5% Triton
X-100, 1 mM NaF and 1 mM DTT) supplemented with protease
inhibitor cocktail (Roche). Immunoprecipitations were performed
using the indicated primary antibody and protein A/G-agarose
beads (Santa Cruz) at 4 °C. Lysates and immunoprecipitates were
examined using the indicated primary antibodies followed by
detection with the related secondary antibody and the SuperSignal
chemiluminescence kit (Pierce).

2.7. Statistical analysis

The data are presented as the mean + standard error of the
mean (SEM). Data analysis was performed by Student's t test or
one-way ANOVAs followed by Mann—Whitney and Kruskal—Wallis
tests. Differences were considered statistically significant when
p < 0.05.

3. Results

3.1. Wild type TDP-43 and FUS are associated with Drosha protein
stability in Neuro 2A cells

Since depletion of wtTDP-43 is known to be involved in Drosha
stability under retinoic acid treatment condition [15], we examined
whether overexpressed wtTDP-43 could maintain Drosha stability.
To investigate our question, we found that the Drosha protein level
was suitably increased by transfected wtTDP-43 in Neuro 2A cells
(Fig. 1A). To confirm that wtTDP-43 regulates mRNA level of Drosha,
we performed quantitative real-time PCR (qRT-PCR) analysis and
identified that Drosha mRNA did not show significant change under
overexpressed wtTDP-43 (Fig. 1B). To determine Drosha stabiliza-
tion, we carried out Cycloheximide (CHX) mediated protein
degradation assay after wtTDP-43 transfection in Neuro 2A cells.
When CHX (10 ug/ml) was treated for the indicated period of time,
Drosha stability observed when wtTDP-43 is overexpressed was
stronger than controls (Fig. 1C). It seems likely that the stability of
Drosha protein correlated with wtTDP-43. According to recent re-
ports, wtFUS also interacts with both wtTDP-43 and Drosha and
regulates miRNA processing [8,15]. To determine whether wtFUS
stabilizes Drosha, similar to that observed with wtTDP-43, we
measured protein and mRNA levels of Drosha under overexpressed
wtFUS condition. Drosha protein expression was moderately
increased but Drosha mRNA expression was not changed by
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Fig. 1. wtTDP-43 and wtFUS regulate Drosha stability. (A) Overexpression of TDP-43 increased Drosha protein stability in Neuro 2A cells. (B) qRT-PCR analysis demonstrated that
Drosha transcripts were not changed by transfected wtTDP-43. The data represent the average + SEM of three separate experiments. (C) Western blot and quantification analysis
showed that Drosha stability was increased by wtTDP-43 after 10 ug/ml of Cycloheximide (CHX) stimulation up to 9 h. (D) Overexpressed wtFUS stabilized Drosha. (E) qRT-PCR
analysis showed that the mRNA of Drosha was not changed by overexpressed wtFUS. Significantly different at *, p < 0.05; **, p < 0.005. (F) Western blot and quantification
analysis results represented that Drosha stability by wtFUS was higher that controls under treated CHX. All data represent the average + SEM of five separate experiments.

overexpressed wtFUS (Fig. 1D, E). We also performed the CHX chase
study under overexpressed wtFUS condition and found that Drosha
stability was still stronger than controls (Fig. 1F). Because Drosha
stability was induced by wtTDP-43 and wtFUS, we also co-
transfected wtTDP-43 and wtFUS and treated the Nenro 2A cells
with CHX for 9 h. We found that simultaneously overexpressed
wtTDP-43 and wtFUS stabilized Drosha protein (Supplementary
Fig. 1). These results suggested that wtTDP-43 and wtFUS affected
the stability of the Drosha protein.

