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Abstract
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We recently discovered that protein components of the ribonucleic acid (RNA) spliceosome form
cytoplasmic aggregates in Alzheimer’s disease (AD) brain, resulting in widespread changes in
RNA splicing. However, the involvement of small nuclear RNAs (snRNAs), also key components
of the spliceosome complex, in the pathology of AD remains unknown. Using
immunohistochemical staining of post-mortem human brain and spinal cord, we identified
cytoplasmic tangle-shaped aggregates of snRNA in both sporadic and familial AD cases but not in
aged controls or other neurodegenerative disorders. Immunofluorescence using antibodies reactive
with the 2,2,7-trimethylguanosine cap of snRNAs and transmission electron microscopy
demonstrated snRNA localization with tau and paired helical filaments, the main component of
neurofibrillary tangles. Quantitative real-time polymerase chain reaction (PCR) showed U1
snRNA accumulation in the insoluble fraction of AD brains whereas other U snRNAs were not
enriched. In combination with our previous results, these findings demonstrate that aggregates of
U1 snRNA and U1 small nuclear ribonucleoproteins represent a new pathological hallmark of AD.
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The process of neurodegeneration is complex with many different cellular pathways
implicated in disease pathogenesis. In addition, protein aggregates are common in
neurodegenerative diseases (18) such as Lewy bodies in Parkinson’s disease and Lewy body
dementia, TAR DNA-binding protein 43 (TDP-43) in frontotemporal dementia (FTD) and
amyotrophic lateral sclerosis (ALS), and tau and β-amyloid in Alzheimer’s disease (AD).
Discerning what molecules accumulate and how cells may be affected by these aggregates
can provide clues as to why neurodegeneration occurs.

NIH-PA Author Manuscript

We recently identified cytoplasmic aggregates of ribonucleic acid (RNA) spliceosome
components and provided evidence for RNA processing abnormalities in AD brain (1). The
spliceosome consists of small nuclear RNAs (snRNAs) and proteins that function to remove
introns from transcripts to make functional messenger RNA (mRNA) for use in protein
translation (3, 17, 23). We characterized the distribution of abnormal cytoplasmic
spliceosome protein aggregates such as small nuclear ribonucleoprotein 70 kDa (U1-70k)
and U1-A and demonstrated their specificity for AD (1). We also provided evidence for
reduced RNA splicing efficiency in AD. However, the potential involvement of the snRNA
component of spliceosomes in AD and other degenerative disorders remains unknown.
Uridine-rich snRNAs, or U snRNAs, are small RNAs that serve as the backbone for the
spliceosome (17, 23). snRNAs are synthesized in the nucleus and transported to the
cytoplasm to retrieve other core spliceosome components prior to returning to the nucleus.
In order to return to the nucleus, snRNA is methylated to generate the 2,2,7trimethylguanosine cap. An antibody to the 2,2,7-trimethylguanosine cap can be utilized to
identify the mature methylated snRNA (11), and in normal cells, the trimethylated snRNAs
localize to the nucleus. Five U snRNAs, U1, U2, U4, U5 and U6, perform the bulk of the
RNA splicing steps.
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In addition to our studies linking spliceosome and RNA processing abnormalities to AD (1),
other studies provided evidence for alterations in RNA processing in several
neurodegenerative diseases, including ALS, AD and possibly FTD (2, 14, 15). A recent
study also suggested that ALS motor neuron nuclei contain snRNA accumulations (21).
Additional RNA-associated changes in AD and other neurodegenerative disorders include
RNA accumulation (5), variations in noncoding RNAs (13, 24), posttranscription
modifications (16) and even the aggregation of other RNA-binding proteins (9, 22).
Therefore, dysfunction RNA metabolism may ultimately be a common pathway for many
neurodegenerative disorders.
To better understand the mechanistic basis for spliceosomal alterations in AD, we sought to
determine if snRNA accumulates as part of the spliceosomal aggregates in AD, and if so,
whether or not the change is specific to AD or occurs in other neurodegenerative diseases
with tangles [progressive supranuclear palsy, corticobasal degeneration (CBD)] and/or
alterations in RNA processing (ALS). Our findings demonstrate snRNA cytoplasmic
aggregates in both familial and sporadic AD post-mortem frontal cortex but not in other
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tangle-bearing neurodegenerative disorders. Immunofluorescence and electron microscopy
demonstrate localization of the snRNA cytoplasmic aggregates with neurofibrillary tangles
(NFTs), and U1 snRNA is selectively affected relative to other U snRNAs. These findings
confirm that U1 snRNA aggregates along with protein components of U1 snRNP in AD.

