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Fig. 7 TEM images of a segment of the glomerular capillary wall in a steroid-resistant NS specimen obtained from the
same patient shown in Figure 6b and 6d diagnosed as FSGS. a) Irregularities in the thickness and wrinkling of the GBM
are clearly observed. Note the detachments (arrows) of podocyte foot processes from the GBM and fusions, effacements,
and flattening (open arrows) of the foot processes of podocytes. b) A magnified image of the bared GBM (arrow) in (a). c)
A magnified image of the contacting foot processes (open arrow) in (a). Bars: 1 pm (a, b, c¢)

ies. Thus, these reports raise the possibility that
changes in podocyte cell bodies may be associated
with proteinuria. The use of LVSEM is considered
to be useful to evaluate NS specimens and to clarify
the association between morphological changes in
podocytes and proteinuria.

When using LVSEM to evaluate specimens stained
with PAM, GBMs were clearly observed, and irregu-
larities in the thickness of GBMs were also detected.
Irregularities in thickness and the wrinkling of the
GBM were significant findings of the steroid-resis-
tant NS specimens, although these characteristics
were not observed in steroid-sensitive NS speci-
mens. These findings may be related to the fact that
GBMs in some NS cases were obtained by TEM
and that an alteration in the GBM may be a cause
of proteinuria. In fact, hematuria and proteinuria are
observed in Alport syndrome, a hereditary disorder
of the GBM. GBMs were easily and quickly ob-
served in renal paraffin sections using LVSEM, and
LVSEM may also be useful to evaluate glomerulo-
pathies caused by alterations in the GBM.

In the present study, we described the morpholog-
ical differences in glomeruli between steroid-sensi-
tive NS and steroid-resistant NS specimens. The
round-shaped podocyte cell bodies were noted espe-
cially in steroid-resistant NS specimens, but a semi-
quantitative analysis of these findings could not be
performed because of the small sample sizes. More-
over, the association between the morphological
changes of podocytes and the Columbia pathologi-

cal classification of FSGS was not clarified. There-
fore, further studies are required to address these
issues.

In conclusion, we considered that the evaluation
method of three-dimensional structural alterations in
glomerular podocytes and GBMs by LVSEM is
probably useful as a novel approach to the histolog-
ical diagnosis of renal biopsy paraffin sections in
pediatric NS.
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ABSTRACT

Alport syndrome (AS) and thin basement membrane nephropathy (TBMN) are genetic disorders
caused by mutations of the type IV collagen genes COL4A43, COL4A4, and/or COL4A45. We here
aimed to investigate the three-dimensional ultrastructure of the glomerular basement membrane
(GBM) in order to introduce a novel method of diagnosing AS and TBMN. The subjects were 4
patients with AS and 6 patients with TBMN. Conventional renal biopsy paraffin sections from AS
and TBMN patients were stained with periodic acid methenamine silver (PAM) and observed di-
rectly under low vacuum scanning electron microscopy (LVSEM). The PAM-positive GBMs were
clearly visible under LVSEM through the overlying cellular components. The GBMs showed char-
acteristic coarse meshwork appearances in AS, and thin and sheet-like appearances in TBMN. At
the cut side view of the capillary wall, the GBMs in AS appeared as fibrous inclusions between a
podocyte and an endothelial cell, while the GBMs in TBMN showed thin linear appearances.
These different findings of GBMs between AS and TBMN were easily observed under LVSEM.
Thus, we conclude that three-dimensional morphological evaluation by LVSEM using convention-
al renal biopsy paraffin sections will likely be useful for the diagnosis of AS and TBMN, includ-

ing for retrospective investigations.

