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Abstract—Transactive response DNA-binding protein 43

(TDP-43) is a predominantly nuclear, ubiquitously expressed

RNA and DNA-binding protein. It recognizes and binds to UG

repeats and is involved in pre-mRNA splicing, mRNA stabil-

ity and microRNA metabolism. TDP-43 is essential in early

embryonic development but accumulates in cytoplasmic

aggregates in amyotrophic lateral sclerosis (ALS) and tau-

negative frontotemporal lobar degeneration (FTLD). It is

not known yet whether cytoplasmic aggregates of TDP-43

are toxic or protective but they are often associated with a

loss of TDP-43 from the nucleus and neurodegeneration

may be caused by a loss of normal TDP-43 function or a gain

of toxic function. Here we present a proteomic study to ana-

lyze the effect of loss of TDP-43 on the proteome. MS data are

available via ProteomeXchange with identifier PXD001668.

Our results indicate that TDP-43 is an important regulator

of RNAmetabolism and intracellular transport. We show that

Ran-binding protein 1 (RanBP1), DNA methyltransferase 3

alpha (Dnmt3a) and chromogranin B (CgB) are downregu-

lated upon TDP-43 knockdown. Subsequently, transportin 1

level is increased as a result of RanBP1 depletion.

Improper regulation of these proteins and the subsequent

disruption of cellular processes may play a role in the patho-

genesis of the TDP-43 proteinopathies ALS and FTLD.
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INTRODUCTION

The ubiquitously expressed RNA- and DNA-binding

protein 43 (TDP-43) has attracted much scientific

attention since it was identified as the major component

of ubiquitinated cytoplasmic inclusions that are the

pathological hallmark of amyotrophic lateral sclerosis

(ALS) and frontotemporal lobar degeneration (FTLD),

two devastating and incurable neurodegenerative

disorders (Arai et al., 2006; Neumann et al., 2006). As a

DNA-binding protein, it acts as a transcriptional repressor

(Ou et al., 1995; Acharya et al., 2006), but even more

important is its RNA-binding activity, through which it

regulates RNA metabolism. By binding to preferentially

UG-rich RNA sequences, it is involved in splicing reg-

ulation (Buratti and Baralle, 2001; Polymenidou et al.,

2011; Tollervey et al., 2011). Furthermore, it regulates

mRNA stability (Volkening et al., 2009) and microRNA

biogenesis (Buratti et al., 2010).

TDP-43 is a predominantly nuclear RNA-binding

protein but is known to shuttle between the nucleus and

the cytoplasm (Nishimura et al., 2010) where it is seques-

tered to stress granules in response to oxidative stress

(Colombrita et al., 2009). Similarly, TDP-43 accumulates

in the cytoplasm, predominantly in the neurons that degen-

erate in ALS and FTLD, forming ubiquitinated hyperphos-

phorylated insoluble inclusions (Neumann et al., 2006).

These cytoplasmic aggregates are often accompanied by

clearance of TDP-43 from the nucleus implicating a

sequestration of TDP-43, potentially causing a loss of func-

tion in the nuclear and cytoplasmic compartments.

We and others have identified many mutations in the

gene encoding TDP-43 in familial and sporadic ALS

which account for 1–5% of all ALS cases (Gitcho et al.,

2008; Kabashi et al., 2008; Rutherford et al., 2008;

Sreedharan et al., 2008; Van Deerlin et al., 2008;

Yokoseki et al., 2008).

The molecular mechanism of the disease is still poorly

understood and it is unclear whether TDP-43 inclusions

are harmful to neurons via toxic gain of function or loss

of function. Overexpression of mutant human TDP-43 in

zebrafish caused motor neuron defects, wild-type TDP-

43 less. Knockdown of zebrafish tardbp led to a similar

phenotype (Kabashi et al., 2010). Overexpression of

mutant human TDP-43 in mice and rats leads to neurode-

generation but TDP-43 inclusions are not always present

(Wegorzewska et al., 2009; Zhou et al., 2010; Gendron

and Petrucelli, 2011; Swarup et al., 2011; Tsao et al.,

2012; Liu et al., 2013). On the contrary, rats and mice

overexpressing wild-type human TDP-43 are not affected
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(Zhou et al., 2010; Swarup et al., 2011). TDP-43 is essen-

tial in embryonic development as homozygous TDP-43

knockout mice are lethal at embryonic day 7.5, while

heterozygous mice lacking TDP-43 exhibit decreased grip

strength without evidence of motor neuron degeneration

(Kraemer et al., 2010). Remarkably, conditional knockout

mice lacking TDP-43 in motor neurons (Wu et al., 2012;

Iguchi et al., 2013) and RNAi transgenic mice with loss

of TDP-43 (Yang et al., 2014) exhibit age-dependent pro-

gressive motor neuron degeneration. Null mutations in the

Drosophila orthologue of TDP-43 cause locomotion

defects (Chang et al., 2014; Diaper et al., 2013a,b) and

knockout in zebrafish leads to muscle degeneration,

vascular dysfunction and reduced motor neuron axon out-

growth (Schmid et al., 2013). These knockout animal

models with symptoms resembling ALS provide evidence

for the loss of TDP-43 function theory.

In order to study the effect of TDP-43 depletion on

gene expression, several groups used a microarray

approach to map transcriptional changes, whether on

cell lines (Ayala et al., 2008; Fiesel et al., 2010; Bose

et al., 2011; Tollervey et al., 2011; Shiga et al., 2012;

Yu et al., 2012; Park et al., 2013; Honda et al., 2014) or

animal models (Hazelett et al., 2012), or RNA-seq

(Polymenidou et al., 2011). Here we present the effect

of TDP-43 depletion at the level of the proteome.
EXPERIMENTAL PROCEDURES

Cell culture and RNAi

SH-SY5Y cells were grown in DMEM/F12 (Gibco)

supplemented with 10% FBS (Gibco) and pen-strep

(Lonza, Basel, Switzerland). siRNA transfection was

mediated by PepMute Plus (SignaGen Laboratories,

Rockville, Maryland, USA), using 5 nM siRNA. Prior to

siRNA transfection, growth medium was replaced by

OptiMEM (Gibco, Life Technologies) with 10% FBS and

pen-strep. siRNAs targeting TDP-43 were from

Invitrogen (Stealth) and Ran-binding protein 1 (RanBP1)

siRNA was from (Qiagen, Venlo, Netherlands)

(FlexiTube). Cells were harvested 96 h post transfection.
Cell fractionation

Cells were grown in 6-cm Petri dishes. They were

harvested in cold CLB buffer [50 mM Tris, pH 7.4,

10 mM NaCl, 0.5% Igepal Ca-630 (Sigma–Aldrich, St.

Louis, Missouri, USA), 0.25% Triton X-100] and

centrifuged for 5 min at 3000� g, 4 �C. Supernatant was
transferred to a fresh tube and recentrifuged at 16,100�
g, 4 �C for 10 min and the later supernatant was used

as the cytoplasmic fraction.

The first pellet was washed three times in cold CLB

and then resuspended in 1 � SDS loading buffer without

bromophenol blue [62.5 mM Tris, pH 6.8, 10% glycerol,

2% SDS], sonicated, boiled for 5 min and recentrifuged.

Supernatant was saved as the nuclear fraction. Protein

concentration in fractions was determined using Bio-Rad

DC Protein Assay.
Gel-LC–MS/MS

Amethod, describedelsewhere (Yin et al., 2010),was used

with somemodifications. Samples were denatured with 2�
sample loading buffer (Invitrogen, Life Technologies) at

96 �C for 5 min and then separated in 4–12%Bis-Tris poly-

acrylamide gels (Invitrogen) until the blue dye front reached

the bottom of the gel. After SDS-PAGE, gels were stained

using theColloidal Blue Staining Kit (Invitrogen). The entire

gel lane was excised and no ‘‘empty’’ gel pieces were left

behind. Tryptic in-gel digestion was performed using the

Investigator ProGest (Genomic Solutions) robotic diges-

tion system with sequencing grade-modified trypsin

(Promega, Madison, Wisconsin, USA) (Shevchenko

et al., 1996; Wilm et al., 1996; Yin et al., 2010). Following

enzymatic degradation, samples were separated by nano

flow liquid chromatography on a reverse-phase column

(C18 PepMap100, 3 lm, 100 Å, 25 cm; Thermo Fisher

Scientific) using a 40-min gradient (2% A to 40% B where

A is 2% ACN, 0.1% FA in HPLC H2O and B is 90% ACN,

0.1% FA in HPLC H2O) and applied to an LTQ Orbitrap

XL mass spectrometer (Thermo Fisher Scientific,

Waltham, Massachusetts, USA). Spectra were collected

from the mass analyzer using a full ion scan mode over

the m/z range 450–1600. For each full scan, MS/MS scans

were performed on six most abundant ions using dynamic

exclusion. The mass spectrometry proteomics data have

been deposited to the ProteomeXchange Consortium

(http://proteomecentral.proteomexchange.org) via the

PRIDE partner repository (Vizcaino et al., 2014) with the

dataset identifier PXD001668 and DOI 10.6019/

PXD001668.

