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An important consequence of protein misfolding related to
neurodegenerative diseases, including amyotrophic lateral scle-
rosis (ALS), is the formation of proteinaceous inclusions or
aggregates within the central nervous system. We have previ-
ously shown that several familial ALS-linked copper-zinc super-
oxide dismutase (SOD1) mutants (A4V, G85R, and G93A) inter-
act and co-localize with the dynein-dynactin complex in
cultured cells and affected tissues of ALS mice. In this study, we
report that the interaction between mutant SOD1 and the
dynein motor plays a critical role in the formation of large inclu-
sions containing mutant SOD1. Disruption of the motor by
overexpression of the p50 subunit of dynactin in neuronal and
non-neuronal cell cultures abolished the association between
aggregation-prone SOD1 mutants and the dynein-dynactin
complex. The p50 overexpression also prevented mutant SOD1
inclusion formation and improved the survival of cells express-
ing A4V SOD1. Furthermore, we observed that two ALS-linked
SOD1 mutants, H46R and H48Q, which showed a lower propen-
sity to interact with the dynein motor, also produced less aggre-
gation and fewer large inclusions. Overall, these data suggest
that formation of large inclusions depends upon association of
the abnormal SOD1s with the dynein motor. Whether the mis-
folded SOD1s directly perturb axonal transport or impair other
functional properties of the dynein motor, this interaction could
propagate a toxic effect that ultimately causes motor neuron
death in ALS.

Amyotrophic lateral sclerosis (ALS) is a progressive and
fatal neurodegenerative disease primarily affecting motor neu-
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rons in the spinal cord and brainstem. Approximately 10% of
ALS cases are inherited, and of these ~20% are caused by muta-
tions in the Cu,Zn-superoxide dismutase 1 (SODI) gene (1, 2).
To date, more than 100 mutations scattered throughout the
SOD1 protein have been identified (3). Many SOD1 mutants
retain nearly normal enzymatic activity, and SOD1 knock-out
mice do not develop ALS (4, 5). Therefore, it is believed that
mutant SOD1s acquire a toxic “gain-of-function” property.

We recently identified dynein as a component of soluble
SOD1-containing high molecular weight (HMW) complexes
(6), which have been implicated in neuronal toxicity and may be
precursors to SOD1 inclusions (7-9). Moreover, co-immuno-
precipitation using tissue lysates from transgenic rodents
expressing wild-type (WT), G93A, or G85R SOD1, showed that
mutant SOD1 interacted with the dynein-dynactin complex to
amuch greater extent than did WT SOD1. The association was
detected in the pre-symptomatic G93A mice (60 days), and the
amount of mutant SOD1 interacting with the dynein complex
increased over the disease progression (6).

Dynein-mediated microtubule-dependent retrograde trans-
port has been shown to be important for sequestration of mis-
folded proteins into large inclusions called aggresomes (10, 11).
We hypothesized that the interaction between the dynein
motor and mutant SOD1 could play a role in the aggregation
and formation of inclusions containing mutant SOD1. Several
different types of inclusions occur in the spinal cords of both
sporadic and familial ALS patients, including axonal spheroids,
Bunina bodies, skein-like inclusions, and Lewy body-like hya-
line inclusions (LBHI) (12-17). Similar visible aggregates, pre-
dominantly LBHI, have also been observed in mutant SOD1
transgenic mice (18 -23). These inclusions can be observed in
both neurons and astrocytes and often exhibit positive immu-
nostaining for SOD1 (18-23). Whether SOD1-containing
inclusions directly contribute to motor neuron injury in ALS
has not been established. Several mechanisms by which aggre-
gated SOD1 could be toxic include: (i) sequestration or deple-
tion of other essential proteins via co-aggregation with mis-
folded SOD1, (ii) overload of protein degradative capacity by

buffered saline; GST, glutathione S-transferase; WT, wild type; ER, endo-
plasmic reticulum; HMW, high molecular weight; MTOC, microtubule orga-
nization center; Pl, propidium iodide; DIC, dynein intermediate chain; DSG,
disuccinimidyl glutarate.
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excessive misfolded proteins, or (iii) functional disruption of
organelles such as mitochondria by aggregates (7, 8, 19, 24 —29).

One objective of this study was to test whether dynein-me-
diated retrograde transport could contribute to mutant SOD1
inclusion formation. We observed that disruption of the
dynein-dynactin machinery by overexpression of the dynactin
subunit p50 suppressed the interaction between mutant SOD1
and the dynein complex, reduced inclusion formation of SOD1
mutants, and had a beneficial effect on cell survival. While most
SOD1 mutants cause rapid progression of ALS symptoms, a
minority of mutants, including the H46R variant, show unusu-
ally slow disease progression with a typical survival time longer
than 10 years after diagnosis (30—36). A second objective,
therefore, was to ask whether the extent of mutant SOD1 inter-
action with dynein correlates with cellular survival or ALS dis-
ease progression. In contrast to aggregation-prone mutants
such as A4V and G93A, two other SOD1 mutants (H46R and
H48Q) did not significantly interact with dynein nor did they
readily form HMW complexes or inclusions in our experimen-
tal system. We suggest that the mutant SOD1-dynein interac-
tion may contribute to mutant SOD1-induced toxicity and
could influence the rate of disease progression in ALS.

