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Abstract
Quantitative proteomics of postmortem human brain can identify

dysfunctional proteins that contribute to neurodegenerative disorders

like Alzheimer disease (AD) and frontotemporal dementia. Similar

studies in chronic traumatic encephalopathy (CTE) are limited,

therefore we hypothesized that proteomic sequencing of CTE frontal

cortex brain homogenates from varying CTE pathologic stages may

provide important new insights into this disorder. Quantitative prote-

omics of control, CTE and AD brains was performed to characterize

differentially expressed proteins, and we identified over 4000 pro-

teins in CTE brains, including significant enrichment of the microtu-

bule associated protein tau. We also found enrichment and

pathologic aggregation of RNA processing factors as seen previ-

ously in AD, supporting the previously recognized overlap between

AD and CTE. In addition to these similarities, we identified CTE-

specific enrichment of proteins which increase with increasing se-

verity of CTE pathology. NADPH dehydrogenase quinone 1

(NQO1) was one of the proteins which showed significant enrich-

ment in CTE and also correlated with increasing CTE stage. NQO1

demonstrated neuropathologic correlation with hyperphosphorylated

tau in glial cells, mainly astrocytes. These results demonstrate that

quantitative proteomic analysis of CTE postmortem human brain

can identify disease relevant findings and novel cellular pathways

involved in CTE pathogenesis.
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INTRODUCTION
Neurodegenerative diseases often involve the abnormal

accumulation of proteins in neurons and glia (1, 2). The accu-
mulations can be identified through immunohistochemical
analysis as well as with high throughput discovery approaches
like proteomic sequencing. Previous studies utilizing quantita-
tive proteomics have reported both known and novel disease
relevant findings in Alzheimer disease (AD), frontotemporal
dementia and Parkinson disease (PD) (3–14), however, prote-
omic investigations of postmortem human brain from subjects
with chronic traumatic encephalopathy (CTE) are lacking. Un-
derstanding proteins that aggregate in CTE could provide
much needed insight into disease mechanisms.

CTE is a neurodegenerative disease thought to be
caused by a prolonged history of repetitive head impacts. Re-
cent consensus criteria has described CTE as a distinct tauop-
athy with a pathognomonic lesion consisting of an abnormal
perivascular accumulation of phosphorylated tau within
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neurons and astrocytes in an irregular, patchy distribution con-
centrated at the depth of the cortical sulci (15). Other support-
ive features include the aggregation of phosphorylated TAR
DNA binding protein 43 (TDP-43) as well as certain gross an-
atomical features like a cavum septum pellucidum and atrophy
of deep gray matter structures. A significant number of later
stage cases also have typical Alzheimer pathology including
b-amyloid-positive plaques (16). There are likely other impor-
tant proteins that aggregate and contribute to CTE.

Although ongoing prospective studies will likely provide
much needed insight concerning the scope of CTE, more infor-
mation is needed on the aggregation mechanisms driving the
disease. One approach is to use proteomic sequencing of the
detergent insoluble brain fraction to characterize those proteins
that aggregate in CTE as these proteins are likely to be dys-
functional and may contribute to disease progression. We pre-
viously used this approach in AD postmortem brain (4, 13, 14).
In addition to classic disease associated proteins like tau and
b-amyloid, we identified novel AD associated insoluble pro-
teins including multiple RNA processing factors like U1-70k,
U1-A and SmD (13, 14). We also found evidence for RNA
processing dysfunction, and further investigations suggested
that these proteins may somehow link tau and amyloid patholo-
gies. Therefore, a similar approach with CTE insoluble prote-
ome could provide important clues about disease pathogenesis.

A potential limitation in using large scale proteomics to
study CTE is whether or not proteomic sequencing will pro-
vide an accurate reflection of the ongoing neurodegenerative
process. Early stage CTE cases have relatively sparse accumu-
lations of pathology and this may make it difficult to capture
disease relevant changes (17). Another possible concern is
that pathologic overlap with AD in the later stage cases may
interfere with identifying important CTE-specific changes.