Protein identification

The MS/MS data were matched to UniProt/SwissProt

human database (release version 57.15, 20,266 protein

entries) using Mascot (version 2.3.01, Matrix Sciences).

Carboxyamidomethylation of cysteine was used as a

fixed modification, and oxidation of methionine was used

as a variable modification. The mass tolerance was set at

10 ppm for the precursor ions and at 0.8 Da for fragment

ions. Two missed cleavages were allowed. The search

results were loaded into Scaffold software (version 3.3.1,

Proteome Software) and protein and peptide probabilities

were calculated. Assignments were accepted with

>99.0% protein probability, >95.0% peptide probability,

and a minimum of two peptides (Keller et al., 2002;

Nesvizhskii et al., 2003).

Bioinformatics

Identified differentially expressed proteins were

functionally annotated using DAVID Bioinformatics

Resources 6.7 (Huang da et al., 2009a,b). Homo sapiens
whole genome was used as background.

Immunoblotting

ReducingSDS-PAGEwas run on10%polyacrylamide gels

loaded with 5 lg of protein samples in 1 � SDS loading

buffer with 100 mM dithiothreitol at 150 V. Then, wet

transfer to the nitrocellulose membrane was carried out at

http://proteomecentral.proteomexchange.org
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200 mA for 90 min.Membraneswere blocked in 5%non-fat

drymilk in TBS-Tween (TBST) for 1 h at room temperature.

Primary antibodies diluted in blocking medium were

incubated for 1–4 h at room temperature. Membranes

were washed three times with TBST and incubated with

secondary HRPO-conjugated anti-rabbit (Jackson

Immunoresearch, Newmarket, Suffolk, UK, 1:10,000) or

anti-mouse (Millipore, Billerica, Massachusetts, USA,

1:10,000) diluted in blocking medium for 1 h at room

temperature. After washing with TBST and TBS,

chemiluminescent reagent (Luminol, Santa Cruz, Dallas,

Texas, USA or Lumi-Light, Roche, Basel, Switzerland)

was added and membranes were exposed to Amersham

films. Films were developed using Kodak reagents and

scanned. ImageJ software was used to relatively quantify

protein bands.

Antibodies

Antibodies used are listed in Table 1.

Immunofluorescence

Cells were grown on glass cover slips (thickness number 1)

and were fixed with 4% paraformaldehyde in PBS for

15 min or with methanol for 10 min at �20 �C.
Paraformaldehyde-fixed cells were permeabilized with

0.1% Triton X-100 for 6 min. After washing with PBS,

blocking was carried out with 3% BSA in PBS. Antibodies

and TO-PRO-3 iodide (Invitrogen, 1:400) diluted in

blocking medium were incubated for 1 h at room

temperature. Cover slips were mounted with ProLong

Gold antifade reagent (Invitrogen). Images were acquired

using a Zeiss LSM 710 inverted confocal laser scanning

microscope and ZEN 2010 B SP1 software. ImageJ was

used to quantify immunofluorescence signal intensities.

Calculations and statistical analysis

Fisher’s exact test using total spectrum counts of

identified peptides from control and three TDP-43-

knockdown replicates was performed to evaluate
Table 1. List of antibodies used in this study. Dilutions for western blot

(WB) and immunofluorescence (IF) are presented

Target Source WB IF

TDP-43 Proteintech, 10782-2-AP 1:6000 1:400

TDP-43 Millipore, MABN150 1:200

RanBP1 Abcam, ab2937 1:1000 1:1000

RanBP1 Novus Biologicals, NB100-

79814

1:1000

Dnmt3a Santa Cruz, sc-20703 1:1500 1:100

HuD Santa Cruz, sc-28299 1:500 1:50

GAPDH Invitrogen, 39-8600 1:10,000

fibrillarin Santa Cruz, sc-25397 1:500

EIF4G2 Santa Cruz, sc-135999 1:200

CgB Santa Cruz, sc-20135 1:200

HSPB1 Santa Cruz, sc-13132 1:200

MetRS Santa Cruz, sc-98558 1:200

LIS1 Santa Cruz, sc-15319 1:500

transportin 1 Abcam, ab10303 1:100

TFRC Santa Cruz, sc-32272 1:50

LMNB1 Santa Cruz, sc-20682 1:20,000
statistical significance of differential expression of

proteins using the same parameters as for protein

identification (i.e. >95.0% peptide probability and

minimum of two peptides). p< 0.05 was regarded as

statistically significant. Fold change was calculated as a

ratio of average of total spectrum counts of a protein in

TDP-43-knockdown samples to average of total

spectrum counts of a protein in controls.

Quantitative values of protein bands in western blot

were normalized to GAPDH in cytoplasmic fractions and

fibrillarin in nuclear fractions and relative protein

expression levels toward control were calculated.

Regarding immunofluorescence images,

immunofluorescence signal intensities of cells with

silenced and normal TDP-43-expression in TDP-43

siRNA treatment were compared and relative protein

expression levels were calculated. Statistical

significance of differential expression of proteins

according to western blot and immunofluorescence was

evaluated with Student’s t-test analysis. A p-value of

<0.05 was considered significant.
RESULTS

TDP-43 knockdown

We have used knockdown of TDP-43 in order to analyze

the loss of its function on the total proteome of human

neuroblastoma SH-SY5Y cells. We prepared nuclear

and cytoplasmic fractions. All three TDP-43-targeting

siRNAs used were efficient in silencing TDP-43.

Western blots confirmed that we achieved 92.3 ± 0.5%

knockdown of TDP-43 protein levels with siRNA 1 (8%

expression relative to control) measured in nuclear

fractions. We achieved a knockdown of 88.5 ± 0.2%

with siRNA 2 and 62.1 ± 4.1% using siRNA 3 in nuclear

fractions (Figs. 1A,C and 2) and decided to use siRNA

1 thereafter for silencing TDP-43 in this proteomic study.
Identification of differentially expressed proteins with
comparative proteomics

Cells were harvested 96 h post transfection with either

TDP-43 siRNA 1 or control siRNA. Cytoplasmic and

nuclear fractions were separated on SDS–PAGE, each

lane was divided into eight sections and analyzed by

mass spectrometry. Six hundred and two proteins were

identified in nuclear fractions and 949 proteins in

cytoplasmic fractions. We then compared spectrum

counts of peptides for each protein in control fractions

and fractions of TDP-43-silenced cells. One hundred

and six differentially abundant candidate proteins were

identified in nuclear fractions (p< 0.05), 50 of them

being decreased and 56 increased (Table 2). In

cytoplasmic fractions, 167 proteins were differentially

expressed of which 94 were decreased and 73 were

increased (Table 3). Interestingly, the differentially

expressed proteins from both fractions represent 17.6%

of the proteins detected in the fraction. According to

DAVID functional annotation, most of the differentially

expressed proteins affect RNA processing and

intracellular transport (Table 4).



Fig. 1. Validation of mass spectrometry results with western blot.

SH-SY5Y were transfected either with TDP-43 siRNA 1 or control

siRNA. Cells were harvested 96 h later and nuclear (A) and

cytoplasmic (B) fractions were analyzed by western blot. GAPDH

and fibrillarin were used as loading controls for cytoplasmic and

nuclear fractions, respectively. Knockdown vs. control ratios for the

chosen proteins obtained from mass spectrometry data are pre-

sented in the table. +/� INF marks that protein was detected only in

knockdown/control fractions. Panel C shows relative protein expres-

sion levels calculated from western blots. Seven proteins – CgB

fragment, Dnmt3a, HSPB1, HuD, LIS1, MetRS and RanBP1 – are

downregulated when cells are transfected with TDP-43 siRNA 1.