MATERIALS AND METHODS

Plasmids, Cell Culture, and Transfection—H46R and H48Q
SODI1 constructs tagged with GFP or FLAG were constructed
in the same manner as the previously reported GFP-tagged and
FLAG-tagged WT, A4V, G85R, and G93A constructs (9). The
untagged SOD1 (9), DsRed-tagged p62 (DsRed-p62) and GST-
tagged dynein intermediate chain (GST-DIC) constructs have
also been previously reported (6, 37). NSC34 and HEK293 cells
were cultured at 37 °C under 5% CO,-95% air in Dulbecco’s
modified Eagle’s medium (Invitrogen) containing 10% fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 ug/ml
streptomycin. 80% confluent cells were transfected with the
indicated plasmids using Lipofectamine (Invitrogen) following
the manufacturer’s instructions. Cells were analyzed 24 or 48 h
after transfection as indicated.

Immunofluorescence Microscopy—For immunofluorescence
staining, cells were grown and transfected on cover slips. Cells
were washed with PBS 24 or 48 h after transfection, fixed in 4%
paraformaldehyde in 0.1 M PBS for 30 min, and blocked in 10%
heat-inactivated FBS in 0.1 m PBS with 0.1% Triton X-100
(PBST) for 30 min. Slides were then incubated with primary
antibodies diluted in 2% FBS-PBST overnight at room temper-
ature. The y-tubulin (T6557, Sigma), Rab5b (sc-598, Santa
Cruz Biotechnology), and protein-disulfide isomerase (PDI,
SP-890, Stressgen) were used at 1:500, 1:100, and 1:200 respec-
tively. Following primary antibody incubation, sections were
washed with PBST and incubated with 4',6-diamidino-2-phen-
ylindole dihydrochoride (DAPI, Sigma) at 1:7,500 and Alexa
Fluor 594 anti-mouse or Alexa Flour 594 anti-rabbit (Molecular
Probes) at 1:300 dilution in 10% FBS-PBST at room tempera-
ture for 1 h. Sections were then washed with PBST, and then
mounted using Vectashield mounting medium. Fluorescence
microscopy was carried out using a Leica DM IRBE laser scan-
ning confocal microscope with a X100 objective. For analysis of
microtubule organization center (MTOC) co-localization of
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inclusions, ~100 cells with inclusions were counted for each
mutant per experiment and data presented are summarized
from three independent experiments.

Quantification of Inclusion Formation—HEK293 or NSC34
cells transfected with different SOD1-GFP constructs were
visualized by fluorescence microscopy using a Zeiss Axiovert
100 epifluorescent microscope. Images of cells transfected with
different SOD1 constructs were taken under the identical
microscope and camera settings. To quantify the number of
transfected cells with inclusions, the total number of trans-
fected cells and the number of cells with inclusions were
counted in 10 random view fields for each SOD1 construct in
three independent experiments. Each view field contained
~50-150 transfected cells. For SOD1 and p62 co-aggregation
quantification, the number of transfected cells with DsRed-
positive, GFP-positive, and double-positive inclusions were
counted in 10 random view fields in three independent
experiments.

Dynein GST Pulldown Assays—GST pulldowns were per-
formed as previously described (6). Briefly, HEK293 cells trans-
fected with SOD1-FLAG and GST-DIC constructs were har-
vested and lysed in radioimmune precipitation assay (RIPA)
buffer. Cell lysates were cleared by centrifugation at 1,000 X g
for 10 min, and the protein concentration was determined by
Bradford assay. Detergent-soluble lysates (1,000 wg) were incu-
bated with 30 ul of a 50% slurry of glutathione-Sepharose 4B
(Amersham Biosciences) in a total volume of 1 ml for 3 hat4 °C
with end-over-end rotation. The glutathione beads were then
collected in a microcentrifuge at 500 X g for 5 min at 4 °C, and
the supernatant was saved for later analysis. The pelleted glu-
tathione beads were then washed three times with ice-cold
RIPA buffer. The bound proteins were then released by boiling
in 2X SDS sample loading buffer for 5 min and subjected to 12%
SDS-PAGE followed by Western blotting.

Subcellular Fractionation—Cells were harvested 48 h after
transfection and lysed in radioimmune precipitation assay
buffer (50 mm Tris, pH 7.4, 1% Nonidet P-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mm EDTA) supplemented with 1
mM phenylmethylsulfonyl fluoride and protease inhibitor mix-
ture (P8340, Sigma). After centrifugation at 1,000 X g for 10
min, the cleared lysates were centrifuged at 25,000 X g for 50
min to obtain the supernatant and pellet fractions. The protein
concentration of the supernatant fraction was determined
using Bradford assay (Bio-Rad), and 30 ug was loaded onto
SDS-PAGE. The pellet fraction was re-suspended in 2X SDS-
PAGE loading buffer and directly loaded onto SDS-PAGE fol-
lowed by Western blotting.

