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Lesions containing abnormal aggregated tau protein are one of the diagnostic hallmarks of Alzheimer’s dis-
ease (AD) and related tauopathy disorders. How aggregated tau leads to dementia remains enigmatic,
although neuronal dysfunction and loss clearly contribute. We previously identified sut-2 as a gene required
for tau neurotoxicity in a transgenic Caenorhabditis elegans model of tauopathy. Here, we further explore the
role of sut-2 and show that overexpression of SUT-2 protein enhances tau-induced neuronal dysfunction,
neurotoxicity and accumulation of insoluble tau. We also explore the relationship between sut-2 and its
human homolog, mammalian SUT-2 (MSUT2) and find both proteins to be predominantly nuclear and loca-
lized to SC35-positive nuclear speckles. Using a cell culture model for the accumulation of pathological
tau, we find that high tau levels lead to increased expression of MSUT2 protein. We analyzed MSUT2 protein
in age-matched post-mortem brain samples from AD patients and observe a marked decrease in overall
MSUT2 levels in the temporal lobe of AD patients. Analysis of post-mortem tissue from AD cases shows a
clear reduction in neuronal MSUT2 levels in brain regions affected by tau pathology, but little change in
regions lacking tau pathology. RNAi knockdown of MSUT2 in cultured human cells overexpressing tau
causes a marked decrease in tau aggregation. Both cell culture and post-mortem tissue studies suggest
that MSUT2 levels may influence neuronal vulnerability to tau toxicity and aggregation. Thus, neuroprotective
strategies targeting MSUT2 may be of therapeutic interest for tauopathy disorders.

INTRODUCTION

Lesions containing abnormal aggregated tau protein are a hall-
mark of Alzheimer’s disease (AD). Likewise, neuropathologi-
cal examination reveals abnormal tau-containing lesions in
virtually all cases of frontotemporal lobar degeneration tau
(FTLD-tau), Guam amyotrophic lateral sclerosis/Parkinson’s
dementia complex, Pick’s disease, progressive supranuclear
palsy and corticobasal degeneration (1,2). Furthermore, abnor-
mal tau findings are frequently present in chronic traumatic
encephalopathy (3).

A variety of dominant mutations in the human tau gene
(MAPT) causes FTLD-tau, demonstrating tau abnormalities
can initiate neurodegeneration (4–6). Hence, modeling tauo-
pathy by expressing human tau cDNAs in the neurons of

model organisms has been a productive strategy for recapitu-
lating many of the pathological features of AD and other tauo-
pathies (reviewed in 7,8). However, the role played by
accessory factors in pathological tau remains unclear and
effective neuroprotective strategies remain elusive.

As a thoroughly studied model organism, Caenorhabditis
elegans offers a number of distinct advantages for modeling
human diseases including small size, short generation time,
rapid transgenics, robust classical genetics, a simple well-
characterized nervous system and well-studied behavior
(reviewed in 9). We have used C. elegans to model human
tauopathy. In this model, neuronal expression of human tau
causes a progressive behavioral defect, aggregation of insolu-
ble phosphorylated tau and neurodegeneration, all hallmarks
of authentic human tauopathy disorders (10).
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In the previous work, we conducted unbiased classical
genetic screens and cloned two novel genes that when
mutated ameliorate the tau phenotypes; the mutated genes are
suppressor of tauopathy genes, sut-1 (11) and sut-2 (12). Sub-
sequent characterization of the sut-2 gene has revealed an essen-
tial role for this protein in tau pathology in C. elegans and
conservation of the encoded SUT-2 protein across animal
phyla. Loss of function mutations in the worm sut-2 gene
results in depletion of the SUT-2 protein and prevents tau
neurotoxicity and the associated accumulation of insoluble
tau. Furthermore, the physical interaction between SUT-2 pro-
teins and HOOK proteins suggested a possible role in protein
aggregation (12). Here, we further explore the role of SUT-2
and its human homolog mammalian SUT-2 (MSUT2) in the
tau pathological cascade and assess the relationship between
tau pathology and MSUT2 in AD post-mortem tissue.