MATERIALS AND METHODS
Antibodies
Primary antibodies included 2,2,7-trimethylguanosine (clone K121, Millipore, Billerica,
MA, USA), tau (BYA1074-1, Accurate Chemical and Scientific Co.,Westbury, NY, USA),
tau-paired helical filament (clone AT8, Pierce, Rockford, IL, USA), tau-p231 (MAB5450,
Millipore) and SmD (50940, Abcam, Cambridge, UK). Secondary antibodies included
Alexa 488 (111–545, Jackson ImmunoResearch, West Grove, PA, USA), cyanine 3
tyramide (SAT704A001EA, Perkin Elmer, Wellesley, MA, USA), biotinylated goat antimouse (BA-9200, Vector Laboratories, Burlingame, CA, USA) and ultra-small immunogold
anti-mouse (800.022, Aurion Wageningen, The Netherlands).
Immunohistochemistry
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A cryostat was used to cut formalin and paraformaldehyde fixed post-mortem human frontal
cortex into 50 μm sections. Specimens were obtained from the Emory Alzheimer’s Disease
Research Center Neuropathology Core in Atlanta, Georgia [sporadicAD,AD with amyloid
precursor protein (APP) mutation, CBD, FTD-tau] and from the University of Washington
Alzheimer’s Disease Center Neuropathology Core in Seattle, Washington [AD with APP
mutation and presenilin (PSEN) mutations] (Supporting Information Table S1). Sections
were stained as previously described (6–8). Briefly, sections were washed in 0.1 M
phosphate buffer (PB), incubated with 3% hydrogen peroxide, washed again with PB and
then incubated with blocking solution [Tris-buffered saline (TBS), 8% goat serum, 0.1%
Triton X-100 (Fischer,Waltham, MA, USA) andAvidin D (Vector) (10 μg/mL final
concentration;Vector Laboratories, A-2000)] for 1 h at 4°C. Sections were washed with TBS
and then incubated with primary antibody solution [primary antibody, TBS, 2%goat serum
and biotin (50 μg/mL), Sigma, St. Louis, MO, USA, B0301) for 24–48 h at 4°C. Sections
were washed with TBS and incubated with biotinylated and/or Alexa 488 (Jackson
Laboratories) secondary antibody solution (secondary antibody, TBS, 2% goat serum) for 1
h at 4°C. Sections were washed with TBS, incubated with Vectastain Elite ABC
amplification reagent (Vector Laboratories, PK-6200) for 1 h at 4°C, washed again with
TBS, incubated with 3,3-diaminobenzidine solution (DAB; Sigma, D4418) or cyanine 3
tyramide for 2–10 minutes at room temperature and finally washed with TBS. Sections were
mounted in standard fashion to glass slides, dried overnight at room temperature, dehydrated
through alcohol rinses and Histo-Clear (National Diagnostics, Atlanta, GA, USA; HS-200)
and finally coverslipped with DPX mounting medium (VWR, Atlanta, GA, USA; 360294H).
Prior to coverslipping with Vectashield mounting media (Vector Laboratories, H-1000),
immunofluorescent sections were incubated with bisbenzimide (Sigma, B115) to label
nuclei and quenched with Autofluorescence Eliminator (Millipore, 2160). All
immunohistochemistry (IHC) incubation steps were conducted with gentle agitation from a
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tabletop orbital shaker. Images were captured using an Olympus BX51 microscope with
Olympus DPS camera (UCMAD3) (Center Valley, PA, USA).
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Electron microscopy
The brain from a subject with an APP mutation (Supporting Information Table S1) was
fixed in 10% formalin for 1–2 weeks, rinsed with water and stored. A vibratome was utilized
to cut 50 μm free-floating sections from frontal cortex. Electron microscopy was performed
as previously described (4, 25). Briefly, sections were incubated with primary antibody