We performed the first large-scale quantitative protein
sequencing study of CTE to assess the insoluble proteome in a
group of CTE brains encompassing a range of pathological se-
verity. Control and AD cases were sequenced for comparison.
We identified expected enrichment of insoluble tau along with
novel proteins, including NADPH dehydrogenase quinone 1
(NQO1), that demonstrated progressive enrichment through
stages of CTE pathology. Findings were validated with immu-
nohistochemical staining and novel changes were correlated
with tau pathology. These studies demonstrated a unique sig-
nature in the insoluble proteome that distinguishes CTE from
both AD and control brains. Importantly, we also observed en-
richment of RNA processing factors in CTE brains, which
were similar to changes we had previously observed in AD
(13), suggesting possible mechanistic overlap. Overall, this
study confirmed that proteomic analysis can provide important
new insights into CTE pathogenesis and support the impor-
tance of conducting larger scale studies.

MATERIALS AND METHODS

Neuropathological Characteristics of Cases
Brains with a history of repetitive head injury from the

VA-BU-CLF Brain Bank were neuropathologically evaluated
for changes of CTE using recently established NINDS

consensus criteria for CTE (15) as well as criteria for AD, PD,
dementia with Lewy bodies, frontotemporal lobe degenera-
tion, or motor neuron disease (Supplementary Data Table S1).
To diagnose CTE, the criteria requires at least 1 perivascular
hyperphosphorylated (ptau) tau lesion that consists of ptau
aggregates inside of neurons, astrocytes, and cell processes
around a small vessel (CTE lesion). CTE is divided into 4
stages wherein the localization and severity of ptau deposition
defines the stage. In stage I, sparse, isolated perivascular foci
of ptau are observed in the frontal cortex. In stage II, ptau
lesions are found in multiple cortical regions. In stage III, ex-
tensive ptau pathology is found in medial temporal lobe struc-
tures like the hippocampus and amygdala. In stage IV, there is
wide spread ptau involvement in all brain structures. Three
cases utilized in this study were labeled as having overlapping
stages (i.e., I–II, II–III) due to the difficulty in selecting a clear
stage II or stage III neuropathologic diagnosis. Cases with
CTE that were used here did not meet diagnostic criteria for
AD, PD, dementia with Lewy bodies, frontotemporal lobe de-
generation, or motor neuron disease. A team of board certified
neuropathologists (T.D.S., B.R.H., A.C.M.) provided semi-
quantitative scores of the presence of Ab neuritic plaques
(CERAD score), TDP-43 pathology, and a-synuclein aggre-
gates that are detailed in Supplementary Data Table S1. Scores
denote 0¼ normal, 1¼mild, 2¼moderate, 3¼ severe. Addi-
tional brains from nonathlete controls were obtained from the
Boston University Alzheimer’s Disease Center Brain Bank
(Supplementary Data Table S1). Controls were selected based
on a lack of history of contact sport play and lack of neurode-
generative diseases. Additional control, CTE and AD cases
were obtained from the Emory Alzheimer’s Disease Research
Center brain bank (Supplementary Data Table S1). IRB ap-
proval for brain donation was obtained through the Boston
University Alzheimer’s Disease and CTE Center (ADC), the
Edith Nourse Rogers Memorial Veterans Hospital (Bedford,
MA) and Emory University (Atlanta, GA). Next of kin pro-
vided written consent for participation and brain donation.

Antibodies
Primary antibodies included U1-70 K (EM439; custom

rabbit polyclonal), SmD (50940, Abcam, Cambridge, MA), tau
(AT8 clone, Pierce, Rockford, IL), NQO1 (34173, Abcam; 3187
Cell Signaling), glial fibrillary acidic protein ([GFAP],
MAB360, Millipore, Illerica, MA), IBA1 (019-19741, Wako),
CD31 (Clone JC/70 A; ThermoFisher, Waltham, MA), NRF2
(62352, Abcam), O4 (MAB1326, Novus Biologicals, Littleton,
CO), NG2 (MAB5384, Millipore), Olig2 (AB33427, Abcam),
and parvalbumin (PA1-933 ThermoFisher). Secondary antibod-
ies included Alexa 488 and Alexa 568 (Jackson ImmunoRe-
search, West Grove, PA), cyanine 3 tyramide (SAT704A001EA,
Perkin Elmer, Wellesley, MA) and biotinylated goat antimouse
and antirabbit (Vector Laboratories, Burlingame, CA).