Chemical Cross-linking—The chemical cross-linking was
performed as previously published (6). Briefly, NSC34 cells
were harvested 48 h after being transfected with 1 pug of SOD1-
FLAG. Cell were homogenized in 300 ul of 1 X PBS containing
1 mm dithiothreitol and 500X diluted protease inhibitor mix-
ture (P8340, Sigma) on ice using a Dounce homogenizer. After
1,000 X g centrifugation for 10 min at 4 °C, the supernatants
(protein concentration adjusted to 2 ug/ul with lysis buffer)
was incubated with disuccinimidyl glutarate (DSG, Pierce, 1
mM final concentration) for 1 h at room temperature. The reac-
tion was stopped by adding Tris (pH 7.5, 50 mm final concen-
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tration). The reaction mixtures were boiled with 6X SDS-
PAGE loading buffer, resolved by 10% SDS-PAGE followed by
Western blotting.

Western Blotting—For Western blotting analysis, proteins in
SDS-PAGE gels were transferred onto nitrocellulose mem-
branes and blocked in 5% milk in TBST (100 mm Tris-buffered
saline, pH 7.5, 0.1% Tween-20) for 1 h at room temperature.
After primary antibody incubation, membranes were washed
3X with TBST and incubated with the indicated secondary
antibodies in 5% milk in TBST for 1 h at room temperature.
Membranes were washed 3X with TBST, and the protein of
interest was visualized using SuperSignal West Pico Enhanced
Chemiluminescent Substrate (ECL) kit (Pierce). Antibodies
used were, anti-GFP (sc-8334, Santa Cruz Biotechnology), anti-
FLAG (F-3165, Sigma), anti-GST (sc-459, Santa Cruz Biotech-
nology), anti-SOD1 (sc-11407, Santa Cruz Biotechnology).
Intensities of Western blotting bands were quantified using the
Kodak 1D software (version 3.6.1).

Propidium Iodide Staining—To visualize dead and dying
cells, cells were stained with 12.5 ug/ml propidium iodide (PI)
in the cell culture media before the number of PI-positive trans-
fected cells was counted. Ten random view fields for each trans-
fection in three independent experiments were performed.

RESULTS

Mutant SODI1 Inclusions Resembled Aggresomes—We
reported that the ALS-linked SOD1 mutants A4V, G85R, and
G93A interact with the dynein-dynactin complex in cellular
and animal models of ALS, while little or no association was
observed between WT SOD1 and dynein (6). Dynein-mediated
microtubule-dependent transport sequesters misfolded pro-
teins into large inclusions called aggresomes, which can be rec-
ognized by their large spherical morphology and close proxim-
ity to the microtubule organization center (MTOC) (10, 11, 38,
39). We hypothesized that the interaction between mutant
SOD1 and the dynein motor may contribute to the formation of
SOD1-containing aggresomes. We therefore initially tested
whether the distribution of SOD1 inclusions resembled aggre-
somes as judged by co-localization of GFP-tagged WT or
mutant SOD1 and the MTOC marker y-tubulin in NSC34 (a
mouse motor neuron-like cell line) and HEK293 cells. GFP-
tagging of SOD1 was previously shown not to interfere with
SOD1 enzymatic activity (9). Fig. 1A shows representative con-
focal images of GFP-tagged SOD1 and immunostaining of y-tu-
bulin. WT SOD1 was mainly distributed uniformly within the
cytosol while mutant SOD1 formed large inclusions that co-
localized with y-tubulin. Fig. 1B shows the quantitative results
of three independent experiments in each of which ~100 inclu-
sion-containing cells were counted. Approximately 80% of the
cells with inclusions contained one large visible protein inclu-
sion that was co-localized with MTOC. In addition, ~10-15%
of the inclusion-forming cells displayed multiple protein inclu-
sions, of which one was co-localized with the MTOC.

Possible co-localization of mutant SOD1 inclusions with
other organelles such as the endoplasmic reticulum (ER) and
endosomes was examined similarly by immunofluorescence
and confocal microscopy. No consistent co-localization of
inclusions with the ER marker PDI or endosomal marker Rab5B
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FIGURE 1. Mutant SOD1 inclusions resemble aggresomes. A, 48 h after
transfection with SOD1-GFP, HEK293 cells were immunostained for y-tubulin,
a MTOC marker, and analyzed by confocal microscopy. Cells expressing
mutant SOD1 developed large inclusions close or around the MTOC. Scale
bars are 10 wm. B, quantitative analysis of co-localization of mutant SOD1
inclusions and MTOC. Approximately 100 cells with inclusions were counted
for each mutant per experiment, and data from three independent experi-
ments arepresented.
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was observed (supplemental Fig. S1). Collectively, these data
indicated that the majority of mutant SOD1 formed large inclu-
sions near MTOC in these cultured cells, suggesting a similarity
to aggresomes.