3.2. Double knock down of wtTDP-43 and wtFUS and mtTDP-43
(5409/410E) reduces the level of Drosha protein in Neuro 2A cells

To confirm that Drosha protein is stabilized by wtTDP-43 and
wtFUS, we performed RNA interference (RNAi) experiments. Dro-
sha stabilization was not changed at all when either wtTDP-43 or
wtFUS were downregulated (Fig. 2A). We hypothesized that
wtTDP-43 and wtFUS may cooperatively affect the stability of
Drosha due to the stabilizing effects seen in the results of the CHX
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Fig. 2. Drosha protein stability regulated by double knock down of wtTDP-43 and wtFUS and TDP-43 (S409/410E). (A) Double knock down of wtTDP-43 and wtFUS decreased
Drosha protein but decreased wtTDP-43 and wtFUS did not show significant change of Drosha protein in Neuro 2A cells. (B) qRT-PCR analysis showed that Drosha mRNAs did not
change significantly by double knock down of wtTDP-43 and wtFUS. Significantly different at *, p < 0.05; **, p < 0.005. (C) gRT-PCR analysis showed down regulation of wtTDP-43
and wtFUS under siTDP-43 and siFUS overexpressed condition. (D) Western blot results showed that the Drosha slightly increased by wtTDP-43 and wtFUS but was significantly
down regulated by TDP-43 (S409/410). (E) qRT-PCR analysis showed that the Drosha transcripts did not change by wtTDP-43, wtFUS and mutation of TDP-43 (S379E, S403/404E and
5409/410). (F) qRT-PCR confirmed the over expression wtTDP-43, wtFUS and mutated TDP-43 (S379E, S403/404E and S409/410E). These data represent the average + SEM of three

separate experiments.

experiments performed when the two wild type genes (TDP-43 and
FUS) were co-transfected into the Neuro 2A cells (Supplementary
Fig. 1). As expected, the simultaneous down regulation of wtTDP-
43 and wtFUS dramatically reduced the Drosha protein level
(Fig. 2A), However, the Drosha mRNA level was not reduced

(Fig. 2B). The reduced levels of wtTDP-43 and wtFUS were
confirmed by qRT-PCR (Fig. 2C). Because abnormal TDP-43 such as
phosphorylated TDP-43 (ser379, ser403/404 and ser409/410) has
been detected in ALS and FTD-U [17], we investigated the correla-
tion between abnormal phosphorylation of TDP-43 and Drosha. To
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investigate this, we generated phosphomimetic mutants of TDP-43
(S379E, S403/404E and S409/410E) (Supplementary Fig. 2), we
transfected wtTDP-43, wtFUS and tree mutants of TDP-43 (S379E,
S403/404E and S409/410E) into the Neuro 2A cells. While both
wtTDP-43 and wtFUS stabilized Drosha protein, two of the TDP-43
mutants (S379E and S403/404E) did not affect Drosha stability and
TDP-43 mutant (S409/410E) dramatically decreased Drosha stabil-
ity (Fig. 2D). We carried out qRT-PCR to verify the variation in
Drosha transcripts when expressed with phosphomimetic mutants
of TDP-43 (S379E, S403/404E and S409/410E) and other genes
(wtTDP-43 and wtFUS). qRT-PCR analysis confirmed that Drosha
mRNA level was not significantly changed by overexpression of
these genes (wtTDP-43, wtFUS, S379E, S403/404E and S409/410E)
(Fig. 2E). The exogenous induction of wtTDP-43, wtFUS and

K.Y. Kim et al. / Biochemical and Biophysical Research Communications 464 (2015) 236—243

mutated TDP-43 (S379E, S403/404E and S409/410E) in Neuro 2A
cells was confirmed by qRT-PCR (Fig. 2F).

3.3. TDP-43 (5409/410E) reduces the Drosha protein level and
disturbs the protein—protein interaction between Drosha and wtFUS