Alport syndrome (AS) is a genetic disorder caused
by mutations of the type IV collagen genes COL4A43,
COL4A44, and COL4A5. 1t is characterized by renal,
cochlear, and ocular involvement, and AS patients
are moreover predisposed to developing end-stage
renal disease (1, 6, 12). On the other hand, thin
basement membrane nephropathy (TBMN) results
from mutations of the COL4A43 and COL4A4 genes,
and is associated with few extra-renal abnormalities
and a good renal prognosis. One of the characteris-
tic features of AS and TBMN is morphological
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changes of the glomerular basement membranes
(GBMs). A combination of type IV collagen genes,
which produce different constitutions of the alpha
chain of collagen type IV, is very important in the
construction of normal GBMs. Renal findings under
transmission electron microscopy (TEM) of AS in-
clude partially thickening, splitting, fragmenting,
and basket-weave appearances of the GBMs; where-
as TBMN is characterized by a reduction of the
thickness of the GBMs. Although the diagnosis of
AS or TBMN is generally established by detailed
family history, urinalysis, biopsy of the kidney or
skin, and molecular genetic analysis, the differential
diagnosis is often difficult in both these diseases,
owing largely to insufficiency of the biopsy samples
and the complexity of molecular genetic analysis.
Furthermore, if there are no glomeruli in the biopsy
samples for immunofluorescence and TEM analyses,
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a diagnosis of AS or TBMN can often not be made.
Moreover, while AS is generally accompanied by
atypical findings of the type IV collagen alpha
chains 5 (IV) and o2 (IV) upon immunofluores-
cence analysis of renal or skin biopsy samples, a
mosaic or normal pattern does not always indicate
AS or normal findings, respectively. Furthermore,
molecular genetic analyses of the type IV collagen
genes COL4A3, COL4A4, and COL4A45 do not al-
ways detect mutations in AS patients (13). There-
fore, another efficient and helpful method for
diagnosing AS and TBMN is urgently needed.

Adding to the TEM observation of GBM struc-
ture, conventional scanning electron microscopy
(SEM) of acellular glomeruli in human glomerulo-
nephritis, combined with cell extraction techniques,
was developed to visualize the surface structure of
the GBM that is present between podocytes and en-
dothelial cells (2, 4). Using this technique, some re-
searchers have investigated GBM alterations in a
three-dimensional manner (3, 5, 15, 17); however,
to our knowledge, the three-dimensional findings of
GBMs in AS or TBMN have not yet been reported.

We have previously demonstrated the usefulness of
low vacuum scanning electron microscopy (LVSEM)
to evaluate the histological findings of glomeruli by
using conventional renal biopsy paraffin sections for
the rapid three-dimensional analysis of glomerular
structure (10, 14, 16). Especially, the GBMs could
be visualized through the overlying cellular compo-
nents without removal, by staining with periodic
acid methenamine silver (PAM) and by using the
backscattered electron (BSE) mode of LVSEM, ow-
ing to the fact that the PAM stain contains silver, a
heavy metal, which enhances the BSE signals. In
addition, LVSEM enabled us to investigate intact
GBMs without the need for cell lysis, and allows
detailed and efficient three-dimensional GBM obser-
vation of renal biopsy paraffin specimens more easi-
ly than conventional SEM.

In the present study, we investigated the three-
dimensional morphological findings of GBMs in AS
or TBMN using renal biopsy samples and demon-
strate the potential use of LVSEM in the diagnoses
of both these diseases.

MATERIALS AND METHODS

A total of 4 (3 males and 1 female) and 6 (1 male
and 5 females) patients with AS and TBMN, respec-
tively, were identified. The ages of the patients with
AS and TBMN ranged from 3 to 16 years (median
age: 12.0 years) and 8 to 19 years (median age:
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10.0 years), respectively. All patients received renal
biopsies at the Tottori University Hospital under the
approval of the Ethics Committee of Tottori Univer-
sity (Permission No. 2107), and were diagnosed by
pediatric nephrologists based on the histological re-
sults. Paraffin sections of 5 pm in thickness were
created from all renal biopsy samples according to
the standard procedure, and stained with hematoxy-
lin and eosin (H & E), periodic acid-Schiff, and
PAM for light microscopy. The diagnosis of AS or
TBMN was confirmed by renal immunofluorescence
staining of collagen type IV o5 (IV) and o2 (IV)
chains. For immunofluorescence staining, the fresh
renal tissue samples were placed into optimal cut-
ting temperature (OCT) compound, snap-frozen in
liquid nitrogen, and cut into 4-pm-thick sections
from the OCT compound blocks. Direct immunoflu-
orescence staining (11) was performed at the Shigei
Medical Research Institute (Okayama, Japan).