followed by gold-conjugated secondary antibody and finally silver enhancement. Sections
were flat embedded and then imaged on a JEOL JEM-1400 transmission electron
microscope (JEOL, Tokyo, Japan).
Protein blots, proteinase K digestion, dot blots and quantitative polymerase chain reaction
(PCR)
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Brain homogenates and sarkosyl-insoluble fraction from controls and AD cases were
prepared as previously described (1). Protein blots performed as previously described (1).
For the proteinase K (Thermo, Waltham, MA, USA; EO0491) digestion, 30 μg of sarkosylinsoluble fraction was diluted to decrease urea concentration to less than 4 M. Proteinase K
was added to a concentration of 200 μg/mL and samples were incubated at 42°C for 1 h. The
reaction was quenched with 5 mM phenylmethylsulfonyl fluoride (Thermo, 36978). For the
dot blots, a micropipet was used to place 10 μg (in 10 μL) of the insoluble fraction from each
case onto 0.2 μm nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Gentle suction
with a fritted glass filter was used to minimize radial diffusion. The membrane was
immediately UV cross-linked. Ponceau S staining was used to demonstrate protein in the
samples, and the blot was blocked in casein-based blocking buffer (Sigma) and probed with
antibody. Fluorescent secondary antibody (DAM800, Rockland, Gilbertsville, PA, USA)
was then utilized to label protein bands for visualization on the Odyssey Fluorescent Imager
(Li-Cor, Lincoln, NE, USA). For quantitative PCR, RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and used to synthesize cDNA with High Capacity cDNA
Reverse Transcription Kit (Life Technologies, Rockville, MD, USA). TaqMan primers
(Supporting Information Table S2) for U1, U2, U4, U5 and U6 along with 250 ng of cDNA
template were used to perform quantitative real-time PCR (Applied Biosystems 7500 Fast
Real-Time PCR System, Foster City, CA, USA). Multiplex reactions in triplicate were
conducted with 18S ribosomal RNA as an internal standard. The 2^(-delta delta Ct) method
was used to calculate RNA expression (12).
RNA hybridization
Fifty micrometer fixed cryopreserved free-floating brain tissue sections were washed with
PB and mounted on Superfrost plus slides (Fischer). Dehydrating washes with alcohols and
histoclear were performed. Samples were rehydrated in phosphate-buffered saline (PBS)
with ribonucleoside vanadyl complex (RVC) (used as wash buffer) then incubated with 3%
hydrogen peroxide (10 minutes). Samples were washed then treated with pepsin 0.1% and
0.02N HCl in wash buffer (10 minutes). Samples were washed then fixed with 4%
paraformaldehyde/10% acetic acid in PBS for 5 minutes and then washed. Samples were
again dehydrated with ethanol rinses. Samples were then incubated with hybridization buffer
Brain Pathol. Author manuscript; available in PMC 2015 July 01.
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containing RNA probe (concentration 2–20 ng/μL) for 3 minutes at 80°C to allow for RNA
unfolding and then overnight at 37°C. Samples were then rinsed with sodium citrate buffer
and 50% formamide three times for 15 minutes. Samples were then incubated for 10 minutes
with Tris-buffer containing 0.5% Tween 20 (Fischer) and RVC and washed with Tris-buffer
containing RVC. Samples were incubated with ABC reagent and DAB as above. Samples
were washed with Tris-buffer and incubated with thioflavin S (10 mg/mL) followed by final
washes, ethanol dehydration rinses and mounting with Vectashield as above.