Asterisks mark statistical significance: ⁄p< 0.05, ⁄⁄p< 0.01 and
⁄⁄⁄p< 0.001.

Fig. 2. Confirmation of TDP-43-specific targets with knockdown

using different siRNAs. SH-SY5Y were transfected either with control,

TDP-43 siRNA 2 (A and C) or 3 (B and D). 96 h later, subcellular

fractions were prepared. Western blots (A,B) were probed for

validated proteins from proteomic study and protein expression

levels relative to control were calculated (C,D). We confirmed that

TDP-43 positively regulates expression of a 40-kDa fragment of CgB,

Dnmt3a and RanBP1. GAPDH and fibrillarin were used as loading

controls for cytoplasmic and nuclear fractions, respectively. MetRS

and LIS1 were probed with only one validation siRNA treatment as

there was no significant change in their expression. Asterisks mark

statistical significance: ⁄p< 0.05, ⁄⁄p< 0.01 and ⁄⁄⁄p< 0.001.

160 M. Štalekar et al. / Neuroscience 293 (2015) 157–170
Validation

To validate proteomic results, we chose 10 proteins and

examined their expression levels in the SH-SY5Y cell

line using western blot. The proteins were chosen based

on the p-value of differential expression, literature

information, function and commercial availability of the

antibodies. With relative quantification of changes in the

intensity of protein bands, we assessed our proteomic

results to be 70% accurate as seven out of 10 tested

proteins, namely CgB f-40 (a 40-kDa fragment of

chromogranin B), DNA methyltransferase 3 alpha

(Dnmt3a), HSPB1, HuD, LIS1, MetRS and RanBP1

(UniProt identifiers SCG1, DNM3A, HSPB1, ELAVL4,

LIS1, SYMC and RANG, respectively – see Tables 2

and 3), showed the predicted differential expression with

p< 0.05 (Fig. 1).

To rule out possible side effects or unspecific targeting

of siRNA used in the proteomic study, we analyzed the

expression of selected proteins in cells treated with

siRNA 2 or siRNA 3. We confirmed downregulation of
RanBP1, Dnmt3a and CgB f-40 when TDP-43 is

depleted (Fig. 2).

We then performed immunofluorescence on SH-

SY5Y cells 96 h after siRNA transfection and indeed we

observed reduced levels of RanBP1 staining in the

cytoplasm and Dnmt3a staining in nuclei of TDP-43-

depleted cells (Fig. 3).
TNPO1 protein level is raised in SH-SY5Y cells with
depleted RanBP1

Since RanBP1 is known to be involved in Ran-mediated

nucleocytoplasmic transport (Bischoff et al., 1995), we

were interested to examine whether its depletion arrests

TDP-43 transport. We performed siRNA-mediated knock-

down of RanBP1 in SH-SY5Y and achieved 98.5 ± 0.6%

silencing after 96 h. RanBP1 depletion did not affect TDP-



Table 2. List of significantly changed proteins in the nuclear fraction following TDP-43 knockdown. Proteins are listed in order of significance (p-value

obtained from Fisher’s exact test). T/C ratio represents the protein ratio between TDP-43 knockdown (T) and control (C). C1N-C3N and T1N-T3N

represent total spectra counts for identified proteins from triplicate control (C) and TDP-43(T) quantifications

Protein name UniProtKB/Swiss-Prot

identifier

p-value T/C

ratio

Total spectra

C1N C2N C3N T1N T2N T3N

Histone H2B-type 1-B H2B1B_HUMAN <0.00010 �INF 0 18 19 0 0 0

Sister chromatid cohesion protein PDS5 homolog B PDS5B_HUMAN <0.00010 �INF 2 7 5 0 0 0

ELAV-like protein 4 ELAV4_HUMAN <0.00010 0.03 23 19 17 0 2 0

Hexokinase-1 HXK1_HUMAN <0.00010 0.14 6 6 10 0 3 0

Antigen KI-67 KI67_HUMAN <0.00010 0.33 18 22 11 3 8 6

Keratin, type I cytoskeletal 10 K1C10_HUMAN <0.00010 2.46 17 15 3 30 38 18

Actin, alpha cardiac muscle 1 ACTC_HUMAN <0.00010 3.47 0 0 30 32 31 41

ATP-dependent DNA helicase 2 subunit 2 KU86_HUMAN <0.00010 +INF 0 0 0 5 8 4

Lamin-B2 LMNB2_HUMAN <0.00010 +INF 0 0 0 10 8 9

Heterogeneous nuclear ribonucleoprotein H3 HNRH3_HUMAN 0.00018 7.00 3 0 0 8 8 5

RNA-binding protein 28 RBM28_HUMAN 0.00022 5.00 2 3 0 7 11 7

Pinin PININ_HUMAN 0.00029 +INF 0 0 0 3 6 3

Nestin NEST_HUMAN 0.00047 0.72 78 66 64 58 52 40

mRNA turnover protein 4 homolog MRT4_HUMAN 0.00057 +INF 0 0 0 6 3 2

Replication factor C subunit 4 RFC4_HUMAN 0.00057 +INF 0 0 0 4 5 2

Tubulin beta-2B chain TBB2B_HUMAN 0.00075 2.92 0 0 12 13 10 12

T-complex protein 1 subunit eta TCPH_HUMAN 0.00084 �INF 3 3 4 0 0 0

Torsin-1A-interacting protein 1 TOIP1_HUMAN 0.00084 �INF 3 3 4 0 0 0

Keratin, type I cytoskeletal 14 K1C14_HUMAN 0.0011 +INF 0 0 0 0 0 10

Periodic tryptophan protein 2 homolog PWP2_HUMAN 0.0016 5.67 3 0 0 7 5 5

Guanine nucleotide-binding protein G(k) subunit

alpha

GNAI3_HUMAN 0.0017 -INF 6 3 0 0 0 0

NADH dehydrogenase [ubiquinone] 1 beta

subcomplex subunit 10

NDUBA_HUMAN 0.0017 -INF 3 3 3 0 0 0

DNA topoisomerase 2-alpha TOP2A_HUMAN 0.0018 0.52 20 16 18 8 14 6

Nuclear pore complex protein Nup153 NU153_HUMAN 0.0022 +INF 0 0 0 5 2 2

Nucleolar RNA helicase 2 DDX21_HUMAN 0.0024 1.46 37 30 43 52 51 58

Nucleolar GTP-binding protein 1 NOG1_HUMAN 0.0033 2.80 0 5 5 10 9 9

Keratin, type II cuticular Hb5 KRT85_HUMAN 0.0035 �INF 8 0 0 0 0 0

T-complex protein 1 subunit zeta TCPZ_HUMAN 0.0035 �INF 0 2 6 0 0 0

U3 small nucleolar ribonucleoprotein protein IMP3 IMP3_HUMAN 0.0035 �INF 2 2 4 0 0 0