RESULTS

SUT-2 protein drives tau neurotoxicity in C. elegans

We have previously shown that loss of sut-2 ameliorates the
neurotoxic effects of human tau while decreasing accumu-
lation of insoluble tau protein in a transgenic C. elegans
model of tauopathy (12). To determine whether SUT-2
protein levels drive neurotoxicity, we overexpressed SUT-2
protein in tau-transgenic worms and observe robust enhance-
ment of tau-related phenotypes (Fig. 1). We drove expression
of a SUT-2 cDNA containing an in-frame green fluorescent
protein (GFP) tag in order to monitor SUT-2 expression and
localization in response to tau neurotoxicity. The
SUT-2::GFP transgene expresses GFP in frame at the
C-terminus of the normal SUT-2 coding sequence and trans-
gene expression is controlled by the normal endogenous sut-2
promoter, 5′UTR (untranslated region) and 3′UTR sequences
(Fig. 1A). This transgene yields high-level expression of a
SUT-2::GFP fusion protein �7-fold higher than normal
endogenous levels of SUT-2 protein in non-transgenic
animals (Supplementary Material, Fig. S1). Overexpression of
SUT-2 alone has little effect on worm locomotion (Supplemen-
tary Material, Movie S1). However, overexpression of SUT-2 in
tau-transgenic animals results in a profound enhancement of tau
neurotoxicity (Supplementary Material, Movie S2; Fig. 1B). In
contrast, SUT-2 overexpression does not alter locomotion in a
C. elegans polyglutamine model (13) of neurotoxicity (Sup-
plementary Material, Fig. S2), suggesting that SUT-2 is not a
generic modifier of neurodegenerative phenotypes, but rather
is specific to neurotoxicity associated with tau pathology.

To examine the interplay between SUT-2 overexpression
and neurodegeneration, we placed the SUT-2 overexpressing
transgene in the background of an unc-25::GFP marker trans-
gene that expresses GFP in all 19 GABAergic motor neurons
(14). We monitored tau-induced neurodegeneration in live
animals by examining the structural integrity of GABAergic
neurons and their processes in tau-transgenic animals with or
without the SUT-2::GFP overexpression transgene. In the
wild-type worms, both the dorsal and the ventral nerve cords
are continuous and contain the normal complement of 19
inhibitory motor neurons (13 ventral D type and 6 dorsal D
type GABAergic neurons). Previous work with tau-transgenic

animals demonstrated age-dependent discontinuities in both
dorsal and ventral cord axons of GABAergic neurons (10).
Furthermore, loss of sut-2 reduced the tau-related neurodegen-
erative disruption of axons and loss of neurons (12). Overex-
pression of SUT-2 causes increased tau toxicity, enhanced
degeneration of neurons and degeneration of axons, neuronal
swelling and dimming of the GABAergic GFP-reporter
output (Supplementary Material, Fig. S3). To measure the
severity of these degenerative changes, GABAergic neuronal
loss was scored as described previously (10–12). A significant
increase in neurodegenerative loss of GABAergic neurons was
observed in SUT-2::GFP/T337 double-transgenic worms rela-
tive to the T337 tau transgene alone (Fig. 1C).

SUT-2 overexpression promotes tau accumulation and
aggregation

Accumulation of insoluble aggregates of tau protein character-
izes human tauopathy disorders. To address whether SUT-2
overexpression-induced changes in neurodegeneration
coincide with changes in tau protein levels or solubility, we
analyzed tau protein levels and solubility in SUT-2 overex-
pressing worms. We sequentially extracted worm lysates
using buffers of increasing solubilizing strength. We initially
homogenized T337, and T337;SUT-2::GFP worm pellets in
reassembly buffer (RAB), a high salt buffer, yielding the
soluble tau fraction. We re-extracted material insoluble in
RAB with radio immunoprecipitation assay buffer (RIPA),
an ionic and non-ionic detergent-containing buffer, yielding
the detergent-soluble fraction. Subsequently, we recovered a
detergent-insoluble material by extraction with formic acid
(FA; Fig. 1D). T337;SUT-2::GFP animals exhibit an increase
in both total and insoluble tau levels. This is consistent with
our previous observations that loss of sut-2 results in
decreased detergent-insoluble tau protein (12). Hence,
SUT-2 protein plays an important role in the accumulation
of insoluble tau protein as increased sut-2 activity drives the
tau protein aggregation in worm neurons.