The specimens for the LVSEM observation of the
GBM structure were prepared as described previous-
ly (9, 10). Briefly, renal biopsy paraffin sections of
5 wm in thickness (same as those prepared for light
microscopy) were used. The sections on the slides
were deparaffinized with xylene and subsequently
transferred to distilled water through an alcohol de-
scending series. Next, the sections were stained with
PAM but without following H & E staining. After
washing with distilled water for 1-2 min, the sec-
tions on the slides were directly observed by LVSEM
without cover slips. Observations were made with
LVSEMs (Hitachi TM-1000 or TM3030; Hitachi
Co. Ltd., Tokyo) at an acceleration voltage of 15 kV
with 30 Pa. For TEM observation of GBM in some
biopsy samples, ultrathin epoxy resin sections were
created, stained with uranyl acetate and Pb, and ob-
served using a TEM (Hitachi H-7100; Hitachi Co.,
Ltd., Tokyo) at an acceleration voltage of 70 kV.

RESULTS

Under LVSEM, the three-dimensional ultrastructure
of the GBMs of AS (Fig. 1) and TBMN (Fig. 2)
were examined in detail. At the lower magnifica-
tions (less than x1,000), it was difficult to distin-
guish the differences of the GBMs in the paraffin
sections of AS and TBMN (Fig. 1a, Fig. 2a), where-
as at higher magnifications, differences in the struc-
ture and brightness of the GBMs between AS and
TBMN were easily detectable. The GBMs showed
characteristic coarse meshwork appearances in AS
and thin and sheet-like appearances in TBMN.
Figure 1 shows representative LVSEM and TEM
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Fig. 1 Electron micrographs of glomerular basement membranes (GBMs) in Alport syndrome (AS) observed by low vacu-
um scanning electron microscopy (LVSEM) (a—c) and transmission electron microscopy (TEM) (d). (a) A glomerulus stained
with periodic acid-methenamine-silver (PAM). PAM-positive GBMs, Bowman’s basement membrane, and mesangial matrix
are recognized at a low magnification (original magnification, x600). (b) A higher-magnification image (x5,000) of the
square shown in a. The coarse meshwork structure (arrowheads) of the GBMs can be distinctly observed through the thin-
ner parts of the endothelial cells. Conversely, the thick parts of the endothelial cells with nuclei are barely recognized under
LVSEM. Irregularities in the thickness of the GBMs can be seen at the cut side of the capillary walls (arrows). (c) At the
high magnification (x30,000) of the capillary wall (indicated by an open arrow in b), the GBMs show distinct three-
dimensional basket-weave appearances at the subsurface aspect of the endothelial cells, and fibrous inclusions between
the podocytes and endothelial cells can be observed at the cut side view of the GBMs (arrows). (d) Under TEM, the GBMs
display characteristic basket-weave appearances in AS, with partial thickening, splitting, or fragmenting of the lamina densa
(arrows). Focal effacement of the foot processes of the podocytes is also observed (arrowheads). E: endothelial cells, P:

podocytes, M: mesangial matrix. Bars: 100 pm (a), 10 pm (b), 2 ym (c, d).

images of glomeruli observed in AS specimens. Pos-
itively PAM-stained GBMs, Bowman’s basement
membrane, and the mesangial matrix of the glomer-
uli were clearly observed in bright appearances when
contrasted to PAM-negative cellular components
such as podocytes, endothelial cells, and mesangial
cells, which were barely observed under LVSEM
(Fig. 1a—c). At higher magnifications (more than
x2,000), LVSEM allowed detailed investigation of
the intact subsurface aspects of the capillary walls,
which indicated intact GBMs, through the thin parts
of the overlying endothelial cells or podocyte foot
processes by detecting strong BSE signals from the
PAM-positive GBMs (Fig. 1b). The bright GBMs
showed irregularities in thickness, and appeared as

fibrous inclusions between a podocyte and an endo-
thelial cell at the cut side view of the capillary walls
(Fig. 1b, ¢). The surface appearances of the GBMs
observed from the endothelial side showed distinct
coarse meshwork structures. Figure 1d shows a TEM
image obtained from another AS biopsy sample. In
this case, the GBM displayed a basket-weave ap-
pearance with partial thickening, splitting, or frag-
menting of the lamina densa. The fibrous inclusions
or coarse meshwork structures observed under
LVSEM were thought to correspond to the lamina
densa of the GBMs observed under TEM. More-
over, focal effacements of foot processes of podo-
cytes were also noted.