Immunohistochemistry and Immunofluorescence
of Postmortem Human Brain

Brain tissue for immunostaining was processed by fixa-
tion in periodate-lysine-paraformaldehyde or paraformaldehyde

J Neuropathol Exp Neurol • Volume 77, Number 1, January 2018 Detergent Insoluble Proteome in CTE

41

Deleted Text: M
Deleted Text: M
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -


and stored at 4 �C. A tissue block from the dorsolateral frontal
cortex was taken perpendicular to the superior frontal sulcus,
and either embedded in paraffin and cut at 20 lm or submerged
in 30% sucrose for generating 50-mm cryosections. Immunohis-
tochemistry of paraffin sections was performed as previously
described (18). Immunohistochemistry and dual immunofluo-
rescence on cryopreserved free-floating 50-mm sections was
performed as previously described (13, 19–21).

Digital Microscopy and Analysis
NQO1 and AT8 immunostained slides were scanned

and digitized at 20� magnification using the Aperio Scan-
Scope (Leica, Buffalo Grove, IL) as previously described
(18). The gray matter at the depth of the cortical sulci (defined
as the bottom third of 2 connecting gyri) was selected and
highlighted in ImagesScope (Leica). NQO1-positive cells
were counted by hand while AT8 area was quantified using
Leica image analysis software. The Aperio-positive pixel
count algorithm (version 9) was set to recognize and quantify
the total area of-positive AT8 tau stain. All quantifications
were standardized to area measured and presented as density
per analyzed area.

Statistics
Statistical analysis was performed with SPSS version

20.0 (IBM Inc., Armonk, New York) and Prism v6 (Graphpad
Software, La Jolla, CA). NQO1 and AT8 density were log
transformed to normalize for regression analysis. A one-way
ANOVA was used to compare NQO1 density among controls
and CTE groups. For multiple linear regressions, age at death
was included to control for age specific effects.

Preparation of Detergent Insoluble Fraction
and LC-MS/MS With Tandem Mass Tag
Quantification

Brain detergent insoluble fractions were generated as
described previously from fresh frozen human lateral
prefrontal cortex (13, 14). All attempts were made to utilize
the same region for each brain. In brief, approximately 200 mg
of frozen human frontal cortex was dounce homogenized
(buffer: 50 mM HEPES pH 7.0, 250 mM sucrose, 1 mM
EDTA, and 1� HALT (ThermoFisher) protease inhibitor
cocktail) followed by the addition of N-lauroylsarcosine (final
1% w/v) and NaCl (final 0.5 M). The sample was sonicated
followed by ultracentrifugation at 180,000g. The pellet was
solubilized in 8 M urea buffer and protein concentrations were
determined (BCA method, ThermoFisher). Proteins were
digested with trypsin and LC-MS/MS was performed as previ-
ously described except isobaric tandem mass tags ([TMTs];
ThermoFisher) were added to peptides to allow for multiplex-
ing and quantification (22). Four batches of TMT peptide mix-
tures (10-plex) were prepared and mixed such that batch-
confounding by disease status or CTE stage was avoided, and
each peptide batch was offline fractionated via ERLIC solid
phase for liquid chromatography. ERLIC fractions (n¼ 11)
for each batch were run on a Fusion Orbitrap (ThermoFisher)