Disruption of Dynein-Dynactin by Overexpression of pS0
(Dynamitin) Suppressed the Interaction between Mutant SOD1
and Dynein—The dynactin complex is essential for most
dynein functions in vivo; it increases dynein processivity as well
as serves as an adaptor between dynein and various cargos (40).
Under physiological conditions, dynactin comprises multiple
subunits that form a distinct structure: a cargo binding Arpl
filament base and a projecting sidearm linked to the base by a
shoulder domain (Fig. 24, left panel). The projecting sidearm of
dynactin is formed by two dimeric p150%™*°? subunits and is
involved in the interaction with both dynein (via DIC) and
microtubules. A tetramer of the p50 (also called dynamitin)
subunit forms the shoulder of dynactin that links the sidearm to
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FIGURE 2. Disruption of the dynein-dynactin complex by p50 overexpression blocks the mutant
SOD1-dynein interaction. A, schematic drawing of the dynein-dynactin complex under normal and
p50 overexpression conditions. Dynein consists of several subunits including two DHC and two DIC.
Dynactin also comprises multiple subunits including eight Arp1, four p50, and two p150%'“d, Overex-
pressed exogenous p50 has been reported to dissociate the cargo binding region from the remaining
dynactin complex (42). B, GST pulldowns were performed from HEK293 cells transfected with SOD1-
FLAG (WT or A4V), GST-DIC and p50-myc or vector control. Western blotting showed that co-precipita-
tion of A4V mutant SOD1 with DIC-GST was abolished in the presence of p50-Myc overexpression.
WT-FLAG did not interact with DIC-GST either in the presence or absence of p50-myc overexpression.
DHC and p150°"<? were co-precipitated with DIC under all conditions. Overexpression of p50-myc
increased the amount of p50 co-precipitated with DIC. C, quantitative analysis from three independent
experiments showed an approximately eight times reduction in the amount of A4V SOD1 co-precipi-
tated with DIC in the presence of p50-myc. The band intensity of co-precipitated SOD1 was normalized
against that of DIC precipitated. *, p < 0.02.

influence the interaction between mutant
SOD1 and dynein. HEK293 cells were co-
transfected with WT or mutant FLAG-
tagged SOD1, GST-DIC or vector control,
and p50-myc or vector control. Forty-
eight hours after transfection, cell lysates
were prepared and subjected to GST pull-
downs as previously described (6). As
shown in Fig. 2B, the A4V mutant, but not
WT SODI, co-precipitated with DIC in
the absence of p50 overexpression, con-
sistent with our previous results. When
p50 was overexpressed, however, the
amount of A4V mutant co-precipitated by
DIC significantly decreased (Fig. 2C). In
contrast, dynein heavy chain (DHC) co-
precipitated with DIC in all samples, sug-
gesting that the dynein components
remained largely intact even during p50
overexpression. Similarly, the p1505™ed
dynactin subunit, which also binds to DIC,
co-precipitated in all samples. An
increased association of the p50 dynactin
subunit was observed when p50 was over-
expressed, consistent with previous
reports that exogenous p50 binds to and
dissociates the Arpl cargo binding base
from dynactin (40, 42). These results sug-
gested that mutant SOD1 likely interacted
with dynein via the dynactin subunits that
can be dissociated from dynein by p50
overexpression, which is more character-
istic of other dynein motor cargos (40).
Disrupting the Interaction between
Mutant SOD1 and Dynein Reduced For-
mation of Large Mutant SOD1 Inclusions
—We next tested whether disruption of
mutant SOD1-dynein interaction by p50
overexpression influenced the formation
of mutant SOD1 inclusions. The percent-
age of cells containing mutant SOD1
inclusions in the absence and presence of
P50 overexpression was determined, and
the results are shown in Fig. 3. Overex-
pression of the p50 dynactin subunit pre-
vented the formation of large A4V, G85R,
and G93A inclusions in a dose-dependent
manner in both HEK293 (Fig. 34) and
NSC34 (Fig. 3C) cells. The expression lev-
els of the SOD1-GFPs were unchanged in

the filament base. Overexpression of p50 competitively disso-
ciates the p1509'“°? sidearm from the Arpl filament base,
thereby dissociating the cargo from dynein (Fig. 24, right panel)
and inhibiting dynein-mediated retrograde transport
(10, 38-42).

Because the ALS-linked SOD1 mutants were shown to asso-
ciate with the dynein complex (6), we tested whether inhibition
of the dynein-dynactin complex by p50 overexpression would
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the absence and presence of p50 overexpression (Fig. 3, B
and D). Consistent with fewer inclusions, cell fractionation
experiments also revealed decreased levels of A4V and G85R
in the insoluble pellet fraction when p50 was overexpressed
(Fig. 3E). The results in Figs. 2 and 3 suggest that an interac-
tion with and transport by the dynein-dynactin motor appa-
ratus contributes to the formation of SODI1-containing
inclusions.
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FIGURE 3. Overexpression of p50 prevents inclusion formation by mutant SOD1. A, HEK293 cells were
transfected with 0.5 ug of various SOD1-GFP constructs and different amounts of p50-myc plasmid. The total
amount of plasmid transfected in each well was kept constant at 1 ug by adding empty vector control for
p50-myc. The percentage of transfected cells with inclusions was measured 48 h after transfection. B, Western
blotting of protein extracts prepared from cells in A after counting, showing similar levels of SOD1 and
increased levels of p50 with increased amounts of transfected p50 plasmid. C, inclusion analysis in NSC34 cells.
Experiments were carried out in the same manner asin A, except NSC34 cells were used. D, Western blotting of
protein extracts prepared from NSC34 cells in the same manner as in C. E, amount of SOD1 in the whole extract,
supernatant, and detergent-resistant pellet fractions in the presence and absence of p50 overexpression. The
amounts of mutant A4V and G85R in the pellet fraction was reduced when p50 was overexpressed. WT SOD1
was not or very weakly detected in the pellet fraction under both conditions. Data presented in A and C were
obtained from three independent experiments. *, p < 0.04; **, p < 0.004; and ***, p < 0.0004.