Nuclear pore complex protein Nup205 NU205_HUMAN 0.0036 0.42 7 13 11 6 5 2

Lamin-B1 LMNB1_HUMAN 0.0036 1.55 22 24 27 35 44 34

Isochorismatase domain-containing protein 1 ISOC1_HUMAN 0.0038 2.89 0 6 3 8 8 10

60S ribosomal protein L27 RL27_HUMAN 0.0044 +INF 0 0 0 3 2 3

DNA-directed RNA polymerase I subunit RPA1 RPA1_HUMAN 0.0044 +INF 0 0 0 4 4 0

G patch domain-containing protein 4 GPTC4_HUMAN 0.0044 +INF 0 0 0 5 3 0

FACT complex subunit SSRP1 SSRP1_HUMAN 0.0049 0.25 10 3 3 0 2 2

Spectrin alpha chain, brain SPTA2_HUMAN 0.0052 0.78 66 68 66 57 63 36

60S ribosomal protein L7 RL7_HUMAN 0.0066 2.88 0 4 4 9 7 7

Ribosomal RNA-processing protein 7 homolog A RRP7A_HUMAN 0.0071 �INF 2 0 5 0 0 0

Pre-mRNA-splicing factor ISY1 homolog ISY1_HUMAN 0.0075 6.00 0 2 0 3 4 5

ATP-binding cassette sub-family F member 1 ABCF1_HUMAN 0.0086 +INF 0 0 0 4 3 0

ATP-dependent RNA helicase DDX54 DDX54_HUMAN 0.0086 +INF 0 0 0 3 2 2

Midasin MDN1_HUMAN 0.0086 +INF 0 0 0 4 3 0

mRNA export factor RAE1L_HUMAN 0.0086 +INF 0 0 0 4 3 0

YLP motif-containing protein 1 YLPM1_HUMAN 0.0086 +INF 0 0 0 3 4 0

ATP synthase subunit beta, mitochondrial ATPB_HUMAN 0.0091 0.23 0 0 13 0 0 3

Tyrosine-protein kinase Lyn LYN_HUMAN 0.0091 0.23 6 3 4 0 3 0

ADP/ATP translocase 3 ADT3_HUMAN 0.011 0.46 17 0 11 0 0 13

Polymerase delta-interacting protein 3 PDIP3_HUMAN 0.012 2.86 0 4 3 9 4 7

Putative rRNA methyltransferase 3 RRMJ3_HUMAN 0.012 4.33 3 0 0 5 5 3

40S ribosomal protein S7 RS7_HUMAN 0.014 �INF 3 0 3 0 0 0

Keratin, type II cuticular Hb6 KRT86_HUMAN 0.014 �INF 6 0 0 0 0 0

Splicing factor 1 SF01_HUMAN 0.014 �INF 4 2 0 0 0 0

Structural maintenance of chromosomes protein 3 SMC3_HUMAN 0.014 0.58 13 15 15 11 14 0

Nuclear mitotic apparatus protein 1 NUMA1_HUMAN 0.014 0.82 74 73 62 66 72 33

Flap endonuclease 1 FEN1_HUMAN 0.015 0.25 4 3 5 3 0 0

Leucine-rich repeat-containing protein 59 LRC59_HUMAN 0.015 0.25 5 3 4 0 3 0

(continued on next page)
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Table 2 (continued)

Protein name UniProtKB/Swiss-Prot

identifier

p-value T/C

ratio

Total spectra

C1N C2N C3N T1N T2N T3N

Myosin-9 MYH9_HUMAN 0.015 0.83 76 75 74 70 77 39

28-kDa heat- and acid-stable phosphoprotein HAP28_HUMAN 0.017 +INF 0 0 0 3 0 3

Cysteine and glycine-rich protein 2 CSRP2_HUMAN 0.017 +INF 0 0 0 6 0 0

Nuclear envelope pore membrane protein POM

121C

P121C_HUMAN 0.017 +INF 0 0 0 3 3 0

Protein mago nashi homolog 2 MGN2_HUMAN 0.017 +INF 0 0 0 0 3 3

Histone-binding protein RBBP4 RBBP4_HUMAN 0.018 1.74 9 11 7 15 17 15

60S ribosomal protein L11 RL11_HUMAN 0.018 3.50 4 0 0 4 4 6

Heterochromatin protein 1-binding protein 3 HP1B3_HUMAN 0.021 0.45 2 17 3 4 6 0

Probable ATP-dependent RNA helicase DDX17 DDX17_HUMAN 0.021 0.75 41 33 32 24 33 23

40S ribosomal protein S10 RS10_HUMAN 0.022 0.38 7 5 4 6 0 0

Paired amphipathic helix protein Sin3a SIN3A_HUMAN 0.022 5.00 0 2 0 6 0 4

Heat shock protein HSP 90-beta HS90B_HUMAN 0.023 0.57 8 3 24 3 3 14

Myb-binding protein 1A MBB1A_HUMAN 0.023 1.46 21 21 17 25 39 22

Galectin-1 LEG1_HUMAN 0.027 0.41 6 5 6 0 7 0

U3 small nucleolar RNA-associated protein 15

homolog

UTP15_HUMAN 0.028 3.25 4 0 0 5 4 4

Cytochrome c CYC_HUMAN 0.029 �INF 0 2 3 0 0 0

DNA (cytosine-5)-methyltransferase 3A DNM3A_HUMAN 0.029 �INF 3 2 0 0 0 0

Heat shock protein HSP 90-alpha HS90A_HUMAN 0.029 �INF 0 0 5 0 0 0

Probable dimethyladenosine transferase DIMT1_HUMAN 0.029 �INF 0 2 3 0 0 0

Trifunctional enzyme subunit alpha, mitochondrial ECHA_HUMAN 0.029 �INF 3 0 2 0 0 0

Voltage-dependent calcium channel subunit alpha-

2/delta-1

CA2D1_HUMAN 0.029 �INF 2 3 0 0 0 0

WD repeat-containing protein 43 WDR43_HUMAN 0.029 �INF 0 2 3 0 0 0

Flotillin-2 FLOT2_HUMAN 0.031 0.64 13 18 14 10 9 10

Septin-9 SEPT9_HUMAN 0.032 1.56 7 8 21 20 20 16

ATP-dependent RNA helicase DDX3X DDX3X_HUMAN 0.033 0.54 7 12 7 0 7 7

Heterogeneous nuclear ribonucleoprotein L HNRPL_HUMAN 0.034 1.38 24 22 25 30 34 34

Pre-mRNA-processing factor 6 PRP6_HUMAN 0.034 1.79 7 6 6 10 14 10

AP-2 complex subunit mu AP2M1_HUMAN 0.034 +INF 0 0 0 0 2 3

Mitochondrial carrier homolog 2 MTCH2_HUMAN 0.034 +INF 0 0 0 0 5 0

Nuclear pore complex protein Nup160 NU160_HUMAN 0.034 +INF 0 0 0 2 0 3

Single-stranded DNA-binding protein, mitochondrial SSBP_HUMAN 0.034 +INF 0 0 0 0 5 0

U3 small nucleolar RNA-associated protein 14

homolog A

UT14A_HUMAN 0.034 +INF 0 0 0 0 2 3

U4/U6 small nuclear ribonucleoprotein Prp3 PRPF3_HUMAN 0.034 +INF 0 0 0 2 3 0

Microtubule-associated protein 1B MAP1B_HUMAN 0.036 0.56 9 13 5 2 6 7

Protein RCC2 RCC2_HUMAN 0.036 2.80 3 2 0 2 9 3

60S ribosomal protein L23 RL23_HUMAN 0.036 4.50 0 2 0 3 6 0

Nucleolysin TIAR TIAR_HUMAN 0.036 4.50 0 2 0 3 0 6

Ran GTPase-activating protein 1 RAGP1_HUMAN 0.036 4.50 2 0 0 4 5 0

Caldesmon CALD1_HUMAN 0.039 1.41 24 16 19 30 28 25

Far upstream element-binding protein 2 FUBP2_HUMAN 0.04 1.42 18 21 16 25 24 29

Bystin BYST_HUMAN 0.043 3.00 2 2 0 4 4 4

Treacle protein TCOF_HUMAN 0.044 1.53 11 23 0 18 13 21

Keratin, type II cytoskeletal 2 epidermal K22E_HUMAN 0.044 1.74 7 7 5 12 13 8

Histone H2B type 1-C/E/F/G/I H2B1C_HUMAN 0.045 0.76 27 22 30 20 13 27

60 kDa heat shock protein, mitochondrial CH60_HUMAN 0.046 0.47 4 5 8 3 3 2

Histone H3.1 H31_HUMAN 0.046 0.47 4 3 10 4 4 0

Transformation/transcription domain-associated

protein

TRRAP_HUMAN 0.046 0.47 6 7 4 6 2 0

Chromobox protein homolog 3 CBX3_HUMAN 0.048 0.61 14 11 6 6 8 5

Guanine nucleotide-binding protein G(s) subunit

alpha isoforms XLas

GNAS1_HUMAN 0.048 0.75 29 20 24 18 19 18
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43 or Dnmt3a protein level as shown by western blot of

cell lysates (Fig. 4C). We next compared the localisation

of transportin 1 in cells with silenced RanBP1. We did
not detect any significant difference in the distribution of

transportin 1 between the nucleus and cytosol compared

to controls. Instead, we noticed about 40% overall



Table 3. List of significantly changed proteins in the cytosolic fraction following TDP-43 knockdown. Proteins are listed in order of significance (p-value

obtained from Fisher’s exact test). T/C ratio represents the protein ratio between TDP-43 knockdown (T) and control (C). C1N-C3C and T1N-T3C

represent total spectra counts for identified proteins from triplicate control (C) and TDP-43(T) quantifications