Human MSUT2 is a multi-isoform protein expressed in the
nucleus of neurons

Our previous work (12) and Figure 1 above clearly implicate
SUT-2 in neurotoxicity pathways in C. elegans. To address
whether the human homolog of SUT-2, MSUT2, could play
a role in authentic human neurotoxicity pathways, we raised
antibodies against human MSUT2 protein and examined its
expression pattern. Immunoblotting with MSUT2-specific
antibodies revealed that MSUT2 is expressed in cultured
human cells, mouse brain and human brain samples
(Fig. 2A). Multiple isoforms are expressed in human brain cor-
responding to 76, 68 and 36 kDa consistent with approximate
predicted sizes for MSUT2 isoforms (NCBI gene) (15). We
investigated MSUT2 protein expression patterns in cultured
cells by immunofluorescent staining and observe that
MSUT2 is expressed in the nuclear compartment of both
human embryonic kidney 293 (HEK293) and SH-SY5Y cell
cultures (Fig. 2B and C). HEK293 is an embryonic kidney
cell line with some neuronal features (16), SH-SY5Y is a neu-
roblastoma cell line with neuron-like properties. We see
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similar staining patters in both cell lines with a clearly punc-
tate nuclear staining pattern reminiscent of nuclear speckles
(Fig. 2B and C). Dual-label immunofluorescence experiments
reveal co-localization between MSUT2 and nuclear speckle
protein SC35 but not between MSUT2 and RNA polymerase
II, a non-speckle nuclear resident protein (Fig. 2D and E).
The nuclear speckle localization is also consistently observed
in a variety of C. elegans cells (12).

MSUT2 levels but not localization changes in response to
tau aggregation

Since SUT-2 levels influence tau toxicity and aggregation, we
explored whether MSUT2 protein expression is responsive to
tau aggregation. We examined MSUT2 levels by analyzing its
expression in HEK293 cells with or without transgenic tau
expression. Immunoblotting of protein fractions from HEK

Figure 1. SUT-2 overexpression exacerbates tau neurotoxicity. Overexpression of a SUT-2::GFP fusion protein alters tau-related phenotypes. (A) Diagram of the
SUT-2::GFP transgene. (B) The SUT-2 transgene exacerbates tau induced neuronal dysfunction. T337 Tg has significantly higher dispersal rate than T337;SUT-2
double-transgenic animals (P , 0.0001). Non-transgenic control strains and the SUT-2::GFP transgene alone have similar locomotion with a dispersal rate of
�15 mm/h. (C) SUT-2 overexpression exacerbates tau-mediated degeneration of GABAergic neurons. Comparison of T337;SUT-2::GFP double-transgenic
animals with single T337 transgenic animals reveals a significant increase in neurodegenerative changes caused by SUT-2 overexpression (P , 0.0001). (D)
SUT-2 protein overexpression drives accumulation of detergent-insoluble tau species as detected by extraction of tau protein using buffers of increasing solu-
bilizing strength. Tau protein was sequentially extracted using high salt (RAB) and detergent-containing buffer (RIPA) to obtain detergent-insoluble tau protein
from tau-transgenic animals with or without the SUT-2::GFP-expressing transgene.
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or HEK/tau cells reveal that MSUT2 levels are increased
�2-fold in cells that overexpress tau (Fig. 3A). A similar
up-regulation of SUT-2 protein is also seen in tau-transgenic
C. elegans (Supplementary Material, Fig. S1).

SUT-2 and MSUT2 contain sequences controlling both
nuclear localization and nuclear export, suggesting that they
may shuttle between nucleus and cytoplasm as part of their
normal function. To investigate whether this localization
changes in response to tau expression, we immunostained
HEK/tau cells for MSUT2. We observe that MSUT2
expression in HEK/tau cells appears to be increased relative
to the parental HEK293 cells and may be slightly more diffu-
sely distributed in the nucleus, whereas some MSUT2 appears
in the cytoplasm (Fig. 3B versus C). Similarly,
SUT-2::GFP-reporter localization in non-transgenic animals
is unchanged compared with animals carrying the T337 tau
transgene. In both cases, the GFP signal in these live
animals is localized to discrete domains in the nuclei of
neurons resembling speckle staining (Fig. 3D versus E).

MSUT2 is decreased in neurons in AD

Having evidence that MSUT2 is expressed in the human
brain, we sought to explore its expression in AD and any
relationship with neurodegenerative changes. We analyzed