RESULTS
snRNA in control and AD frontal cortex
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The trimethylation of U snRNAs is required for nuclear reentry once core spliceosomal
components are assembled onto snRNA scaffold in the cytoplasm (20). A highly specific
monoclonal antibody to the snRNA trimethylation site, the 2,2,7- trimethylguanosine cap
(2,2,7-TMG cap, clone K121), has been used to recognize U snRNAs and
immunoprecipitate-associated spliceosomal components (11). We recently reported
pathologic cytoplasmic NFT-like aggregates of proteinaceous spliceosome components in
AD (1), and we utilized the 2,2,7-TMG cap antibody to immunostain control (n = 24) and
sporadic AD (n = 24) cases (Supporting Information Table S1) to determine if snRNA is a
constituent of spliceosome aggregates. The two groups of cases had similar demographic
characteristics except for higher percentage of ApoE E4 carriers and higher median age at
death (P = 0.003, t-test) in the AD group (Table 1). Control cases demonstrated normal
nuclear localization of snRNA (Figure 1A) while 67% of the sporadic AD cases
demonstrated cytoplasmic snRNA aggregates (Figure 1B; Table 2). Cytoplasmic snRNA
aggregates were located throughout cortical layers 2–5 of frontal cortex and could be found
throughout the brain (Supporting Information Figure S1). snRNA aggregates were also
present in 100% of familial AD cases resulting from PSEN1 (Table 2; Figure 1C) and APP
mutations (Table 2; Figure 1D). The snRNA aggregates also localized with other snRNP
aggregates (U1-70k and SmD) inAD cases suggesting that the entire snRNP complex is
mislocalized (Supporting Information Figure S2). The vast majority of cells with snRNA
cytoplasmic aggregates also maintained normal nuclear staining across the cases. Normal
nuclear staining is evident in both Figure 1 and Figure 2. In a representative case, of 100
cells with snRNA cytoplasmic aggregates, only two of these cells demonstrated a loss of
detectable snRNA nuclear staining.
snRNA cytoplasmic aggregation and NFTs
Because the snRNA aggregates resembled NFTs, we wanted to determine whether the
snRNA tangle structures overlapped with tau, the main constituent in NFTs. Tau and snRNA
in AD frontal cortex were co-localized using immunofluorescence microscopy with two
different fluorophores (Alexa 488 and cyanine-3, Figure 2; two representative cells are
shown). There was near complete overlap between snRNA cytoplasmic aggregates and tau
tangles; however, there were occasionally tau tangles that did not have snRNA aggregates.
snRNA aggregates were isolated to the soma and not present in tau-positive neurites.
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To ensure that snRNA localization with tau was not secondary to nonspecific binding to tau,
we utilized protein blots to analyze insoluble fractions from control and AD cases with
phospho-tau and snRNA antibodies. Although the insoluble fraction from AD cases has
prominent enrichment of phosphorylated tau (Figure 3A), the snRNA 2,2,7-TMG antibody
did not recognize tau bands or any other protein bands. Dot blots of control and AD
insoluble fraction were also placed on same nitrocellulose membrane mainly to serve as a
positive control for the 2,2,7-TMG antibody as RNA cannot be adequately resolved with
sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE) (Figure 3A, large
arrows). In addition, we also performed in-solution digestion of protein with proteinase K in
control and AD insoluble fractions. We observed that despite almost complete removal of
phosphorylated tau, there was no change in the ability to detect snRNA with the 2,2,7-TMG
antibody (Figure 3B). These findings suggest that the 2,2,7-TMG antibody does not crossreact with phosphorylated tau or other proteins in human brain tissue.