mass spectrometer. At least 1 TMT-labeled channel in each
batch was comprised of a multi-brain mixture representing
all cases analyzed as a standard by which abundances across
batches could be normalized. Analysis of MS/MSspectra for
identification, and MS3 multi-notch accumulated reporter
ion intensities was performed as previously reported, using
Proteome Discover v2.1 (ThermoFisher) (4, 22, 23). Raw
data was searched against peptides generated from the April
2015 Uniprot complete nonredundant FASTA database
(90,411 entries). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier
PX007695 (24) and summarized in Supplementary Data
Table S2. For quantification, we included all proteins that
were identified and quantified in at least 3 of the 4 batches
and excluded proteins with >1 value missing in an
individual CTE stage. Normalized log2 reporter ion intensity
ratio versus the global multi-brain mixture was used to
compare protein expression across cases and batches. The
Student t-test (2-tailed) was utilized to calculate p values
and significance for the differentially enriched or depleted
proteins. Fold change comparison was calculated by
subtracting the control log2 values from the CTE or AD log2
values.

RESULTS

Proteomic Analysis of CTE Detergent Insoluble
Proteome

We have previously identified significant disease related
protein changes in AD and other neurodegenerative disorders
with LC-MS/MS of brain detergent insoluble fraction (13, 14).
We were interested exploring this technique in cases of CTE,
but the pathology is often irregular and patchy, particularly in
earlier stages. We therefore used a similar approach for dis-
covery of proteomic changes in CTE with using TMT labeling
and off-line fractionation to improve the number of proteins
identified and quantified. TMT labeling was performed on
brain detergent insoluble fractions in CTE (n¼ 11) and control
cases (n¼ 6). AD cases (n¼ 8) were also included since AD
pathology often coexists with CTE pathology, especially in
later stage subjects (Supplementary Data Table S1). We iden-
tified over 4,000 unique proteins, and, compared to controls,
we found significantly increased/reduced expression
(p< 0.05) in 317 proteins for AD (n¼ 8) and 764 proteins for
CTE (n¼ 11) (Supplementary Data Table S2). Volcano plots
(Fig. 1) show the distributions of proteins that were signifi-
cantly enriched and reduced in CTE (n¼ 11) and AD (n¼ 8)
cases as compared to controls. These plots provide perspective
on numbers of significant proteins as well as the comparative
significance of the expression change. To demonstrate stage
specific changes, CTE cases were further divided into respec-
tive stages in the volcano plots shown in Supplementary Data
Figure S1. Although there was overlap between the AD and
CTE insoluble proteomes as well as between CTE stages
(Fig. 2; Supplementary Data Table S3), there were also pro-
teins unique to each neurodegenerative disease. As expected,
we identified enrichment of the microtubule associated protein
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tau in both AD and CTE. b-amyloid enrichment was identified
in AD but not in the overlapping protein list with CTE, likely
due to the inclusion of lower stage CTE cases which do not
typically have b-amyloid pathology. TDP-43 and a-synuclein
were not identified in either the AD/CTE or CTE stage over-
lapping proteins (Supplementary Data Table S3).

Interestingly, we also identified enrichment of RNA
processing factors (Supplementary Data Tables S2, S3,
and Fig. S1), including U1-70k. Enrichment of U1-70k and
other members of the U1snRNP complex were previously
identified in the insoluble proteome of AD in association with
neurofibrillary tangle-like aggregates (13). We performed

immunohistochemical staining of CTE postmortem brain to
assess for similar pathologies and identified tangle-like aggre-
gates of both U170k and SmD in CTE cases (Fig. 3). The
SmD pathology followed more closely with density of tau pa-
thology staining with increasing CTE stage, whereas U1-70k
aggregates were sparse in earlier CTE stages as compared to
CTE stage IV. The results from these studies demonstrate the
ability of LC-MS/MS proteomics to identify known pathologi-
cal features (e.g., tau) and reveal a previously unknown shared
pathology in CTE and AD. The limited overlap in the profile
of differentially expressed proteins further distinguish CTE
and AD as distinct pathologic entities.

Proteomic Changes With Increasing CTE
Pathologic Stages

Four stages have been described in CTE based on the
overall density and distribution of tau pathology within the
brain (15, 17). Previous work has suggested that increased
pathologic burden of tau was associated with the development
of dementia in CTE (18). While the correlation between tau
and symptom severity has not yet been firmly established, in-
creasing pathology with higher stage is likely to reflect patho-
physiological processes that may provide clues about disease
pathogenesis and progression. As previously noted, there is
reason for concern that random sampling from earlier stage
CTE cases might fail to capture disease related changes.