total protein in samples of age-matched human temporal
cortex by immunoblotting to compare MSUT2 levels
between AD and control brain tissue. The temporal cortex
was chosen for analysis because it is a brain region known
to be profoundly impacted by neurodegenerative changes
and tau pathology in AD. We see that each sample has
similar levels of total MSUT2 protein; however, there is a
marked difference in the amount of the prominent
�76 kDa band corresponding to full-length MSUT2 in the
AD samples when compared with the control samples
(Fig. 4A). Densitometry analyses of the major MSUT2-
specific bands demonstrate a �2-fold decrease of MSUT2
relative to actin in AD specimens when compared with
normal control specimens (Fig. 2B). This difference in
MSUT2 levels between AD and control temporal cortex
samples is statistically significant (P ¼ 0.0088, paired stu-
dents t-test). Thus, MSUT2 protein is depleted in the AD
temporal cortex relative to normal controls. Since we
observed that MSUT2 changes in tau pathology affected
brain regions, we wanted to see if MSUT2 was subject to
expression changes in brain regions relatively spared from
tau pathology in AD. Thus, we examined MSUT2 levels in
post-mortem cerebellum samples taken from AD cases and
age-matched controls. We observe low MSUT2 levels in cer-
ebellum regardless of disease state and no change in MSUT2

Figure 2. MSUT2 is a multi-isoform protein expressed in the nucleus of brain and cultured cells. (A) Immunoblotting demonstrates specificity of MSUT2 anti-
body in HEK293, mouse brain and human brain extracts. Note that the predicted human MSUT2 isoforms are 82, 65, 64 and 25 kDa. (B) MSUT2 immunofluor-
escence staining on HEK293. (C) MSUT2 staining on SH-SY5Y. (D) Localization of MSUT2 to SC35-positive nuclear speckles. (E) Lack of co localization
between RNApol II and MSUT2. Scale bars are 10 mm.
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levels between cerebellum samples from AD cases and con-
trols (Supplementary Material, Fig. S5E).

To investigate the relationship between MSUT-2 expression
and neurodegenerative changes in AD, we conducted MSUT2
immunostaining on sections of post-mortem human brain
tissue. We stained fixed, paraffin-embedded medial temporal
lobe (MTL) sections from post-mortem non-demented
control and AD brains with MSUT2 antibodies. These sections
included hippocampal formation, parahippocampal and
inferior temporal gyrus. We chose to examine the MTL
because this is a site of profound and early AD-related neuro-
degenerative changes with robust tau pathology and it includes
the temporal cortex, which was sampled for immunoblotting
analysis above. Furthermore, MTL also plays an important
role in memory encoding (17). Immunostaining with MSUT2-
specific antibodies used for immunoblotting revealed a pro-
nounced lack of MSUT2 staining in neuronal nuclei of AD

cases relative to controls (Fig. 5A and B). However, MSUT2
immunostaining of ependymal cells from the same MTL sec-
tions was essentially identical in cases and controls (Fig. 5C
and D). Thus, MSUT2 protein appears to be specifically
depleted from neurons but not other cells in AD relative to
controls. As was observed for staining in cultured cells
(Fig. 2), MSUT2 appears to localize to nuclear speckles in
human brain neurons (Fig. 5 and Supplementary Material,
Fig. S4C). To demonstrate specificity of staining, we con-
ducted immune-absorption studies. Pre-absorption of
MSUT2 antibody with recombinant MSUT2 protein prior to
immunostaining eliminates the nuclear staining in both
neurons and ependymal cells shown above, demonstrating
the specificity of the MSUT2 antibody preparation (Sup-
plementary Material, Fig. S4). To examine the expression of
MSUT2 in a brain region spared from tau pathology, we
immunostained cerebellum sections for MSUT2. We observe

Figure 3. Tau expression increases MSUT2 protein levels, but has no effect on cellular localization. (A) Immunoblotting reveals an increase in MSUT2 protein
in response to tau expression. (B) Immunofluorescence microscopy of MSUT2 (red) in nucleus of HEK293 cells. (C) HEK/tau cells overexpressing human wild-
type (4R1N) tau. (D) Live mount image of non-transgenic C. elegans overexpressing SUT-2::GFP shows a nuclear speckle pattern as does (E) T337;SUT-2::GFP
double-transgenic C. elegans. Scale bars are 10 mm.
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only weak MSUT2 staining in neuronal nuclei of the cerebel-
lum from both AD cases and controls with no obvious change
in staining related to disease (Supplementary Material,
Fig. S5A and B). Furthermore, prominent and specific immu-
nostaining of cerebellar ependymal cells, in the same sections,
is clearly consistent with the strong immunostaining of the
ependyma from other brain regions and indicates that in con-
trast to cortical neurons, cerebellar neurons have innately low
levels of MSUT2 (Supplementary Material, Fig. S5C and D).