H46R and H48Q SOD1 Mutants Interacted with the Dynein-
Dynactin Complex with Low Affinity—Given that interaction of
inclusion-forming SOD1 mutants such as A4V with the dynein
motor may be important for aggregation, we next hypothesized
that SOD1 mutants which are less prone to form HMW com-
plexes or inclusions will interact less efficiently with dynein-
dynactin. We used the previously reported chemical cross-link-
ing assay (9) to identify ALS-linked SOD1 mutants with
decreased tendency to form HMW complexes. We transfected
NSC34 cells with various FLAG-tagged SOD1 mutants, har-
vested cells 48 h after transfection, and incubated the fresh
lysates with an amino-reactive bi-functional cross-linker, di-
succinimidyl glutarate (DSG). The reaction proceeded at room
temperature for 1 h before being quenched by excess Tris. The
reaction mixtures were analyzed by SDS-PAGE and Western
blotting using an anti-FLAG antibody. Only a single band cor-
responding to monomeric SOD1 was observed in the absence
of cross-linker for both WT and mutant SOD1s (Fig. 4). In the
presence of DSG, species corresponding to both monomeric
and dimeric SOD1 were detected, indicating that SOD1 sub-
units could be covalently cross-linked to stabilize the dimeric
state. Moreover, DSG-treated mutants A4V, G85R, G93A,
G37R, and L126TTA formed HMW complexes (Fig. 4), as did
several other mutants (I113T, E100G, and L144F, data not
shown). In contrast, mutants H46R and H48Q behaved like WT
SOD1 and did not form an appreciable fraction of HM'W com-
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sis. As shown in Fig. 5, mutants
A4V, G85R and G93A all co-precip-
itated with DIC-GST, which is con-
sistent with our previous studies (6).
In contrast, H46R and H48Q
behaved similar to WT SOD1 and
showed no or little co-precipitation
with the dynein complex (Fig. 5). As
a control, neither WT SOD1 nor
any of the mutants were pulled down when GST in the absence
of DIC was co-expressed with each SOD1 construct (A4V co-
expressed with GST alone was shown at the right lane in Fig. 5,
data not shown for other mutants), indicating that DIC is
required for the interaction with mutant SOD1 under these
conditions.

H46R and H48Q Did Not Form Inclusions in Transfected
Cells—Because H46R and H48Q SOD1 mutants largely did not
interact with the dynein complex, we investigated whether and
to what extent H46R and H48Q SOD1 mutants might form
insoluble inclusions in live cells. NSC34 or HEK293 cells were
transfected with various SOD1-GFP fusion constructs, and the
percentage of transfected cells (GFP-positive) with inclusions
(indicated by arrows in Fig. 6A) was determined after 48 h. As
seen in Fig. 6B, A4V mutant SOD1 showed strong inclusion
formation in 13.3 £ 3.2% of the transfected HEK293 cells (p <
0.0003). Similarly, G85R and G93A mutants also showed signif-
icantly increased formation of inclusions compared with WT
SOD1. G85R and G93A formed inclusions in 7.6 * 2.4% and
4.6 = 1.5% of the transfected cells (p < 0.0003), respectively.
However, under the same conditions neither H46R nor H48Q
showed an increased inclusion formation compared with WT
SOD1. Consistent with this, cell lysate fractionation experi-
ments using GFP-tagged (Fig. 6C) or untagged mutant SOD1
(Fig. 6D) revealed no or little H46R or H48Q in the detergent-
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FIGURE 4. H46R and H48Q form none or few HMW complexes compared
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resistant pellet fractions. In contrast, A4V, G85R and G93A
were clearly detectable in the pellet fractions independent of
whether GFP-tagged or untagged SODI1 was used in the
experiment.

Parallel experiments were performed using NSC34 cells to
assess pulldown with GST-DIC and inclusion formation.
Although the absolute percentage of NSC34 cells with inclu-
sions was less compared with HEK293 cells, the relative inclu-
sion formation capabilities of the various mutants were similar
in NSC34 cells. As shown in Fig. 6E, A4V, G85R, and G93A all
formed more inclusions than WT SOD1 (p < 0.003), whereas
H46R and H48Q did not. Furthermore, fractionation experi-
ments using NSC34 cells again revealed an increased presence
of A4V, G85R, and G93A, but not WT, H46R, or H48Q in the
insoluble pellet fraction (Fig. 6F).