Protein name UniProtKB/Swiss-

Prot identifier

p-value T/C

ratio

Total spectra

C1C C2C C3C T1C T2C T3C

Beta-actin-like protein 2 ACTBL_HUMAN <0.00010 �INF 12 0 10 0 0 0

ELAV-like protein 4 ELAV4_HUMAN <0.00010 �INF 5 5 5 0 0 0

Secretogranin-1 SCG1_HUMAN <0.00010 �INF 10 13 8 0 0 0

E3 ubiquitin-protein ligase HUWE1 HUWE1_HUMAN <0.00010 0.08 11 2 12 2 0 0

Dihydrolipoyl dehydrogenase, mitochondrial DLDH_HUMAN <0.00010 0.10 11 9 10 3 0 0

Phosphoglycerate mutase 1 PGAM1_HUMAN <0.00010 0.17 15 12 14 0 0 7

Serine/arginine repetitive matrix protein 2 SRRM2_HUMAN <0.00010 0.22 11 14 7 3 4 0

Keratin, type I cytoskeletal 10 K1C10_HUMAN <0.00010 0.47 56 36 52 23 11 33

Keratin, type II cytoskeletal 1 K2C1_HUMAN <0.00010 0.64 80 67 78 57 35 51

Spectrin beta chain, brain 1 SPTB2_HUMAN <0.00010 0.65 84 35 87 58 25 51

Neuroblast differentiation-associated protein AHNAK AHNK_HUMAN <0.00010 0.65 94 82 86 86 25 58

Microtubule-associated protein 1B MAP1B_HUMAN <0.00010 0.68 118 110 104 89 61 76

Vimentin VIME_HUMAN <0.00010 1.68 61 57 74 99 119 105

Tubulin beta-4 chain TBB4_HUMAN <0.00010 2.70 40 0 0 34 39 35

Heat shock protein 75 kDa, mitochondrial TRAP1_HUMAN <0.00010 5.20 0 5 0 8 9 9

Nucleoside diphosphate kinase B NDKB_HUMAN <0.00010 +INF 0 0 0 0 11 10

Polyadenylate-binding protein 4 PABP4_HUMAN <0.00010 +INF 0 0 0 9 13 0

60S ribosomal protein L15 RL15_HUMAN <0.00010 +INF 0 0 0 4 4 8

28S ribosomal protein S29, mitochondrial RT29_HUMAN <0.00010 +INF 0 0 0 6 5 4

Polyadenylate-binding protein 1 PABP1_HUMAN 0.00011 2.55 0 15 5 11 22 18

Superoxide dismutase [Mn], mitochondrial SODM_HUMAN 0.00011 +INF 0 0 0 5 6 2

60S ribosomal protein L18 RL18_HUMAN 0.00012 7.00 0 0 3 5 6 10

Glutaredoxin-3 GLRX3_HUMAN 0.00022 +INF 0 0 0 2 5 5

Eukaryotic initiation factor 4A-III IF4A3_HUMAN 0.00022 +INF 0 0 0 7 0 5

Filamin-B FLNB_HUMAN 0.00023 1.53 36 32 35 61 41 56

Tubulin alpha-1B chain TBA1B_HUMAN 0.00023 1.44 40 39 63 63 67 75

Transketolase TKT_HUMAN 0.00023 2.69 9 3 4 12 17 14

14-3-3 protein gamma 1433G_HUMAN 0.00023 5.50 4 0 0 9 6 7

Stimulated by retinoic acid gene 6 protein homolog STRA6_HUMAN 0.00027 �INF 5 3 4 0 0 0

Platelet-activating factor acetylhydrolase IB subunit

alpha

LIS1_HUMAN 0.00053 �INF 4 4 3 0 0 0

Methionyl-tRNA synthetase, cytoplasmic SYMC_HUMAN 0.00053 0.22 8 8 7 0 2 3

Calcium-binding mitochondrial carrier protein Aralar2 CMC2_HUMAN 0.00058 8.00 2 0 0 5 6 5

Spectrin alpha chain, brain SPTA2_HUMAN 0.00071 0.74 108 91 96 91 49 78

60S ribosomal protein L3 RL3_HUMAN 0.00073 0.37 14 15 9 6 8 0

Endophilin-A2 SH3G1_HUMAN 0.0009 +INF 0 0 0 4 4 2

Cytoplasmic FMR1-interacting protein 1 CYFP1_HUMAN 0.0011 �INF 5 5 0 0 0 0

L-xylulose reductase DCXR_HUMAN 0.0011 �INF 3 4 3 0 0 0

26S protease regulatory subunit 4 PRS4_HUMAN 0.0011 �INF 4 3 3 0 0 0

Ras-related protein Rab-6A RAB6A_HUMAN 0.0011 �INF 5 5 0 0 0 0

Thioredoxin-like protein 1 TXNL1_HUMAN 0.0011 �INF 3 3 4 0 0 0

Elongation factor 1-alpha 1 EF1A1_HUMAN 0.0011 1.39 47 44 44 70 50 68

Coatomer subunit alpha COPA_HUMAN 0.0011 2.08 11 7 7 18 15 19

ERO1-like protein alpha ERO1A_HUMAN 0.0013 0.13 5 4 6 0 2 0

Eukaryotic translation initiation factor 4 gamma 2 IF4G2_HUMAN 0.0018 +INF 0 0 0 3 3 3

N-acetyltransferase 13 NAT13_HUMAN 0.0018 +INF 0 0 0 6 0 3

ATP-dependent RNA helicase DDX3X DDX3X_HUMAN 0.002 5.33 0 3 0 6 5 5

Transferrin receptor protein 1 TFR1_HUMAN 0.002 5.33 0 0 3 6 5 5

ADP/ATP translocase 1 ADT1_HUMAN 0.0021 �INF 0 0 9 0 0 0

ADP/ATP translocase 3 ADT3_HUMAN 0.0021 �-
INF

0 0 9 0 0 0

Rab GDP dissociation inhibitor alpha GDIA_HUMAN 0.0021 �INF 3 2 4 0 0 0

Glycogen phosphorylase, brain form PYGB_HUMAN 0.0021 �INF 2 3 4 0 0 0

Splicing factor 3B subunit 1 SF3B1_HUMAN 0.0021 �INF 5 4 0 0 0 0

Inosine-5’-monophosphate dehydrogenase 2 IMDH2_HUMAN 0.0024 0.22 10 0 8 0 0 4

Rho GTPase-activating protein 1 RHG01_HUMAN 0.0029 3.80 0 3 2 11 0 8

Neurosecretory protein VGF VGF_HUMAN 0.003 0.56 22 27 19 18 16 4

Lactoylglutathione lyase LGUL_HUMAN 0.0034 0.29 7 8 6 3 3 0

Calumenin CALU_HUMAN 0.0034 5.00 0 0 3 3 4 8

(continued on next page)
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Table 3 (continued)

Protein name UniProtKB/Swiss-

Prot identifier

p-value T/C

ratio

Total spectra

C1C C2C C3C T1C T2C T3C

14–3-3 protein eta 1433F_HUMAN 0.0036 +INF 0 0 0 0 0 8

Seryl-tRNA synthetase, cytoplasmic SYSC_HUMAN 0.0036 +INF 0 0 0 4 4 0

Myosin-9 MYH9_HUMAN 0.0037 1.34 63 23 51 81 33 69

Adipocyte plasma membrane-associated protein APMAP_HUMAN 0.004 0.33 8 6 10 3 3 2

NSFL1 cofactor p47 NSF1C_HUMAN 0.0041 0.15 6 4 3 0 2 0

Keratin, type II cytoskeletal 2 epidermal K22E_HUMAN 0.0041 0.52 14 20 18 6 10 11