Knockdown of MSUT2 decreases insoluble tau

As shown in Figure 1D, SUT-2 plays a role in tau aggregation in
C. elegans. Furthermore, MSUT2 binds to HOOK2 (12), a
protein previously implicated in aggresome formation (18).
To examine the role of human MSUT2 in tau aggresome for-
mation, we utilized the HEK/tau cellular model where overex-
pressed wild-type human tau aggregates and then becomes
recruited to aggresomes in response to proteasome inhibition
(19). In order to evaluate the involvement of MUT2 in tau aggre-
gation in human cells, we knocked down MSUT2 in the context
of the HEK/tau model for aggresome formation and analyzed
tau solubility. We conducted a sequential extraction of tau
protein using buffers of increasing solubilizing strength as
described previously (20). We observe that MSUT2 knockdown
does not dramatically alter the total levels of soluble tau

fractions, but does clearly decrease detergent-insoluble tau
species in cells with aggresomes and to a lesser extent in cells
without aggresome induction (Fig. 6A). However, in cells
treated with a combination of MSUT2 RNAi and PSI, there is
little change in bulk tau suggesting MSUT2 influences only
insoluble tau species. We do notice a modest reduction in
detergent-insoluble tau in PSI-treated cells when compared
with untreated cells, possibly due to increased autophagic
activity which is known to be stimulated by proteasome inhi-
bition (21). Regardless, the decreased detergent-insoluble tau
in HEK/tau cells under MSUT2 small interfering RNA
(siRNA) treatment is consistent with increased SUT-2 levels
exacerbating tau neurotoxicity in worms (Fig. 1).

siRNA knockdown of MSUT2 alters trafficking of
pathological tau species

In HEK/tau cells stained for a normal tau protein with anti-
body T46, high levels of tau are distributed across the cyto-
plasm (Fig. 6B) (19), whereas MSUT2 remains nuclear. A
previous study of SUT-2 suggests its normal function involves
protein shuttling between the nucleus and the cytoplasm given
the juxtaposition of nuclear localization and nuclear export
signals (12). When HEK/tau cells are treated with PSI, tau-
containing aggresomes form rapidly and reproducibly
(Fig. 6C) (19), but there is no obvious change in MSUT2
protein. Treatment of HEK/tau cells with dicer-substrate
RNA duplexes directed against MSUT2 (MSUT2 RNAi)
causes a dramatic decrease in MSUT2 staining and a redistri-
bution of the remaining MSUT2 out of the nucleus (Figs 3 and
6D) with little change in tau protein, suggesting MSUT2 may
play an important but poorly understood role in the cytoplasm
during the cellular response to toxic tau. In cells treated with
both PSI and MSUT2 RNAi, fewer tau-containing aggresomes
are formed and the intensity of tau immunofluorescence
associated with aggresomes is diminished by �50% (Fig. 6E
versus C). Thus, MSUT2 RNAi treatment yields reduced
aggresomal tau (Fig. 6E) consistent with the sequential extrac-
tion data shown above (Fig. 6A).

DISCUSSION

We have investigated human MSUT2 in order to establish its
relationship with pathological tau protein and neurodegenera-
tion. The initial observation that loss of SUT-2 protein sup-
presses tauopathy in a transgenic C. elegans model led us to
study human MSUT2 (12). Here, we expand upon the initial
findings in worms in order to establish the functional role of
SUT-2 in C. elegans neurodegeneration. We observe that not
only is SUT-2 required for tau neurotoxicity, but that excess
SUT-2 drives additional neuronal dysfunction, tau aggregation
and neurodegeneration. To test the hypothesis that human
MSUT2 plays a role in authentic tauopathy disorders, we
explored MSUT2 protein expression. We showed that
MSUT2 is a multi-isoform protein predominantly localized
to nuclear speckles. We previously established a cellular
model for tau aggregation and turnover (19). Using both cellu-
lar and worm models of tau pathology, we demonstrate that
SUT-2 and MSUT2’s localization does not change in response

Figure 4. MSUT2 is decreased in AD brain samples from the temporal cortex.
(A) MSUT2 levels in temporal cortex extracts were examined by immunoblot-
ting with MSUT2-specific antibodies. Lysates from five age-matched controls
and AD brains were compared by quantitative immunoblotting in triplicate.
(B) Comparison of immunoblotting results shows a significant difference
between control and AD brain samples (P ¼ 0.0088).