NIH-PA Author Manuscript

In order to define the ultrastructural localization of the snRNA aggregates in AD, we utilized
immunogold labeling of the 2,2,7- TMG cap antibodies with silver enhancement of cellular
structures followed by transmission electron microscopy. In this sample from familial AD
frontal cortex, U snRNA was present in both the nuclear and cytoplasmic compartments
(arrows, Figure 4A). Gold labeling in the cytoplasm localized to paired helical filaments
(PHFs, arrowheads, Figure 4B) that have characteristic periodicity of ~80 nm. Immunogold
labeling of PHFs with the AT8 monoclonal antibody followed by silver enhancement and
subsequent transmission electron microscopy in an adjacent section labeled morphologically
similar filamentous structures in the cytoplasm (Figure 4C).
snRNA immunostaining in other tauopathies and ALS
Other neurodegenerative diseases such as CBD and FTD-tau also contain cytoplasmic
accumulations of PHFs (19). We therefore immunostained frontal cortex from available
CBD and FTD-tau cases (Supporting Information Table S1) with the 2,2,7-TMG cap
monoclonal antibody. The CBD and FTD-tau cases demonstrated normal snRNA nuclear
staining (Figure 5A, B; Table 2) as seen in the control cases (Figure 1A). The absence of
snRNA aggregates was not caused by a paucity of tau pathology as adjacent sections
immunostained with AT8 demonstrated prominent accumulations of hyperphosphorylated
tau (Figure 5C, D).
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Because snRNA accumulations were previously identified in ALS motor neurons (21), we
also immunostained spinal cord sections from AD, ALS and control cases to determine if
this was a specific finding for ALS motor neurons. We were unable to confirm the presence
of snRNA aggregation in ALS motor neurons as staining for snRNA demonstrated normal
nuclear localization in motor neurons from control, AD and ALS subjects (Supporting
Information Figure S3). In addition, frontal cortex from ALS subjects also displayed normal
snRNA nuclear staining.
U1 is the predominant aggregating snRNA
In our previous study, we found that RNA splicing factors U1-70k and U1-A form
cytoplasmic aggregates and subsequently partition into the insoluble fraction when AD brain
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homogenates are subjected to high-speed ultra-centrifugation (1). Because snRNA was
detectable by immunohistochemistry, we hypothesized that like U1-70k and U1-A, we
would also detect snRNA in the insoluble fraction from brain homogenates. Figure 6A
shows a dot blot of the insoluble fraction from three controls and three AD cases confirming
presence of snRNA in these samples.
We performed quantitative PCR on the insoluble fraction from controls and AD cases to
determine if there are differences in snRNA fractionation and to establish the identity of U
snRNA species that are aggregating inAD. This experiment was necessary because the
2,2,7-cap antibody can recognize any U snRNA with a trimethyl cap. RNA was isolated
from the insoluble fractions of frontal cortex and reverse transcribed to cDNA. Quantitative
PCR was then used to amplify the snRNA components of the spliceosome, including U1,
U2, U4, U5 and U6. 18S ribosomal RNA was used as an internal standard. U1 snRNA
demonstrated selective enrichment in theAD insoluble fraction whereas U2, U4, U5 and U6
snRNA did not demonstrate statistically significant changes between controls and AD cases
(Figure 6). We also performed RNA hybridization for U1 snRNA in post-mortem AD brain
and confirmed the presence of U1 snRNA aggregates (Supporting Information Figure S4).
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DISCUSSION
This study demonstrates that trimethylated snRNA accumulates in cytoplasmic tangle-like
aggregates in AD but not other neurodegenerative conditions. The snRNA aggregates occur
in both sporadic and familial AD and are associated with NFTs as seen with
immunofluorescence colocalization, immunoelectron microscopy and RNA hybridization.
Finally, U1 snRNA was the only U snRNA species detected in the insoluble fraction of AD
brains. This finding is consistent with our previous work, in which we described the specific
association of U1 snRNP components with pathologic aggregates in AD (1). These findings
are significant because the aggregation of snRNA in the cytoplasm could be detrimental to
cellular RNA processing, a necessary intracellular process to make mRNA for use in protein
translation. As the backbone of the spliceosome, snRNA is the main organizer for key RNA
splicing components.