Protein FAM115A F115A_HUMAN 0.0042 �INF 3 3 2 0 0 0

Inositol-3-phosphate synthase 1 INO1_HUMAN 0.0042 �INF 2 2 4 0 0 0

Inositol 1,4,5-trisphosphate receptor type 1 ITPR1_HUMAN 0.0042 �INF 0 2 6 0 0 0

Prefoldin subunit 3 PFD3_HUMAN 0.0042 �INF 0 5 3 0 0 0

GTP-binding protein SAR1a SAR1A_HUMAN 0.0042 �INF 4 4 0 0 0 0

Transcription factor A, mitochondrial TFAM_HUMAN 0.0042 �INF 0 4 4 0 0 0

Zyxin ZYX_HUMAN 0.0047 2.88 0 6 2 8 7 8

Ran-specific GTPase-activating protein RANG_HUMAN 0.0053 0.30 7 6 7 0 3 3

Keratin, type I cytoskeletal 14 K1C14_HUMAN 0.0056 0.42 8 10 13 5 0 8

DNA-dependent protein kinase catalytic subunit PRKDC_HUMAN 0.0063 0.63 36 26 21 28 13 11

Keratin, type I cytoskeletal 9 K1C9_HUMAN 0.0069 0.63 35 16 29 21 11 18

Phospholipase D3 PLD3_HUMAN 0.007 0.17 4 4 4 2 0 0

Far upstream element-binding protein 1 FUBP1_HUMAN 0.007 0.21 5 5 4 0 3 0

Eukaryotic initiation factor 4A-I IF4A1_HUMAN 0.0073 1.42 26 28 25 38 37 37

Guanine nucleotide-binding protein G(I)/G(S)/G(T)

subunit beta-2

GBB2_HUMAN 0.0074 +INF 0 0 0 3 0 4

Lamin-B receptor LBR_HUMAN 0.0074 +INF 0 0 0 4 0 3

Lysophospholipid acyltransferase 7 MBOA7_HUMAN 0.0074 +INF 0 0 0 4 0 3

Dolichyl-diphosphooligosaccharide–protein

glycosyltransferase 48 kDa subunit

OST48_HUMAN 0.0074 +INF 0 0 0 0 4 3

Proteasome subunit beta type-4 PSB4_HUMAN 0.0074 +INF 0 0 0 0 5 2

DnaJ homolog subfamily B member 11 DJB11_HUMAN 0.0083 �INF 3 4 0 0 0 0

Glucosamine 6-phosphate N-acetyltransferase GNA1_HUMAN 0.0083 �INF 4 0 3 0 0 0

Keratin, type II cytoskeletal 5 K2C5_HUMAN 0.0083 �INF 0 0 7 0 0 0

Nicastrin NICA_HUMAN 0.0083 �INF 5 2 0 0 0 0

Sorting nexin-3 SNX3_HUMAN 0.0083 �INF 4 3 0 0 0 0

Alanyl-tRNA synthetase, cytoplasmic SYAC_HUMAN 0.0083 �INF 0 5 2 0 0 0

Drebrin DREB_HUMAN 0.0085 2.86 0 2 5 9 8 3

C-1-tetrahydrofolate synthase, cytoplasmic C1TC_HUMAN 0.0095 0.40 8 10 7 0 4 6

Neuromodulin NEUM_HUMAN 0.01 3.00 3 3 0 6 5 7

Valyl-tRNA synthetase SYVC_HUMAN 0.01 5.50 0 0 2 6 2 3

Heat shock protein beta-1 HSPB1_HUMAN 0.011 1.68 9 13 9 16 18 18

T-complex protein 1 subunit gamma TCPG_HUMAN 0.014 0.59 17 13 24 10 11 11

Fermitin family homolog 2 FERM2_HUMAN 0.015 2.17 4 5 3 9 4 13

Adenosine kinase ADK_HUMAN 0.015 +INF 0 0 0 3 0 3

Cysteine and glycine-rich protein 1 CSRP1_HUMAN 0.015 +INF 0 0 0 3 3 0

Hypoxanthine–guanine phosphoribosyltransferase HPRT_HUMAN 0.015 +INF 0 0 0 4 0 2

BTB/POZ domain-containing protein KCTD12 KCD12_HUMAN 0.015 +INF 0 0 0 0 3 3

RNA-binding protein 8A RBM8A_HUMAN 0.015 +INF 0 0 0 3 3 0

39S ribosomal protein L12, mitochondrial RM12_HUMAN 0.015 +INF 0 0 0 3 0 3

FACT complex subunit SSRP1 SSRP1_HUMAN 0.015 +INF 0 0 0 4 2 0

Transmembrane 9 superfamily member 3 TM9S3_HUMAN 0.015 +INF 0 0 0 3 0 3

Cystathionine beta-synthase CBS_HUMAN 0.016 �INF 3 0 3 0 0 0

Translation initiation factor eIF-2B subunit alpha EI2BA_HUMAN 0.016 �INF 0 3 3 0 0 0

Filamin-C FLNC_HUMAN 0.016 �INF 0 0 6 0 0 0

Eukaryotic translation initiation factor 4E IF4E_HUMAN 0.016 �INF 0 6 0 0 0 0

Protein ERGIC-53 LMAN1_HUMAN 0.016 �INF 4 0 2 0 0 0

Membrane-associated progesterone receptor

component 2

PGRC2_HUMAN 0.016 �INF 4 0 2 0 0 0

Proteolipid protein 2 PLP2_HUMAN 0.016 �INF 0 3 3 0 0 0

Cytochrome b-c1 complex subunit 1, mitochondrial QCR1_HUMAN 0.016 �INF 3 0 3 0 0 0

Signal peptidase complex subunit 3 SPCS3_HUMAN 0.016 �INF 3 0 3 0 0 0

Tumor protein D54 TPD54_HUMAN 0.016 �INF 0 3 3 0 0 0

Dual specificity protein phosphatase 3 DUS3_HUMAN 0.016 4.00 3 0 0 0 6 6

Exportin-1 XPO1_HUMAN 0.016 4.00 3 0 0 4 5 3
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Table 3 (continued)

Protein name UniProtKB/Swiss-

Prot identifier

p-value T/C

ratio

Total spectra

C1C C2C C3C T1C T2C T3C

Translin TSN_HUMAN 0.018 5.00 0 2 0 2 3 5

Tubulin beta-2C chain TBB2C_HUMAN 0.019 0.79 78 71 67 47 52 72

Peroxiredoxin-2 PRDX2_HUMAN 0.019 3.00 5 0 0 4 7 4

Alpha-centractin ACTZ_HUMAN 0.021 0.20 3 7 0 2 0 0

PDZ and LIM domain protein 5 PDLI5_HUMAN 0.023 3.25 2 0 2 4 4 5

Calnexin CALX_HUMAN 0.024 0.59 14 13 17 9 8 9

ATP-dependent RNA helicase A DHX9_HUMAN 0.027 0.31 3 8 2 0 0 4

Golgin subfamily B member 1 GOGB1_HUMAN 0.027 0.31 5 5 3 2 0 2

Importin-5 IPO5_HUMAN 0.027 0.31 7 3 3 2 2 0

Adenylyl cyclase-associated protein 1 CAP1_HUMAN 0.027 0.64 14 18 23 13 8 14

Thymidine kinase, cytosolic KITH_HUMAN 0.027 3.67 0 0 3 4 3 4

Heat shock cognate 71 kDa protein HSP7C_HUMAN 0.029 1.16 85 95 84 103 109 93

Calreticulin CALR_HUMAN 0.029 1.43 12 13 21 17 28 21

26S proteasome non-ATPase regulatory subunit 11 PSD11_HUMAN 0.029 2.43 3 4 0 8 4 5