1994 Human Molecular Genetics, 2011, Vol. 20, No. 10

http://hmg.oxfordjournals.org/cgi/content/full/ddr079/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr079/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr079/DC1


to accumulation of pathological tau. However, we observe a
marked increase in MSUT2 in response to overexpression of
tau. To further examine the connection between tau and
MSUT2, we analyzed MSUT2 protein in post-mortem brain
samples from AD patients. We observe a marked decrease
in overall MSUT2 levels in AD relative to controls. In order
to examine this relationship further, we conducted immunohis-
tochemical staining of AD brain specimens for MSUT2
protein. We see a clear reduction in MSUT2 staining in
neurons of AD brain cases compared with age-matched con-
trols. To explore the functional consequences of decreased
MSUT2 in human cells we knocked down MSUT2 in a cellu-
lar model of tauopathy and see a striking decrease in
detergent-insoluble tau. When MSUT2 expression in HEK/
tau cells is reduced with siRNA treatment, we observe
changes in localization of both MSUT2 and tau. Knockdown
of MSUT2 results in loss of MSUT2 in nuclear speckles and
translocation of remaining MSUT2 to the cytoplasm, presum-
ably via its endogenous nuclear export sequence. This obser-
vation suggests the cytoplasm could be an important site of
MSUT2 activity. Likewise, tau is redistributed from the aggre-
some to other cytoplasmic regions upon MSUT2 knockdown,
further supporting a cytoplasmic role for MSUT2 potentially
in modulating clearance of tau aggregates. When MSUT2 is
at normal levels, aggregated tau is moved to the aggresome
for clearance in response to proteasome inhibition. However,
when MSUT2 levels are reduced, aggresomal tau is either
rapidly cleared or never deposited. Instead tau remains in a
more soluble state upon a reduction in MSUT2 levels. These
observations demonstrate a requirement for MSUT2 in the
accumulation of aggregated tau species.

Tau aggregation and toxicity are coupled in worms and
human cells

In both human cells and transgenic C. elegans, tau toxicity
correlates with tau aggregation; this observation holds true
in a wide variety of tauopathy models (reviewed in 22,23).
Our work has demonstrated that loss of sut-2 in worms sup-
presses tau aggregation and neurotoxicity (24). Likewise, in
human cells, loss of MSUT2 dramatically decreases insoluble
tau suggesting that SUT-2 and MSUT2 proteins share a related
function in the process of tau aggregation in both worms and
humans. These findings also suggest that loss of MSUT2 or its
inhibition in whole mammalian models may be protective
against tau neurotoxicity—a hypothesis we aim to test in
future studies.

SUT-2/MSUT2 as determinants of tau toxicity

Clearly, SUT-2 and MSUT2 levels increase in response to tau
in both the cellular and C. elegans tauopathy models.
However, the localization of SUT-2/MSUT2 does not
change from a distinctly nuclear speckle pattern in response
to tau. Thus, the observed decrease in MSUT2 in the MTL
neurons of AD patients is unlikely to result from a compensa-
tory regulation of MSUT2 levels. Rather, we hypothesize that
MSUT2 protein is a direct determinant of vulnerability to tau
neurotoxicity. In other words, high SUT-2/MSUT2 protein
levels increase tau neurotoxicity, whereas low MSUT2
levels decrease tau neurotoxicity. The data gathered thus far
are consistent with this hypothesis. Loss of SUT-2 suppresses
tau neurotoxicity and aggregation in tau-transgenic C. elegans

Figure 5. MSUT2 immunohistochemical staining is specifically reduced in hippocampal neurons but not ependymal cells of AD. Immunohistochemical staining
reveals markedly reduced MSUT2 immunostaining of nuclei in hippocampal and parahippocampal neurons of AD patients (A) relative to controls (B). In con-
trast, nuclear staining is relatively unchanged in ependymal cells of AD (C) and controls (D).
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Figure 6. Knockdown of MSUT2 depletes aggregated and insoluble tau species. (A) Tau protein was sequentially extracted to obtain the detergent-insoluble tau
protein from HEK/tau cells with or without PSI treatment and with or without MSUT2 RNAi knockdown. PSI treatment consisted of 2 mM PSI treatment for 18 h
prior to harvest. MSUT2 RNAi involved treatment with chemical siRNA for 40 h prior to cell harvest. The total fraction was probed with MSUT2, actin and
tau-specific antibodies. Three other fractions were generated by sequential extraction and probed using tau-specific antibodies. RAB contains tau solubilized by
high salt; RIPA contains detergent-soluble tau, whereas FA contains the detergent-insoluble material FA-solubilized protein. (B–E) HEK/tau cells were sub-
jected to siRNA treatment for 48 h (D and E) prior to 18 h treatment with 2 mM PSI (C and E). Fixed cells were double stained for tau (green) and MSUT2
(red) and examined with immunofluorescence microscopy.
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(12), whereas high levels of SUT-2 exacerbate tau neurotoxi-
city and aggregation (Fig. 1). Similarly, MSUT2 knockdown
promotes clearance of pathological tau in human cultured
cells (Fig. 6). Consequently, we infer decreased MSUT2
levels observed in affected regions of AD brain result
because neurons with high levels of MSUT2 are particularly
vulnerable to tau aggregation and neurotoxicity resulting in
their loss during the course of disease progression. Further-
more, low cerebellar MSUT2 levels are consistent with the
relative sparing of cerebellum from tau pathology and neuro-
degeneration in AD. Regardless, these data demonstrating
MSUT2 changes in AD neurons are consistent with
MSUT2’s involvement in tau-induced neurodegeneration and
suggest that the participation of sut-2 in tau pathology in
both our C. elegans and human cellular tauopathy models
bears some correspondence with the authentic pathogenic
process in tauopathies.