Figure 2 shows LVSEM and TEM images of glom-
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Fig.2 Electron micrographs of glomerular basement membranes (GBMs) observed in thin basement membrane nephrop-
athy (TBMN) specimens by low vacuum scanning electron microscopy (a—c¢) and transmission electron microscopy (TEM)
(d). (a) Periodic acid-methenamine-silver-positive GBMs, Bowman’s basement membrane, and mesangial matrix are recog-
nized at a low magnification (x800), similar to in Alport syndrome (AS). (b) A higher-magnification image (x5,000) of the
square shown in a. Widespread thinning (arrows) and sheet-like GBMs (arrowheads) can be noted. The podocytes and en-
dothelial cells of the glomeruli are barely observed. (¢) A higher-magnification image (x10,000) of the capillary wall (indicat-
ed by an open arrow in b). The meshwork structure of the GBM is not conspicuous, even at the high magnification, owing
to the lower brightness of the GBMs. Unlike the AS specimens, the GBMs of TBMN exhibit thin linear patterns at the cut
side view (arrows). (d) TEM image of a glomerular capillary wall in TBMN reveals thinning of the GBM (arrow) without split-
ting or fragmenting of the lamina densa. The foot processes of the podocytes appear normal. E: endothelial cells, P: podo-

cytes, M: mesangial matrix. Bars: 100 pm (a), 10 pm (b), 2 pm (c, d).

eruli obtained from TBMN specimens. The PAM-
positive GBMs and Bowman’s basement membrane
were also recognized at low magnification (Fig. 2a).
At higher magnification, widespread thinning of the
sheet-like GBMs was noted (Fig. 2b). However, the
meshwork structures of the GBMs observed in some
parts of the capillary walls were not very conspicu-
ous, even at higher magnifications (Fig. 2b, c), ow-
ing to the lower brightness of the GBMs; while the
podocytes, endothelial cells, and mesangial cells of
the glomeruli were generally obscure. Unlike AS
specimens, almost all GBMs in the TBMN speci-
mens exhibited thin linear patterns at the cut side
view. The TEM image of the GBMs in TBMN
showed widespread reduction in thickness, but no
splitting or fragmenting, and the foot processes of
the podocytes had normal appearances (Fig. 2d).

DISCUSSION

In this study, we reported on two important findings
of AS and TBMN specimens. First, we found that
the GBMs of both AS and TBMN specimens were
clearly visible under LVSEM through the overlying
of other elements, by detecting the BSE signals
from PAM-positive GBMs of both the subepithelial
and subendothelial sides. Second, we demonstrated
that the GBMs in AS specimens under LVSEM
showed characteristic coarse meshwork appearances,
whereas those in TBMN specimens had thin and
sheet-like appearances; and found that the mesh-
work structures of the GBMs were not conspicuous
in TBMN. These different findings of GBMs be-
tween AS and TBMN by LVSEM were obvious and
easily demonstrated, and were thought to be useful
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for the differential diagnoses of these conditions.

The LVSEM revealed the three-dimensional struc-
tural features of the GBMs without removing podo-
cytes or endothelial cells. Because the podocytes,
endothelial cells, and mesangial cells of the glomer-
uli were not stained with PAM in the BSE mode of
LVSEM, these cellular components showed dark ap-
pearances; and the contrasts of the BSE signals be-
tween the GBMs and cellular components (podocytes
and endothelial cells) contributed to the clear obser-
vations of the GBMs in the BSE mode of LVSEM.