Growth factor receptor-bound protein 2 GRB2_HUMAN 0.029 2.80 2 3 0 4 4 6

Cytoplasmic dynein 1 heavy chain 1 DYHC1_HUMAN 0.03 0.84 121 96 113 122 61 95

Acylglycerol kinase, mitochondrial AGK_HUMAN 0.03 +INF 0 0 0 3 2 0

UPF0468 protein C16orf80 CP080_HUMAN 0.03 +INF 0 0 0 3 2 0

Early endosome antigen 1 EEA1_HUMAN 0.03 +INF 0 0 0 2 0 3

Lon protease homolog, mitochondrial LONM_HUMAN 0.03 +INF 0 0 0 0 5 0

Reticulon-3 RTN3_HUMAN 0.03 +INF 0 0 0 3 0 2

Poly [ADP-ribose] polymerase 1 PARP1_HUMAN 0.031 1.59 12 8 7 17 10 16

Probable cation-transporting ATPase 13A1 AT131_HUMAN 0.031 4.50 0 2 0 2 4 3

Phosphoribosylformylglycinamidine synthase PUR4_HUMAN 0.031 4.50 0 2 0 0 6 3

20,30-cyclic-nucleotide 30-phosphodiesterase CN37_HUMAN 0.033 �INF 0 2 3 0 0 0

Dynactin subunit 1 DCTN1_HUMAN 0.033 �INF 2 3 0 0 0 0

2,4-dienoyl-CoA reductase, mitochondrial DECR_HUMAN 0.033 �INF 3 0 2 0 0 0

Eukaryotic translation initiation factor 2A EIF2A_HUMAN 0.033 �INF 0 3 2 0 0 0

Extended synaptotagmin-1 ESYT1_HUMAN 0.033 �INF 2 0 3 0 0 0

Glutathione synthetase GSHB_HUMAN 0.033 �INF 2 3 0 0 0 0

Lamin-A/C LMNA_HUMAN 0.033 �INF 2 0 3 0 0 0

Plasminogen activator inhibitor 1 RNA-binding protein PAIRB_HUMAN 0.033 �INF 0 0 5 0 0 0

Ras-related protein Rab-21 RAB21_HUMAN 0.033 �INF 3 2 0 0 0 0

39S ribosomal protein L9, mitochondrial RM09_HUMAN 0.033 �INF 0 2 3 0 0 0

TAR DNA-binding protein 43 TADBP_HUMAN 0.033 �INF 2 3 0 0 0 0

Ubiquilin-1 UBQL1_HUMAN 0.033 �INF 0 3 2 0 0 0

Vacuolar protein sorting-associated protein 35 VPS35_HUMAN 0.033 �INF 0 3 2 0 0 0

Xenotropic and polytropic retrovirus receptor 1 XPR1_HUMAN 0.033 �INF 2 0 3 0 0 0

Secretory carrier-associated membrane protein 3 SCAM3_HUMAN 0.034 0.36 5 5 4 0 0 5

Arginyl-tRNA synthetase, cytoplasmic SYRC_HUMAN 0.034 0.36 6 3 5 2 0 3

Rho-related GTP-binding protein RhoC RHOC_HUMAN 0.036 3.00 0 4 0 4 3 5

Xaa-Pro aminopeptidase 1 XPP1_HUMAN 0.036 3.00 2 0 2 2 7 3

Interleukin enhancer-binding factor 2 ILF2_HUMAN 0.037 0.54 12 8 8 2 4 9

Tubulin-specific chaperone A TBCA_HUMAN 0.041 0.55 8 12 9 5 7 4

Ubiquitin-like modifier-activating enzyme 1 UBA1_HUMAN 0.042 0.74 29 36 26 25 23 19

Serine/threonine-protein phosphatase 2A 65-kDa

regulatory subunit A alpha isoform

2AAA_HUMAN 0.043 0.40 6 3 6 3 0 3

Elongation factor 2 EF2_HUMAN 0.043 1.16 63 72 68 76 74 86

60S ribosomal protein L9 RL9_HUMAN 0.043 3.33 0 0 3 0 3 7

60S ribosomal protein L8 RL8_HUMAN 0.045 2.60 0 0 5 3 8 2

Kinesin-like protein KIF21A KI21A_HUMAN 0.046 0.60 12 10 13 6 6 9

Vesicle-associated membrane protein-associated

protein B/C

VAPB_HUMAN 0.048 0.47 5 7 7 0 3 6

Importin-7 IPO7_HUMAN 0.048 1.79 4 5 5 11 10 4
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increase of total transportin 1 in RanBP1-silenced cells by

comparing immunofluorescence signal intensities

(p< 0.001) (Fig. 4A,B). Similarly, a significant, although

lesser, increase of transportin 1 was noticed in TDP-43-

silenced cells 96 h after transfection (data not shown).
DISCUSSION

TDP-43 depletion from nuclei of neurons with large

cytoplasmic inclusions is one of the hallmark features of

ALS and FTLD. To study the effect of TDP-43 depletion/



Table 4. Gene ontology analysis (DAVID) of biological processes of differentially expressed proteins identified in proteomic study. The top 10

categories are presented

Term Count % p-value Genes

RNA processing 32 12.3 3.59E�09 PABPC4, UTP15, DIMT1L, PNN, HNRNPL, SF3B1, IMP3, DDX17, RPL7, RBM8A,

TARDBP, SRRM2, ISY1, MAGOHB, RPL11, PABPC1, RBM28, FTSJ3, DHX9,

PPP2R1A, SARS, AARS, SF1, PRPF3, ELAVL4, PRPF6, RPS7, EIF4A3,

HNRNPH3, KHSRP, DDX54, UTP14A

Intracellular transport 29 11.1 6.89E�06 XPO1, COPA, NUP160, EEA1, CALR, LMAN1, RAE1, RPL11, RANBP1,

PAFAH1B1, VPS35, SAR1A, HSPA8, AP2M1, ACTC1, SCAMP3, HSP90AA1,

SLC25A6, MYH9, YWHAG, YWHAH, SLC25A13, RPL23, IPO7, NUP205, IPO5,

SPTBN1, GNAS, MYBBP1A

Macromolecular complex

assembly

28 10.7 2.42E�05 XPO1, TUBB2B, GRB2, HP1BP3, TUBB2C, EIF2A, CALR, HPRT1, TFAM, LONP1,

MDN1, TUBA1B, TUBB4, PPP2R1A, HIST1H2BB, HIST1H2BC, HSP90AA1, SF1,

DECR1, PRPF6, SOD2, TBCA, IPO7, NUP205, IPO5, HIST1H3A, HSPD1, SEPT9

Macromolecular complex

subunit organization

28 10.7 7.45E�05 XPO1, TUBB2B, GRB2, HP1BP3, TUBB2C, EIF2A, CALR, HPRT1, TFAM, LONP1,

MDN1, TUBA1B, TUBB4, PPP2R1A, HIST1H2BB, HIST1H2BC, HSP90AA1, SF1,

DECR1, PRPF6, SOD2, TBCA, IPO7, NUP205, IPO5, HIST1H3A, HSPD1, SEPT9

Protein localization 28 10.7 0.002154 XPO1, COPA, NUP160, SNX3, CALR, LMAN1, CANX, RPL11, VPS35, RAB6A,

POM121C, SAR1A, RAB21, AP2M1, GDI1, NUP153, SCAMP3, LYN, MYH9, FLNB,

YWHAG, YWHAH, RPL23, IPO7, NUP205, IPO5, SPTBN1, GNAS

Translation 27 10.3 7.64E�11 RPL18, ABCF1, RPL15, PABPC4, EIF2A, VARS, MRPL12, RPL7, RPL9, RPL8,

RPL3, RPL11, MARS, EEF1A1, SARS, AARS, RPL27, MRPL9, EEF2, EIF2B1,

RPS7, EIF4G2, EIF4E, RPL23, RARS, EIF4A1, RPS10

Protein transport 27 10.3 5.53E�04 XPO1, COPA, NUP160, SNX3, CALR, LMAN1, CANX, RPL11, VPS35, POM121C,

RAB6A, SAR1A, RAB21, AP2M1, GDI1, NUP153, SCAMP3, LYN, MYH9, YWHAG,

YWHAH, RPL23, IPO7, NUP205, IPO5, SPTBN1, GNAS

Establishment of protein

localization

27 10.3 6.34E�04 XPO1, COPA, NUP160, SNX3, CALR, LMAN1, CANX, RPL11, VPS35, POM121C,

RAB6A, SAR1A, RAB21, AP2M1, GDI1, NUP153, SCAMP3, LYN, MYH9, YWHAG,

YWHAH, RPL23, IPO7, NUP205, IPO5, SPTBN1, GNAS

Response to organic

substance

26 10.0 5.62E�04 HSP90AB1, UQCRC1, VAPB, GRB2, PRKDC, PRDX2, VARS, VGF, HPRT1,

ERO1L, DDOST, HSPA8, PPP2R1A, ACTC1, HSP90AA1, LYN, AARS, MAP1B,

EIF2B1, NME2, GNB2, TFRC, HSPB1, GNAS, HSPD1, PARP1

Protein complex

biogenesis

21 8.0 3.97E�04 XPO1, PPP2R1A, HSP90AA1, TUBB2B, GRB2, TUBB2C, DECR1, HPRT1, CALR,

SOD2, TFAM, LONP1, TBCA, IPO7, NUP205, IPO5, HSPD1, TUBA1B, MDN1,

TUBB4, SEPT9
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sequestration on protein abundance, we performed a