MSUT2 as a potential target for intervention in AD and
tauopathies

Tau pathology has been demonstrated to be a central aspect of
AD pathology but remains incompletely understood. Like-
wise, tau pathology is evident in a variety of other tauopathy
disorders (reviewed in 25). In C. elegans and cultured cells,
we have demonstrated that loss of SUT-2 is neuroprotective
against tau-related insults, whereas excess SUT-2 makes C.
elegans neurons more vulnerable to tau toxicity. We now
have evidence of a link between MSUT2 and tauopathies
such as AD. Although further study of MSUT2 modulation
of tauopathy in mammalian models and humans is needed,
small molecule inhibitors of MSUT2 are an attractive
and novel candidate neuroprotective strategy for tauopathy
disorders.

MATERIALS AND METHODS

MSUT2 antibody preparation

MSUT2 antibody Rbt9857 was prepared commercially using
the Rockland Immunochemical polyclonal antibody service.
Purified MSUT2 peptide derived from the C-terminal region
of the protein was the immunogen injected into rabbit hosts.
Anti-sera were affinity purified using an affinity column
coupled with glutathione S-transferase (GST)-MSUT2. The
GST-MSUT2 protein expression construct was prepared by
inserting the Zinc finger domain coding fragment of the
MSUT2 cDNA into the pGEX 6P-1 expression vector (Phar-
macia) to generate a construct encoding a GST-MSUT2-ZF
fusion protein. Recombinant protein was purified as described
previously (26). Pure recombinant GST-MSUT2 was coupled
to a solid matrix using the Aminolink plus immunoimmobili-
zation reagents (Pierce).

Cell culture and drug treatments

HEK/tau cells were cultured under standard culture conditions
[Dulbecco’s modified Eagle medium, 10% defined fetal bovine
serum, penicillin (50 IU/ml)–streptomycin (50 mg/ml) +
Zeocin (10 mg/ml)] for 18 h. RNAi experiments were carried

out as per protocol in the TriFECTa Dicer-Substrate RNAi
manual (Integrated DNA Technologies).

Caenorhabditis elegans strains and transgenics

N2 (Bristol) was used as wild-type C. elegans and maintained
as described previously (27). Line CK10–bkIs10[Paex-3::
tau–V337M), Pmyo-2::GFP] carries a chromosomally inte-
grated transgene encoding the 1N4R isoforms of human tau
carrying the V337M FTDP-17 mutation with expression
driven by the pan-neuronal promoter aex-3 and has a pro-
nounced Unc phenotype (10). Strain CZ1200 has an integrated
unc-25::GFP transgene expressed in GABAergic neurons (28).
The polyQ neurotoxicity model was partially recapitulated
using the PF25B5.3::Q86-YFP plasmid (13), a generous gift
from Dr Richard Morimoto. Strain CK241 carries a
Q86:YFP-expressing transgene and has a pronounced Unc
phenotype as described previously (12).