in Neuro 2A cells

To determine a specific correlation mechanism between TDP-43
(S409/410E) and Drosha, we verified the interaction between
Drosha and TDP-43 (S409/410E) by using Co-immunoprecipitation
analysis. We confirmed that wtTDP-43 and wtFUS interacted with
Drosha and that two mutants (S379E and S403/404E) also bound to
Drosha and wtFUS, but, remarkably, found that TDP-43 (S409/410E)
did not interact with Drosha and wtFUS (Fig. 3A). In order to
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Fig. 3. Protein—protein interaction of Drosha and wtFUS is disturbed by TDP-43 (S409/410E). (A) Co-immunoprecipitation (Co-IP) results showed that Drosha protein associated
with wtFUS and mutated TDP-43 (S379E and S403/404E) but did not bind to wtFUS and TDP-43 (S409/410E). (B) Western blot showed that TDP-43 (S409/410E) destabilized Drosha
and a non-phosphorylatable mutation of TDP-43 (S409/410A) was not decreased Drosha protein. (C) qRT-PCR analysis demonstrated that TDP-43, TDP-43 (S409/410E) and TDP-43

(S409/410A) did not change the mRNA levels of Drosha. Significantly different at *,

p < 0.05; **, p < 0.005. (D) Co-IP analysis showed that Drosha and wtFUS were associated with

wtTDP-43 and TDP-43 (S409/410A). Interaction of Drosha and wtFUS was prevented by TDP-43 (S409/410E). An arrow represents wtFUS. All data represent the average + SEM of

five separate experiments.
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410E) most strongly induced cytotoxicity. (B) Western blot data showed that Bax was increased by TDP-43 (S409/410E), but other constructs (Controls, wtTDP-43, wtFUS and TDP-43
(S409/410A)) did not show a significant change. (C) Lactate dehydrogenase (LDH) release analysis showed that wtTDP-43, wtFUS and mutated TDP-43 (S379E, S404/404E, and S409/
410A) did not induce cytotoxicity, but TDP-43 (S409/410E) induced cytotoxicity. Simultaneously increased Drosha and TDP-43 mutants rescued the induction of TDP-43 (S409/410E)
cytotoxicity. (D) Overexpressed Drosha did not show any cytotoxicity. Significantly different at *, p < 0.05; **, p < 0.005. These data represent the average + SEM of three separate

experiments.

determine whether the phosphorylated TDP-43 (S409/410E) is
responsible for the interaction with Drosha, we developed a TDP-43
mutant (S409/410A) that produces protein in a non-
phosphorylatable state (Supplementary Fig. 2). The ectopic over-
expression of TDP-43 (S409/410A) did not show any variation in
Drosha protein and transcripts (Fig. 3B, C). Co-immunoprecipitation

results showed that only TDP-43 (S409/410E) did not associate with
Drosha and wtFUS, while wtTDP-43 and TDP-43 (S409410A) still
interacted with Drosha and wtFUS (Fig. 3D). This result explained
the mechanism underlying Drosha stability, as the results are
consistent with the results of the double knock down of wtTDP-43
and wtFUS, which resulted in a decreased level of Drosha protein
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(Fig. 2A). Altogether, these results indicate that the phosphomi-
metic mutant of TDP-43 (S409/410E) not only decrease the Drosha
protein level, but also interfered with the protein—protein inter-
action between itself and wtFUS and Drosha.

3.4. TDP-43 (5409/410E) destabilizes Drosha protein and generates
cytotoxicity in Neuro 2A cells

Previous studies have suggested that the hyperphosphorylated
TDP-43 shows abnormal cytoplasmic aggregations and causes
cytotoxicity in ALS and FTLD-U [17,18]. To test whether expression
of TDP-43 mutants was also toxic to neuronal cells, we transfected
Neuro 2A cells with TDP-43 (S379E, S403/404E and S409/410E) and
control constructs. We employed propidium iodide (PI) staining to
validate cell death. We found that rate of cell death with the
hyperphosphorylated TDP-43 (S409/410E) was higher than that in
others (Fig. 4A). To confirm that TDP-43 (S409/410E) enhanced
cytotoxicity, we analyzed the protein levels of Bax, one of the
apoptosis-inducing proteins, under conditions in which mutated
TDP-43 (S409/410E) is overexpressed. Interestingly, Bax was
significantly increased in TDP-43 (S409/410E) (Fig. 4B). Because
Drosha protein level was reduced by TDP-43 (S409/410E), reduction
in Drosha protein level by TDP-43 (S409/410E) might be related
with cell death. To further confirm whether Drosha is involved in
cell death induced by TDP-43 (S409/410E), we measured lactate
dehydrogenase (LDH) release in Neuro 2A cells with overexpressed
TDP-43 mutants with or without Drosha. As expected, TDP-43
(S409/410E) stimulated cell death but overexpression of Drosha
remarkably rescued the cytotoxicity of TDP-43 (S409/410E) in
Neuro 2A cells (Fig. 4C). The ectopic overexpression of Drosha did
not show significant the cytotoxicity (Fig. 4D). These results indi-
cate that destabilized Drosha protein by TDP-43 (S409/410E) is
associated with increased cell death.