proteomic study on TDP-43-silenced human

neuroblastoma cells. We identified significant changes

in the abundance of 273 candidate-affected proteins. In

nuclear fractions 50 proteins were decreased and 56

increased, while in cytoplasmic fractions 94 proteins

were decreased and 73 were increased. Most of them

are functionally annotated as RNA-processing proteins

and proteins involved in intracellular transport,

suggesting that these are the most affected processes

accompanying TDP-43 depletion. We found and

validated that TDP-43 positively regulates protein levels

of RanBP1, Dnmt3a and a fragment of CgB. The 40-

kDa CgB fragment may correspond to a previously

identified fragment starting with SSQEGNPPLE as

determined by N-terminal peptide sequencing (Lee and

Hook, 2009). Genes coding for all three mentioned pro-

teins have TG stretches in introns and an RNA-binding

study showed that TDP-43 binds to these sites

(Tollervey et al., 2011). Dnmt3a and CgB transcripts were

also identified among the top 25% of enriched RNA tar-

gets of TDP-43 in another RNA-binding experiment

(Sephton et al., 2011).

The observed changes for RanBP1 and Dnmt3a

mirror their reported downregulation on the mRNA level
in the same cell line (Tollervey et al., 2011).

Downregulation of RanBP1, following TDP-43 knock-

down, was also observed in SK-Hep1 cell line (Park

et al., 2013). Other significantly changed proteins from

our list correlated with reported transcriptomic changes,

namely vimentin, Pabpc1, Itpr1 (Polymenidou et al.,

2011), hemoglobin subunit alpha (Hba1), histone

Hist1h2bc (Yu et al., 2012), neuromodulin (Gap43)

(Fiesel et al., 2010) and Eno2 (Park et al., 2013). It is how-

ever important to be aware that changes in transcript

abundance do not necessarily reflect changes in the level

of that protein. The reported changes in transcript abun-

dance after TDP-43 knockdown that did not correlate with

the changes that we detected in protein levels and some

that even changed in the opposite direction, may reflect

various forms of posttranscritptional regulation. The

cause of these discrepancies may also be due to the dif-

ferent cell lines and animal models being analyzed.

Evidence of involvement of Dnmt3a in

neurodegeneration is suggested by an increase in its

mRNA expression level in FTLD brains (Banzhaf-

Strathmann et al., 2013). Also, Dnmt3a protein level

was shown to be increased in the human ALS motor cor-

tex compared to the control (Chestnut et al., 2011), which

does not support the loss of function of TDP-43



Fig. 3. RanBP1 and Dnmt3a are downregulated when TDP-43 is depleted. SH-SY5Y were transfected with TDP-43 siRNA 1. Immunofluorescence

was performed 96 h later. Images show reduction of RanBP1 (A) in cytoplasm and Dnmt3a (B) in nuclei of cells with silenced TDP-43 marked with

arrowheads. Immunofluorescence signal intensity was quantified with ImageJ and relative protein expression level was calculated (C,D).

Downregulation of RanBP1 and Dnmt3a was statistically significant (p< 0.001).

Fig. 4. Increased transportin 1 (TNPO1) level in SH-SY5Y after

RanBP1 depletion. SH-SY5Y were transfected with RanBP1 siRNA

and immunofluorescence was performed 96 h later. TNPO1 staining

is less intensive in untransfected control cell (marked with arrowhead)

compared to cells with silenced RanBP1 (A). Quantification of

immunofluorescence signal intensity showed that the increase of

TNPO1 in RanBP1-silences cells is statistically significant with

p< 0.001 (B). Panel C shows western blots of SH-SY5Y cell lysates

96 after RanBP1 siRNA transfection. Note that RanBP1 silencing

does not affect TDP-43 or Dnmt3a protein levels. GAPDH was used

as a loading control.
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hypothesis. Chestnut and co-workers (2011) also demon-

strated that overexpression of Dnmt3a induces degenera-

tion of neuronal NSC34 cells. On the other hand,

mitochondrial Dnmt3a protein level is reduced in the
skeletal muscle and spinal cord of transgenic SOD1

mouse models of ALS (Wong et al., 2013).

CgB has also previously been suggested to play a role

in neurodegenerative diseases. It accumulates

intracellularly in ALS ventral horn motor neurons giving

a granular-type of staining (Schrott-Fischer et al., 2009).

Its P413L variant is associated with a greater risk for

developing ALS and with an earlier age of onset (Gros-

Louis et al., 2009). A decreased level of 6251 Da frag-

ment of CgB in cerebrospinal fluid was proposed as a

potential biomarker for FTLD (Ruetschi et al., 2005).

CgB or its peptide levels are also reduced in the cere-

brospinal fluid of patients with multiple sclerosis and

schizophrenia (Landen et al., 1999; Mattsson et al.,

2007).

TDP-43 depletion may affect intracellular transport

through downregulation of RanBP1. The transport of

proteins and some other biomolecules through the

nuclear envelope with karyopherins is dependent on the

RanGTPase system (Melchior et al., 1993), specifically

on RanGTP gradient (Izaurralde et al., 1997). In the cyto-

plasm, RanGTP hydrolyzes to RanGDP upon activation

with RanGAP1 (Bischoff et al., 1994). RanBP1 binds

directly to RanGTP and stimulates this conversion

(Bischoff et al., 1995). Silencing RanBP1 increases over-

all RanGTP content in cells (Tedeschi et al., 2007) and

thus can arrest transport. Furthermore, loss of RanBP1

in mice is embryonically lethal and is associated with

microcephaly (Paronett et al., 2014). We provide evi-

dence that RanBP1 is downregulated directly as a result
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of TDP-43 depletion. Its mRNA has previously been found

to be downregulated in SK-Hep1 cells after TDP-43

knockdown (Park et al., 2013) and in another experiment,

binding of TDP-43 in the adjacent intron was shown to

promote silencing of exon 5 in RANBP1 transcript

(Tollervey et al., 2011), which may have an effect on the

observed downregulation of the protein. According to

Ensembl, transcripts with included exon 5 may undergo

nonsense-mediated decay or may be translated to a pro-

tein-lacking N-terminus with a Ran-binding domain, which

is responsible for its normal function. We would not be

able to detect such a protein with western blot because

our antibodies recognize N-terminal amino acids of

RanBP1. To date, RanBP1 immunostaining on ALS or

FTLD tissue with TDP-43 pathology has not been

reported.

We have shown that transportin 1 level is raised in

cells as a result of RanBP1 depletion. Nuclear import

factors transportin 1 and 2 are responsible for import of

fused in sarcoma (FUS), another ALS- and FTLD-

involved RNA-binding protein, into the nucleus

(Dormann et al., 2010). Transportin 1 colocalizes with

FUS aggregates in FTLD with FUS inclusions (FTLD-

FUS) (Brelstaff et al., 2011) and ALS with FUS inclusions

without FUS mutations (Takeuchi et al., 2013) but not in

ALS with FUS mutations (Neumann et al., 2012;

Troakes et al., 2013). It does not colocalize with TDP-43

inclusions in FTLD or ALS (Brelstaff et al., 2011;

Neumann et al., 2012) but there is variability in nuclear

and cytoplasmic staining in ALS with TDP-43 pathology

(Troakes et al., 2013). Changes of other karyopherins in

ALS and FTLD tissue have also been reported, and fur-

thermore, impairment of the classical import pathway

leads to accumulation of TDP-43 in the cytoplasm

(Winton et al., 2008; Nishimura et al., 2010), suggesting

a feed-forward loop.

Finally, RanBP1 is involved also in axonal transport of

proteins. Specifically, it is locally translated in the axon

after injury and stimulates the cascade of retrograde

injury signaling through interaction with local RanGTP.

Blocking of their interaction reduced the level of

postlesion neuronal outgrowth (Yudin et al., 2008).
CONCLUSION

Our global proteomic study following depletion of TDP-43

has shown the strongest effect on RNA processing and

intracellular transport proteins, giving proteomic support

to the accumulating evidence that improper regulation of

these proteins and the processes have a role in ALS and

FTLD pathology associated with TDP-43 proteinopathy.
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