We have recently shown that the p62 protein (also named
Sequestosome 1) accumulates and co-localizes with SOD1 in
spinal cord inclusions in G93A transgenic mice and that over-
expression of p62 increases the formation of large aggregates by
A4V and G93A SODI1 mutants in cultured cells (37). We thus
tested whether overexpression of p62 could induce formation
of large inclusions of H46R or H48Q mutants. We transfected
HEK293 or NSC34 cells with DsRed-p62 and H46R-GFP or
H48Q-GFP as previously described. As shown in Fig. 6G, p62
overexpression further increased the formation of large inclu-
sions by A4V (p < 0.05), G93A (p < 0.05), and G85R (p < 0.01)
mutants. In contrast, H46R or H48Q behaved like WT and
rarely formed inclusions even with elevated p62 levels. These
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FIGURE 5. H46R and H48Q show little affinity for dynein. GST pulldowns
were performed from HEK293 cells transfected with GST-DIC and various
FLAG-tagged SOD1 constructs. Western blotting for GST and FLAG revealed
that WT, H46R, or H48Q SOD1 was not or to very little extent co-precipitated
by DIC-GST. However, the inclusion-forming mutants A4V, G85R, and G93A
were all readily pulled down together with DIC-GST. Empty GST vector and
A4V SOD1 were co-transfected as negative controls showing no co-precipi-
tation of empty GST and A4V SOD1.

data indicate that H46R and H48Q mutants, which do not
interact strongly with the dynein-dynactin complex, do not
form inclusions under the conditions where other dynein-in-
teracting SOD1 mutants form obvious inclusions. Overall, the
correlation between the mutant SOD1-dynein interaction and
the ability to form inclusions suggests that the interaction is
likely to play an important role in the formation of mutant
SOD1 inclusions.

Disruption of the Interaction of Mutant SODI1 with Dynein-
affected Cell Viability—Whether or how aggregates containing
mutant SOD1 might be toxic to motor neurons has not been
established. If aggregation or inclusion formation contributes
mechanistically to the pathophysiology, mutants with lower
aggregation potential like H46R might be expected to be less
toxic than mutants like A4V. The long survival of familial ALS
patients carrying H46R mutant SOD1 has been reported (30—
36). In Fig. 7, we disrupted the interaction of A4V SOD1 with
the dynein motor by co-expressing p50 in HEK293 cells and
correlated this to changes in viability and inclusion formation.
HEK293 cells were used because a higher percentage of
HEK293 cells contained mutant SOD1 inclusions compared
with NSC34 cells. Even so, only the highest inclusion-forming
mutant A4V showed a statistically significant increase in the
total number of PI-positive cells (black plus gray) compared
with WT SOD1 (p < 0.05) 48 h after transfection (Fig. 7). More-
over, analysis of the inclusion burden of the PI-positive cells
revealed that, compared with WT SOD1-expressing cells, a
majority of the cells making up the increased number of A4V-
expressing PI-positive cells also contained inclusions (compare
gray bars 1 and 3, p < 0.03). In the presence of p50 overexpres-
sion, a decrease in the total number of PI-positive cells (com-
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A4V, G85R, and G93A mutant SOD1s. HEK293 cells were transfected with SOD1-GFP plasmids and photographed 48 h later using a Nikon Eclipse epi-
fluorescence microscope with identical settings for WT and mutant SOD1s. B, quantification of mutant SOD1 inclusion formation in HEK293 cells. A4V, G85R,
and G93A showed a statistically significant increase in inclusion formation versus WT SOD1, whereas H46R and H48Q behaved like WT. **, p < 0.0003.
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H46R and H48Q remained soluble, similar to WT SOD1. D, fractionation of HEK293 cell lysate 48 h after cells were transfected with untagged SOD1. Increased
levels of untagged A4V, G85R, and G93A were observed in pellet fractions compared with WT, H46R, and H48Q. E, quantification of mutant SOD1 inclusion
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*, p < 0.003. F, fractionation of NSC34 cell lysate as described in C showing increased amounts of A4V, G85R, and G93A in the insoluble pellet fraction.
G, quantification of mutant SOD1 inclusion formation in the presence and absence of p62 overexpression. HEK293 cells were transfected with various
SOD1-GFP constructs and DsRed-p62 or the vector control. The percentage of transfected cells with inclusions were measured 24 h after transfection.
Inclusions formed by H46R or H48Q remained unchanged even with p62 overexpression, whereas inclusions by A4V, G85R, and G93A increased in the presence
of p62 overexpression. ¥, p < 0.05 and **, p < 0.01. Quantitative data in B, £, and G were obtained from three independent experiments.

pare total bars 3 and 4, p < 0.05) and a decrease in the number
of PI-positive inclusion-containing cells (compare gray bars 3
and 4, p < 0.03) were both detected. The results suggest that
suppression of mutant SOD1-dynein interaction, decreased
inclusion formation, and improved cell survival could be corre-
lated at least in the cell culture system.