Although numerous cross-sectional findings of
GBMs in AS under TEM have been reported, reports
on the three-dimensional findings of GBMs in AS
are rare. GBMs in AS under TEM typically show
thickening, splitting, and fragmenting of the lamina
densa, with several strands forming a basket-weave
pattern (18). In the present study using LVSEM, we
found that the GBMSs, especially the lamina densa,
stained with PAM in AS were distinctly observed in
bright appearances, and showed coarse meshwork
patterns similar to the TEM findings of the electron-
dense lamina. Thus, our results suggest that genetic
alterations of collagen type IV in AS lead to three-
dimensional morphological changes of collagen type
IV in the GBMs, which were shown as a basket-
weave pattern under TEM. On the other hand, the
three-dimensional morphologies of GBMs in TBMN
specimens under LVSEM were distinctly different
from those in the AS specimens. The GBMs in
TBMN showed thin and sheet-like appearances, un-
like the basket-weave pattern observed in AS. These
morphological differences of the GBMs can likely
be attributed to the genetic differences of collagen
type IV between AS and TBMN. Because of the dif-
ferent genetic defects of collagen type IV in AS and
TBMN, the GBMs consist of different collagen type
IV alpha chains in these disorders, namely al.al.a2
(IV) in AS and a3.04.05 (IV) in TBMN (8). As dif-
ferent constitutions of alpha chains result in differ-
ent alterations of the collagen type IV network in
GBM (7), this may reflect the different three-dimen-
sional structures of GBMs observed in AS and
TBMN. Therefore, the results of the present study
suggest that LVSEM is likely useful for the differ-
ential diagnoses of AS and TBMN.

However, this study had a number of limitations.
Two main issues were that we were unable to assess
the correlation between the LVSEM findings of the
GBMs and the clinical features of the cases, and
that we were unable to evaluate the changes of the
glomerular cellular components. Regarding the for-
mer issue, analyses of the patient age, sex, hematu-
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ria or proteinuria status, and presence of genetic
disorders such as X-linked or autosomal recessive or
autosomal dominant diseases, could not be performed
because of the small sample sizes. Regarding the
latter issue, the podocytes and endothelial cells were
not estimated because they were PAM-negative ele-
ments. Fortunately, we have previously developed
the Pt-blue staining method to reveal the morpho-
logical changes of glomerular cellular components
under LVSEM (10, 16), and we hope that further
studies will be performed in the future to address
these issues.

In conclusion, the present evaluation method of
three-dimensional structural alterations in GBMs by
LVSEM using conventional paraffin sections may
represent a novel approach to the histological diag-
nosis of AS and TBMN, including for retrospective
investigations. If there are no glomeruli present in
the dedicated biopsy sections for immunofluores-
cence and TEM analyses, the LVSEM method using
paraffin sections with sufficient glomeruli could be
essential for the diagnosis of AS and TBMN.
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TAR DNA-binding protein of 43 kDa (TDP-43) is the major component protein of inclusions found in brains of
patients with amyotrophic lateral scierosis (ALS) and frontotemporal lobar degeneration (FTLD-TDP).
However, the molecular mechanisms by which TDP-43 causes neuronal dysfunction and death remain unknown.
Here, we report distinct cytotoxic effects of full-length TDP-43 (FL-TDP) and its C-terminal fragment (CTF) in
SH-SY5Y cells. When FL-TDP was overexpressed in the cells using a lentiviral system, exogenous TDP-43,
like endogenous TDP-43, was expressed mainly in nuclei of cells without any intracellular inclusions.
However, these cells showed striking cell death, caspase activation and growth arrest at G2/M phase, indicating
that even simple overexpression of TDP-43 induces cellular dysfunctions leading to apoptosis. On the other
hand, cells expressing TDP-43 CTF showed cytoplasmic aggregates but without significant cell death, com-
pared with cells expressing FL-TDP. Confocal microscopic analyses revealed that RNA polymerase Il (RNA
pol ll) and several transcription factors, such as specificity protein 1 and cAMP-response-element-binding pro-
tein, were co-localized with the aggregates of TDP-43 CTF, suggesting that sequestration of these factors into
TDP-43 aggregates caused transcriptional dysregulation. Indeed, accumulation of RNA pol Il at TDP-43 inclu-
sions was detected in brains of patients with FTLD-TDP. Furthermore, apoptosis was not observed in affected
neurons of FTLD-TDP brains containing phosphorylated and aggregated TDP-43 pathology. Our results suggest
that different pathways of TDP-43-induced cellular dysfunction may contribute to the degeneration cascades
involved in the onset of ALS and FTLD-TDP.