NIH-PA Author Manuscript

These studies support our previous observations suggesting specificity for U1 snRNP
aggregation in AD (1). Thus far, these cytoplasmic aggregates appear to be specific for AD,
and have not been found in other neurodegenerative processes, including ALS, FTD-tau,
FTD-TDP43, CBD or PD. Unlike a previous ALS study (21), we saw normal nucleardistributed snRNA in spinal cord motor neurons from control, ALS and AD cases. This
discrepancy between studies is difficult to explain but highlights the need for evaluating
more cases. Further studies will also be needed to clarify how snRNA aggregation
contributes to dysfunctional RNA processing and disease pathogenesis.
Interestingly, not all sporadic AD cases demonstrated snRNA aggregates. This was not
related to post-mortem interval (PMI), ApoE status, age, gender or Braak staging
(Supporting Information Table S1). While sampling effects, variations in brain fixation,
differences in RNA integrity or epitope availability may have limited detection, the
variability in detection of U1 snRNAcontaining aggregates in AD may reflect underlying
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heterogeneity among subgroups of AD cases. It is also important to note that the antibody
used in these studies recognizes only trimethyl-capped snRNAs, and potential abnormalities
in uncapped snRNA or other RNAs (5) were only assessed with quantitative PCR of the U
snRNAs.
Another interesting observation is that most cells with snRNA cytoplasmic aggregates seem
to also maintain normal nuclear staining. This finding suggests that snRNA cytoplasmic
aggregates may occur early in the disease cascade as cells that still have an intact nucleus
were likely still functional in some capacity. As cells die, the snRNA is likely broken down
and no longer associated with remaining tau aggregates or ghost tangles. An alternate
explanation is that other 2,2,7-TMG capped snRNAs (eg, U2, U4, U5 and U6) remain in the
nucleus while the U1 snRNA forms the cytoplasmic aggregates. The presence of other
normally distributed U snRNAs may also explain why it is difficult to detect a difference
between control and AD cases when analyzing insoluble 2,2,7-TMG capped snRNA on dot
blots. This further highlights the importance of the quantitative PCR experiment to
demonstrate that U1 snRNA is selectively enriched in the AD insoluble fraction.
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The immunofluorescence and electron microscopy data in addition to the RNA hybridization
experiments demonstrate a close association of snRNA aggregates with NFTs. The lack of
snRNA accumulations in other tauopathies (CBD and FTD-tau, Figure 5), however,
suggests that snRNA accumulations are not a simple consequence of tau pathology. Previous
studies have demonstrated that RNA can lead to the formation of tau aggregates (10);
therefore, aggregating snRNA may contribute to NFT formation or perhaps even serve as a
seeding event. Because we have identified other U1 snRNP components in association with
NFTs and localized with the snRNA aggregates (Supporting Information Figure S2) (1), it is
also possible that the U1 snRNA may not directly contribute to the aggregate formation.
Other snRNP components may be causing the tangle aggregates, and the U1 snRNA may
only be present as a passive bystander because it is the backbone for other spliceosome
components. The significance of tau-positive but snRNA-negative tangles is also unclear
and could highlight issues with epitope availability or perhaps other important mechanistic
clues. Further clarifying the association between snRNA/snRNP aggregates and NFTs and
ultimately what causes these aggregates to form will be important for establishing how the
aggregates contribute to disease.
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Pathological observations in AD have framed many of our concepts about disease
pathogenesis. Findings from this study add to our knowledge of an important new ADassociated pathology and further highlight RNA-related changes as a possible common
pathway with neurodegeneration. Regardless of whether snRNA aggregation is an inciting
event or a secondary phenomenon, the snRNA accumulations are likely contributing to
disease pathogenesis, and these studies help establish a foundation on which to evaluate how
U1 snRNP aggregation affects RNA processing in AD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Small nuclear RNA (snRNA) cytoplasmic aggregates in Alzheimer’s disease (AD)

Representative samples provided. Fifty micrometer free-floating cryopreserved sections
from human frontal cortex of a (A) control, (B) sporadic AD, (C) AD in a presenilin 1
mutation carrier and (D) AD in an amyloid precursor protein mutation carrier were 3,3diaminobenzidine immunostained with 2,2,7-trimethylguanosine cap antibody to label U
snRNAs. Images captured are from cortical layer 3. Black arrows point to cells with
cytoplasmic snRNA aggregates. Black arrowheads point to cells with normal nuclear
staining. Scale bar: 5 μm.
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Figure 2. Immunofluorescence microscopy of small nuclear RNA (snRNA) and tau in
Alzheimer’s disease (AD)

Immunofluorescent labeling of snRNA with the 2,2,7-trimethylguanosine antibody (C,G)
and tau (B,F) in fixed 50 μm free-floating cryopreserved sections. Two representative
snRNA tangle-bearing cells are shown. Nuclei are labeled with bisbenzimide (A,E). Arrows
indicate areas of colocalized cytoplasmic snRNA and tau. The (*) indicates remaining
nuclear snRNA. Nuclei are blue, tau is green and snRNA is red in the overlay images (D,H).
Yellow is colocalized snRNA and tau while purple is colocalized nuclei and snRNA. Scale
bar: 5 μm.
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Figure 3. 2,2,7-Trimethylguanosine (TMG) antibody does not crossreact with phosphorylated
tau