DISCUSSION

In this study, we show that disruption of the dynein-dynactin
complex by overexpressing the p50 dynactin subunit signifi-
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cantly decreased the interaction between dynein and the ALS-
linked SOD1 mutants A4V, G85R, and G93A (Fig. 2). More-
over, p50 overexpression also decreased the inclusion
formation of these mutants in cultured cells in a dose-depend-
ent manner (Fig. 3). In addition, using cross-linking, cell frac-
tionation, microscopic and pulldown strategies, we identified
two specific SOD1 mutants, H46R and H48Q, which showed a
significantly lower affinity for interacting with dynein even
without p50 overexpression (Fig. 5). We further demonstrated
that these two mutants, in contrast to the aggregation-prone

JOURNAL OF BIOLOGICAL CHEMISTRY 22801



Retrograde Transport Facilitates Mutant SOD1 Aggregation

A

SOD Pl Overlay

WT

A4V

Dp{ *
B Op<** o+mp< *
3 |—|
O+Ep<=x*
| |
2,5

O With inclusion

3%

W Without inclusion

Percent of transfected cells
5

o
w

ol O

p50 - + N +

WT A4V

FIGURE 7. Disruption of the interaction of mutant SOD1 with dynein
affects cell viability. Cell viability in the absence and presence of p50 over-
expression was determined by the percentage of Pl-positive transfected cells.
A, representative images show Pl-positive HEK293 cells expressing WT or A4V
SOD1 in the absence of p50 overexpression. B, quantification of cell viability
obtained from three independent experiments. The black bars are the per-
centage of Pl-positive cells without inclusions, and the gray bars are the per-
centage of Pl-positive inclusion-containing cells. Standard deviations shown
are for the total number of Pl-positive cells. ¥, p < 0.05 and **, p < 0.03.

mutants, showed minimal tendency to form SODI1 containing
HMW complexes and large inclusions (Figs. 4 and 6). These
data suggest that the aggregation-prone SOD1 mutants interact
with the dynein complex with high affinity and are sequestered
by the dynein-mediated transport machinery to form large
inclusions. However, the specific form(s) of mutant SOD1 that
interact with dynein, whether misfolded monomeric forms or
oligomeric intermediates or small aggregates of misfolded
mutant SOD1, remain unclear. It is likely that the mutations in
SOD1 cause substantial misfolding that can subsequently
induce oligomerization of mutant SOD1 after which the dynein
complex could facilitate the sequestering of oligomers/mini-
aggregates into larger inclusions (Fig. 8).

The reduced inclusion formation of H46R and H48Q
observed in this study is in agreement with the pathological
observations that the ALS patients harboring these mutations
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fail to show SOD1-positive inclusions (30-36). Another study
also showed significantly less H46R and H48Q) in the detergent-
insoluble fraction compared with other mutants such as A4V
and G93A in cultured cells (43). The same study also showed
that no large SOD1 positive inclusions could be identified in
H46R-H48Q double or H46R-H48Q-H63G-H120H SOD1
quadruple mutant mice using immunohistological techniques.
However, smaller insoluble forms of SOD1 could be detected in
these mice using a filtration assay (8, 43). Large SOD1-positive
inclusions have been observed in end-stage H46R SOD1 trans-
genic rats (44). Compared with the expression levels of mutant
SOD1 in our cell culture system and in ALS patients, the trans-
genic rats with the paralytic phenotype had ~25 copies of the
human H46R mutant SOD1 transgene and expressed H46R ata
level that was estimated to be six times of the endogenous rat
SOD1. It is possible that the extremely high expression levels of
H46R in the rats contributed to the formation of inclusions in
this animal model.

Dynein is the motor protein responsible for retrograde trans-
port that is essential to multiple cellular functions, such as
returning damaged membranous organelles from the axon ter-
minal to the cell body and supplying neurotrophic growth fac-
tor support for neuronal survival (45, 46). Because this study
shows that mutant SOD1 is sequestered to form large inclu-
sions by interacting with dynein, it is logical to propose that the
mutant SOD1-dynein interaction could also interfere with the
dynein-mediated axonal transport in ALS. Impaired axonal
transport, but not a complete inhibition of transport, has been
reported in both ALS patients and animal models (47-52).
However, the mechanisms underlying this impairment are
unclear. Several possibilities of how mutant SOD1 could inter-
fere with retrograde transport could be envisioned (Fig. 8),
including competition for dynein transport, disruption of
dynein motor activity, physical blockage of dynein transport by
mutant SOD1 aggregates, and destabilization of microtubules.
A recent study showed that microtubule destabilization is an
early event in ALS, and a microtubule stabilization drug had
beneficial effects in ALS mice (53). Reduced number of avail-
able microtubule tracks in combination with increased levels of
misfolded mutant SOD1 bound to dynein could over time lead
to severe reduction of transport of other cargos such as neuro-
trophic factors necessary to promote neuronal survival, thus
causing neurotoxicity.