INTRODUCTION

TAR DNA-binding protein of 43 kDa (TDP-43) has been
identified as a major component protein of the ubiquitinated
inclusions characteristic of amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration with ubiquitin-
positive inclusions (FTLD-U or FTLD-TDP) (1,2). TDP-43 is
a ubiquitously expressed nuclear protein and is implicated in
exon splicing, gene transcription, regulation of mRNA stability
and biosynthesis and formation of nuclear bodies (3—7). Itis a
414-amino acid protein with two highly conserved RNA recog-
nition motifs (RRM1 and RRM?2) and a glycine-rich region

mediating protein—protein interactions at the C-terminus (8—11).
In TDP-43 proteinopathy, pathological TDP-43 is abnormally
phosphorylated, ubiquitinated and N-terminally cleaved to gen-
erate C-terminal fragments (CTFs) (1,12,13).

As autosomal-dominant missense mutations in the TARDBP
gene were identified in patients with ALS or FTLD-TDP, toxic
gain of function of TDP-43 may be related to neuronal degener-
ation. However, in most cases of TDP-43 proteinopathy, no
TARDBP mutations are identified, suggesting that wild-type
TDP-43 itselfis central to the disease cascade. A 2-fold increase
intotal TARDBP mRNA was reported in a 3’-untranslated region
variant carrier (14), which suggests that just an increased level of
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TDP-43 protein (22%) can cause FTLD-TDP. Similarly, overex-
pression of wild-type TDP-43 causes motor neuron degeneration
in yeast, mice and rats (15-17). Moreover, it has recently been
reported that the C-terminal portion of TDP-43 shows sequence
similarity to prion protein (18) and that truncated CTFs of
TDP-43 readily form intracellular aggregates in cultured cells
(19-21), suggesting that not only FL-TDP but also its CTFs con-
tribute to the pathogenesis of TDP-43 proteinopathy. However,
the molecular mechanisms through which FL-TDP or aggre-
gated CTFs cause neuronal dysfunctions leading to cell death
remain unknown. To identify the mechanisms involved, we
examined whether overexpression of FL-TDP or its CTF
induced cell death in human neuroblastoma line SH-SYS5Y
cells. We report here that two different pathways lead to cellular
dysfunctions induced by FL-TDP and by its CTF. We observed
striking apoptotic cell death and cell cycle arrest at the G2/M
phase in cells overexpressing FL-TDP. In cells overexpressing
TDP-43 CTF, RNA polymerase Il (RNA pol IT) and several tran-
scription factors such as specificity protein 1 (Sp1) and cAMP-
response-element-binding protein (CREB) were co-localized
with cytoplasmic aggregates of TDP-43 CTF and their transcrip-
tional activities were decreased, although apoptotic cell death
was not significant. These results suggest that recruitment of
these factors may cause transcriptional dysregulation, thereby
leading to cellular dysfunctions. Dysregulation of FL-TDP ex-
pression and/or cytoplasmic accumulation of TDP-43 CTF
may contribute to the pathogenesis of ALS and FTLD-TDP.

RESULTS

Overexpression of FL-TDP or its CTF causes cellular
dysfunctions in SH-SY5Y cells

Gitcho et al. (14) reported a 2-fold increase in total expression of
TARDBP in a 3'-untranslated region variant carrier of FTLD-
TDP, and mice or yeasts overexpressing human TDP-43 develop
various abnormalities, including cytotoxicity, neuronal loss and
motor deficits (15,17). These findings suggest that overexpression
of TDP-43 can cause neuronal degeneration in vivo. However, no
striking cell death was detected in cultured SH-SY5Y cells transi-
ently expressing a plasmid encoding FL-TDP (20,22). Therefore,
to examine whether more substantial and stable expression of
TDP-43 is required for induction of its cytotoxic effect in cultured
cells, we used a lentiviral system for expression of TDP-43. We
prepared SH-SY5Y cells stably expressing FL-TDP (FL-TDP), a
deletion mutant of the nuclear localization signal [ANLS-TDP;
7884 residues (23)] and CTF of TDP-43 [C-TDP; 162-414 resi-
dues (20)], by using a lentiviral expression system (Fig. 1A). At3
days after infection, transfected cells were subjected to immuno-
histochemical and biochemical analyses. Confocal microscopic
analyses (Fig. 1B) showed that FL-TDP was expressed mainly in
nuclei, but was not phosphorylated or aggregated. ANLS-TDP
was expressed mainly in cytoplasm, without phosphorylation or
aggregation. In cells expressing C-TDP, phosphorylated and
aggregated C-TDP was detected with phospho-TDP-43 specific
antibody, anti-pS409/410 (Fig. 1B). Immunoblot analyses of trans-
fected cell lysates also revealed that FL-TDP and ANLS-TDP were
recovered mainly in Triton X-100 (TX)-sup fraction without phos-
phorylation, while C-TDP was phosphorylated and aggregated in
TX-ppt fraction, as shown in Figure 1C.