Tau extraction and immunoblotting

Tau fractions were obtained as described (10). To analyze
detergent-insoluble tau accumulation, worm or HEK293/Tau
cell pellets were sequentially extracted using buffers of
increasing solubilizing strengths. To generate the total frac-
tion, cells or worms were resupsended in 1× sample buffer
(10 mM Tris, pH 6.8, 1 mM ethylenediaminetetraacetic acid
(EDTA), 40 mM dithiothreitol (DTT), 1% sodium dodecyl
sulfate (SDS), 10% sucrose) and analyzed by immunoblotting.
Cells or worms were homogenized in high salt RAB (0.1 M 2-
(N-morpholino)ethanesulfonic acid, 1 mM ethylene glycol
tetraacetic acid, 0.5 mM MgSO4, 0.75 M NaCl, 0.02 M NaF,
0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.1% protease
inhibitor cocktail, pH 7.0) and ultra-centrifuged at 50 000g
yielding the soluble fraction (supernatant) and an insoluble
pellet. The heat-stable protein was analyzed as the RAB frac-
tion. Next, the RAB-insoluble material was re-extracted with
an ionic and non-ionic detergent-containing RIPA buffer
(50 mM Tris,150 mM NaCl, 1% NP40,5 mM EDTA, 0.5%
deoxycholate, 0.1% SDS, 0.5 mM PMSF, 0.1% protease
inhibitor cocktail, pH 8.0) and centrifuged as above yielding
abnormal tau in the supernatant. Finally, the
detergent-insoluble pellet was re-extracted with 70% FA to
solubilize detergent-insoluble tau. The three fractions were
analyzed by immunoblotting.

Protein samples were brought (10 mM Tris, pH 6.8, 1 mM

EDTA, 40 mM DTT, 1% SDS, 10% sucrose) by addition of
5× sample buffer boiled 5 min and loaded onto 4–15%
pre-cast criterion SDS–PAGE gradient gels (Bio-Rad). For
immunoblotting, we detected human tau using antibody
17025 at a dilution of 1:6000 (a generous gift from Virginia
Lee) as described previously (12). We used anti-tubulin anti-
body at a dilution of 1:1000 (Developmental Studies Hybri-
doma Bank). MSUT2 antibody Rbt9857 was prepared as
described above and used at a dilution of 1:1000. SUT-2 anti-
body was described previously (12). Secondary goat
anti-mouse or goat anti-rabbit IgG were the secondary
antibody reagents used at a dilution of 1:1000 (GE Life-
sciences). Signals were measured by densitometry using
Adobe Photoshop.
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Immunofluorescence

HEK/tau cells grown on poly-D-lysine coated 12 mm round
coverslips were fixed in 4% formaldehyde solution. Cells
were washed 3 × 5 min in phosphate buffered saline (PBS)/
Ca2+/Mg2+, then blocked in antibody buffer (PBS, 0.5%
Triton X-100, 1 mM EDTA, 0.1% bovine serum albumin,
0.05% NaN2) + 10% normal goat serum. Primary antibodies
were applied and incubated for 1 h at room temperature. Cells
were washed 3 × 5 min in PBS/Ca2+/Mg2+, then re-blocked
for 10 min. Appropriate secondary antibodies were applied
and incubated for 20 min at room temperature. Cells were
again washed 3 × 5 min in PBS/Ca2+/Mg2+, counterstained
with 300 nM 4′,6-diamidino-2-phenylindole and mounted with
ProLong Gold antifade.

Microscopy, image acquisition and processing

Microscopy was performed on a Nikon Eclipse TE300 epi-
fluorescent microscope. Images were acquired using a Photo-
metrics SenSysTM cooled CCD camera and IPLab image
acquisition software (BD Biosciences Bioimaging). Images
were deconvolved using MicroTomeTM deconvolution soft-
ware (BD Biosciences Bioimaging). Image processing with
Adobe Photoshop consisted of histogram stretch, noise
removal with Despeckle filter and sharpening using Unsharp
Mask (50%, 3 pixel radius).

Immunohistochemistry

Immunohistochemistry for MSUT2 was performed on 10 mm
sections that were pretreated by autoclaving in citrate buffer
for 20 min exposed to 3% hydrogen peroxide, blocked in 5%
milk, incubated with primary antibody anti-MSUT2 (1:100)
for 1 h at room temperature, and then detected with avidin–
biotin complex using 3,3′-diaminobenzidine as chromogenic
substrate, followed by counterstaining with hematoxylin.

Human tissue

We obtained samples of post-mortem tissue from the Univer-
sity of Washington Alzheimer’s Disease Research Center
(ADRC) Neuropathology Core (PI, Dr. Thomas Montine)
after receiving human subjects approval (University of
Washington human subjects division approval: HSD#
06-0492-E/A 01: Molecular Regulators of Tauopathy,
Kraemer PI).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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