4. Discussion

WItTDP-43 and wtFUS have many functional and structural
similarities, as they are both DNA/RNA binding proteins involved in
RNA metabolism [1,19]. Mutations TDP-43 and FUS stimulate
aggregate formation and cause neurodegeneration in amyotrophic
lateral sclerosis (ALS) and frontotemporal lobar degeneration with
ubiquitinated inclusions (FTLD-U) [1,19]. Nonetheless, the mecha-
nisms underlying abnormal function of TDP-43 and FUS are
currently unknown. In the present study, we found that the level of
Drosha protein, one of the most important miRNA processing
molecules [20], is slightly increased as a result of wtTDP-43 and
wtFUS activation. Among our other finding, we also identified that
Drosha protein level was dramatically decreased by simultaneous
loss of wtTDP-43 and wtFUS in Neuro 2A cells. The mRNA levels of
Drosha did not significantly change under gain- and loss of wtTDP-
43 and wtFUS. Our CHX experiment results showed that Drosha
protein stability mediated by wtTDP-43 and wtFUS is stronger than
that observed in controls and that simultaneously overexpressed
wtTDP-43 and wtFUS mediate high stability of Drosha. These re-
sults led us to hypothesize that TDP-43 mutation in ALS and FTLD-U
may affect the stability of Drosha.

Mutations in TDP-43 and FUS are among the most critical causes
of neurodegenerative diseases [1]. Recently hyperphosphorylated
TDP-43 (S379, S403/404, and S409/410) was detected in ALS pa-
tients [17,21]. FUS mutation in ALS has also been reported; it
abnormally increases interaction with SMN [22,23]. Overexpression
of phosphomimetic TDP-43 (S409/410E) significantly down-
regulated Drosha in Neuro 2A cells without variation in Drosha
transcripts. Our study indicates that the protein—protein interac-
tion of Drosha and wtFUS is reduced by TDP-43 (S409/410E). It

suggests that mutant TDP-43 (S409/410E) not only disturbs asso-
ciation of Drosha and wtFUS, but also destabilizes Drosha protein.

Most TDP-43 mutants stimulate cytotoxicity which induces cell
death and regulate miRNA processing in ALS [24—30]. In our ex-
periments, the levels of Bax, which is an apoptosis-inducing pro-
tein, were highly increased by overexpressed TDP-43 (S409/410E)
in Neuro 2A cells. LDH release assay also showed that mutant TDP-
43 (S409/410E) significantly induced apoptotic cell death. Impor-
tantly, cells damage caused by mutant TDP-43 (S409/410E) was
rescued by overexpressed Drosha. These results suggested that the
phosphomimetic mutant TDP-43 (S409410E) induces Drosha pro-
tein destabilization and cell death in Neuro 2A cells.

In summary, our findings provide several potential mechanistic
evidences. First, Drosha protein stability was regulated by TDP-43
and FUS. Second, the interaction of Drosha and FUS was disturbed
by a phosphomimetic mutant TDP-43 (S409/410E). Last, apoptotic
cell death in Neuro 2A cells was induced by mutant TDP-43 (S409/
410E). The mechanism(s) by which the phosphomimetic TDP-43
(S409/410E) dysregulates Drosha stability and induces cell death
needs to be further examined. Identifying the abnormally pro-
cessed miRNAs will explain additional roles of mutant TDP-43
(S409/410E) in cytotoxicity in different and yet undescribed
cellular processes.
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