We examined the cytotoxic effects of these TDP-43 constructs
in SH-SYSY cells. At4 days after lentiviral infection, the viabil-
ity of cells transfected with FL-TDP was strongly suppressed and
striking cell death was observed (Fig. 2A~C), suggesting that
expression of FL-TDP is highly cytotoxic for SH-SY5Y cells.
As shown in Figure 2D, poly(ADP-ribose) polymerase
(PARP), a well-known substrate for activated caspase-3, was
cleavedin cells expressing FL-TDP. This result clearly indicates
that expression of FL-TDP induces apoptotic cell death. On the
other hand, expression of ANLS-TDP or C-TDP did not influ-
ence the viability at 4-7 days (Fig. 2B). We also found that ex-
pression of the N-terminal fragment of TDP-43 (N-TDP: 1~161
residues) has no cytotoxic effect (Supplementary Material,
Fig. S1). In cells expressing C-TDP, however, the number of
living cells was significantly less than that in mock cells or
cells expressing ANLS-TDP at 7 days (Fig. 2C). These results
suggest that expression of not only FL-TDP but also CTF of
TDP-43 causes cellular dysfunctions in SH-SY5Y cells, and
may indicate that expression of FL-TDP without aggregate for-
mation and expression of CTF with inclusions induce cellular
damage through distinct mechanisms.

Different modes by which FL-TDP and its CTF induce
cellular dysfunctions

To examine this possibility, we performed BrdU incorporation
assay in cells expressing green fluorescent protein (GFP)-tagged
FL-TDP (GFP-FL-TDP) or CTF (GFP-C-TDP) (Fig. 3A). Since
stable expression of TDP-43 using the lentiviral system often
resulted in severe damage to SH-SYSY cells, we mainly used
cells transiently expressing TDP-43 plasmids in subsequent
work. SH-SY5Y cells were transfected with a plasmid encoding
GFP-FL-TDP or GFP-C-TDP for 3 days, then treated with BrdU.
After 10 h incubation, the cells were fixed and stained with anti-
BrdU antibody and observed with a confocal microscope. As
shown in Figure 3B and C, incorporation of BrdU in cells expres-
sing GFP-FL-TDP was significantly decreased when compared
with that in cells expressing the empty vector (pEGFP), indicat-
ing that DNA synthesis and cell growth were suppressed by over-
expression of GFP-FL-TDP. We also found that cells with
diffuse expression of GFP-C-TDP were stained with anti-BrdU
antibody, while cells including GFP-C-TDP aggregates were not
(Fig. 3B, right). Quantitative analysis showed that BrdU incorp-
oration was almost wholly suppressed in cells with GFP-C-TDP
inclusions (Fig. 3C). These results indicate that suppression of
cell growth owing to formation of GFP-C-TDP inclusions is
more marked than that owing to expression of GFP-FL-TDP or
GFP-C-TDP without inclusions.

Next, we analyzed the cell cycle by measuring the DNA
content of propidium iodide (PI)-stained cells. SH-SY5Y cells
were transfected with GFP-FL-TDP or GFP-C-TDP. Three
days after transfection, cells were stained with PI and analyzed
using a flow cytometer. As shown in Figure 4A and B, cells trans-
fected with GFP-FL-TDP were extensively accumulated in the
G2/M and subG1 phases when compared with those transfected
with empty vector (pEGFP) or GFP-C-TDP. Itis well known that
apoptotic cells are accumulated in the subG1 phase, and an in-
crease of cells in the G2/M phase reflects growth arrest,
leading to apoptosis. This result shows that overexpression of
GFP-FL-TDP induces apoptosis, which is consistent with the