The dependence of aggregate formation on the dynein-me-
diated transport and the impairment of the dynein-mediated
transport by mutant SOD1, which may appear to be contradic-
tory to each other, can be two distinct consequences of the
mutant SOD1-dynein interaction. Although the aberrant inter-
action between mutant SOD1 and dynein may contribute to the
reduced transport by multiple mechanisms as discussed above,
the remaining transport can conceivably be utilized to seques-
ter mutant SOD1 to large inclusions. In turn, the more trans-
port capacity is utilized to form inclusions, the less capacity will
be available to transport other cargos. The expected conse-
quence over time is both the appearance of large inclusions and
the impaired axonal transport.

In addition to transporting organelles and neurotrophic fac-
tors, dynein-mediated transport has also been implicated in
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Destabilization of microtubules

determine the toxicity of mutant SOD1 and ALS disease manifestation.

several steps of autophagic degradation of misfolded proteins.
In the autophagic degradation pathway, large protein aggre-
gates are engulfed by membranous structures to form autopha-
gosomes, which are subsequently fused with lysosomes con-
taining hydrolytic enzymes (54). Dynein is believed to collect
and transport misfolded proteins to inclusion structures called
aggresomes that are suggested to be degraded by autophagic
degradation (10, 39). In addition, dynein is also important for
the fusion of the autophagosome and the lysosome (Refs. 38, 41,
see Fig. 8). Disruption of dynein function may interfere with the
sequestering of misfolded proteins to inclusions, as well as
impair the autophagosome-lysosome fusion and the degrada-
tion of misfolded proteins. Thus, disruption of dynein function
may affect the eventual aggregation burden in cells differen-
tially in different systems depending on which factor is more
important. A recent study showed that reduced dynein func-
tion caused by a dynein heavy chain mutation (Legs at odd
angle, Loa) resulted in decreased autophagic clearance of
mutant Huntingtin protein by preventing autophagosome-ly-
sosome fusion. The study also showed that the reduced dynein
function caused increased inclusion burden and toxicity in a
Huntington disease model (38). It is possible that a high pro-
pensity of mutant huntingtin to self-aggregate could make the
role of dynein-mediated sequestration less important. Thus,
inhibition of dynein function could more affect the role of
dynein in the autophagosome-lysosome fusion and the degra-
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dation of inclusions. In contrast, we demonstrate in this study
that disruption of the dynein-dynactin motor complex could
suppress the formation of mutant SOD1 inclusions, i.e. the
dynein-mediated transport is critical to the formation of
mutant SOD1 inclusions in the first place.

The role(s) of dynein in ALS disease has proven to be more
complex (see reviews in Refs. 55, 56). As discussed earlier,
reduced dynein-mediated transport can contribute to deficien-
cies in the turnover of damaged organelles and/or insufficient
neurotrophic support to neurons. Surprisingly, crossing G93A
ALS mice with the dynein mutant Loa mice had a positive effect
on ALS disease onset and progression (57) in contrast to the
negative effect on Huntington disease in the other study (38).
Similarly another dynein heavy chain mutation, Cral (Cramp-
ing 1), also had a positive effect on the ALS disease progression
when crossed with G93A mice (58). In line with these data,
disruption of mutant SOD1-dynein interaction, suppression of
mutant SOD1 inclusion formation and improved cell survival
appeared to be correlated in the cell culture system in this
study. Furthermore, it is noted that patients carrying the H46R
mutation, which does not interact with dynein and is not prone
to form inclusions in this study, survive 6 — 8 times longer than
patients carrying the A4V mutation that shows strong interac-
tion with dynein and high aggregation capacity (30 -36). Anal-
ysis of various dynein-dynactin mutant mice have revealed that
different dynein-dynactin functions, such as long distance ret-
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rograde transport and dynein-dependent degradative pathways
can be affected independently of each other (59, 60). Although
blockage of the role of dynein in inclusion formation might be
beneficial, dynein is also essential to reduce toxicity by clearing
away inclusions once inclusions form. It remains to be deter-
mined experimentally how dynein functions in the autophagic
degradation of mutant SOD1 inclusions. Pharmacological inhi-
bition of autophagy by 3-methyladenine or inhibition of lyso-
somal proteolysis by ammonium chloride was shown to
increase mutant SOD1 toxicity and cell death in Neuro2A cells
expressing mutant SOD1 (61). However, this study did not
measure the inclusion formation or address the role of dynein
directly. It is expected that in these cells with functional dynein,
large inclusions should form and the blockage of autophagy
would interfere with clearance of the inclusions thus causing
increased toxicity.

In summary, we have shown that only SOD1 mutants with
high propensity to form HMW complexes or inclusions inter-
act with dynein and that blockage of the mutant SOD1-dynein
interaction reduces inclusion formation and has a positive
effect on cell survival. These data suggest that the intrinsic mis-
folding caused by each mutation may help to determine
whether a specific mutant interacts with the dynein complex
and that this interaction could play a role in sequestering
mutant SOD1 into larger inclusion structures. The dependence
of mutant SOD1 inclusions on the dynein-mediated retrograde
transport demonstrated in this study, and the impairment of
the axonal transport and potential interference with other
essential dynein functions are likely to be different outcomes of
the aberrant mutant SOD1-dynein interactions. These events
could contribute to an aggravating cycle that may determine
the mutant SOD1 toxicity in ALS.
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