NIH-PA Author Manuscript

Forty microgram of insoluble fraction from five control and five Alzheimer’s disease (AD)
cases were subject to sodium dodecyl sulfate poly-acrylamide gel electrophoresis
(SDSPAGE) and transferred to nitrocellulose membrane. Two identical protein blots were
probed with an antibody to phosphorylated threonine 231 of tau (A: tau-p231) or to 2,2,7trimethylguanosine (A: 2,2,7-TMG). Large arrows designate rows of dot blots (10 μg from
each case) on the same nitrocellulose membrane. The row of dot blots on the 2,2,7-TMG
blot serves as a positive control for the 2,2,7-TMG antibody as RNA cannot be adequately
resolved with SDS-PAGE. B. To further show that the 2,2,7-TMG antibody was not binding
tau or other proteins, 10 μg of insoluble fraction from five control and five AD cases was
treated with proteinase K to enzymatically remove protein and then cross-linked to
nitrocellulose. Proteinase K-treated samples (+PK) demonstrated near complete loss of
phospho-tau (B: tau-p231; more obvious in the AD cases given the abundance of p-tau);
however, the 2,2,7-TMG capped snRNA in control and AD cases was unaffected by
proteinase K (+PK) suggesting that the 2,2,7-TMG antibody is not solely binding to tau or
other protein.
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Figure 4. Transmission electron microscopy of small nuclear RNA (snRNA) in Alzheimer’s
disease (AD)
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Fixed immunogold-labeled silver enhanced imbedded section from an AD subject. (A)
Perinuclear and nuclear snRNA gold labeling with the 2,2,7-trimethylguanosine antibody.
The image within the dashed box is presented in (B). (B) Highlights snRNA gold labeling in
the nucleus and cytoplasm with black arrows. Filamentous structures are identified with
black arrowheads. The dashed line indicates the approximate location of the nuclear
membrane. (C) Paired helical filaments immunogold labeled with the AT8 antibody in an
adjacent section to demonstrate similarity in snRNA and paired helical filament-labeled
structures. Black arrowheads point to filaments. N-nucleus, C-cytoplasm, scale bar: (A) 0.5
μm, (B–C) 0.2 μm.
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Figure 5. Small nuclear RNA (snRNA) in other tauopathies

Representative samples provided. Fifty micrometer free-floating cryopreserved sections
from human frontal cortex of (A,C) corticobasal degeneration (CBD) and (B,D)
frontotemporal dementia (FTD)-tau cases were 3,3- diaminobenzidine immunostained with
2,2,7-trimethylguanosine cap (A,B) antibody to label U snRNAs and AT8 (C,D) to label
paired helical filament (PHFs). Normal nuclear distribution of snRNAs is present despite
prominent PHF pathology and aggregates (black arrows). Scale bar: 5 μm.
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Figure 6. U1 small nuclear RNA (snRNA) selectively enriched in the insoluble fraction from
Alzheimer’s disease (AD) brain homogenates

A. Dot blot of 10 μg insoluble fraction from three controls and three AD cases. Ponceau S
stain and 2,2,7-trimethylguanosine cap labeling is shown. B–F. Quantitative real-time PCR
for U1, U2, U4, U5 and U6 using cDNA reverse transcribed from control and AD insoluble
fraction RNA. Average bar is show in each panel. 2^(-Delta delta Ct) values are shown. n =
4. *Statistical significance (P = 0.003, Student’s t-test).
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Demographics

Median post-mortem interval, range (hours)

Control (n = 24)

Alzheimer’s disease (n = 24)

11.25 (3–28)

11.75 (2.5–32.0)

Median age at onset, range (years)

NA

64 (48–84)

Median age at death*, range (years)

61 (20–92)

76.5 (55–93)

ApoE E4 carrier

29%

71%

Female

58%

58%

White

71%

79%

*

Significant difference between Alzheimer’s disease and controls; P = 0.0032 by t-test. NA = not applicable.
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Cases with snRNA aggregates
Cases

Cytoplasmic aggregates

Controls (n = 20)

0 (0%)

Sporadic AD (n = 24)

16/24 (67%)

AD (PSEN mutation, n = 8)

8/8 (100%)

AD (APP mutation carrier, n = 2)

2/2 (100%)

Corticobasal degeneration (n = 3)

0/3 (0%)

FTD-tau (MAPT mutation, n = 5)

0/5 (0%)

ALS (n = 4)

0/4 (0%)

AD = Alzheimer’s disease; ALS = amyotrophic lateral sclerosis; APP = amyloid precursor protein; TD = frontotemporal dementia; MAPT =
microtubule-associated protein tau; PSEN = presenilin; snRNA = small nuclear RNA.
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