FIGURE 1. Volcano plots all insoluble brain proteins sequenced from CTE (n¼11) and AD (n¼8) as compared to control cases
(n¼6). The plot shows protein abundance, either enriched or reduced (log2-fold-change), against the t-statistic (�log10(p-
value)), which is a measure of significance. Red dots are significant differentially expressed proteins (p<0.05).

FIGURE 2. Venn diagrams of significantly reduced and
enriched insoluble proteins as compared to controls. (A) AD
(n¼8) and CTE (n¼11). (B) CTE I–II (n¼3), CTE II–III (n¼4)
and CTE IV (n¼4).
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To evaluate this possibility, we divided the CTE cohort into 3
groups based on CTE stage. Three instead of 4 groups were
utilized due to the small number of cases. When compared to
control brains, we identified unique groups of differentially
expressed proteins in the detergent insoluble proteome of
each of the 3 groups (CTE I–II: 578; CTE II–III: 818; CTE
IV: 203) as well as shared protein changes across the different
stages (Fig. 2; Supplementary Data Table S3). Notably, tau
was significantly enriched in the CTE II–III and CTE IV
groups, but not in the CTE I–II group. This finding is consis-
tent with neuropathological observations that show more
limited tau pathology in these lower CTE stages (17). Inter-
estingly, our proteomics results did not reveal enrichment of
b-amyloid in any of the CTE groups despite the previously
reported overlap of b-amyloid pathology between AD and
late stage cases (16). We suspect this was due to the small
number of cases and variability in b-amyloid deposition.

The top 25 most enriched proteins in the CTE IV sub-
group included 4 proteins that demonstrated progressive en-
richment with increasing stage across the 3 CTE subgroups.
These included NADPH quinone dehydrogenase 1 (NQO1),
neuronal calcium sensor 1 (NCS1), leucine-rich repeat, tropo-
modulin, proline-rich region containing (RLTPR), and cal-
modulin 2 (CALM2) (Table). There were also 3 other proteins
(kininogen 1 [KNG1]), mitochondrial ribosomal protein L32
(MRPL32), and voltage dependent anion channel 3 [VDAC3])
that demonstrated significant enrichment in all groups, but did
not show progressive enrichment with increasing pathological
stage. When considering all the CTE cases as a single group,
4 of these proteins (NCS1, NQO1, MRPL32, and CALM2)
remained in the top 25 most enriched insoluble proteins.
These experiments demonstrate novel stage-specific changes

identified by analyzing insoluble proteome changes across
CTE severity.

Abnormal Accumulation of Insoluble Protein
Target

Results from sequencing the insoluble proteome of CTE
cases suggested previously unknown disease related changes.
We sought to further evaluate the proteomic changes observed
in CTE cases, including tissue localization by immunohisto-
chemistry, to better understand the cellular basis for altered
protein expression. Of the proteins that were enriched in the
stage IV CTE cases, NQO1 demonstrated the largest relative
increase in accumulation with advancing CTE pathology from
stage I to IV. NQO1 was also the most enriched of the 54
shared differentially expressed insoluble proteins in CTE
across all stages (Fig. 2; Supplementary Data Table S3) and
was not enriched in the AD insoluble proteome. Additionally,
previously published reports suggest that NQO1 may play a
role in neurodegeneration (25–28). Since proteins in the deter-
gent insoluble proteome are known to aggregate (tau, amyloid,
RNA processing factors), we performed immunohistochemi-
cal labeling of NQO1 to assess possible aberrant localization
or accumulation in CTE and AD brains. CTE cases demon-
strated large fluffy cells with NQO1 immunostaining, and this
staining pattern became more abundant with increasing CTE
stage (Fig. 4). A majority of AD cases (54%, 12/22) did not
contain any NQO1-positive cells. Thirty-two percent (7/12) of
AD cases demonstrated occasional and 14% (3/22) demon-
strated more frequent NQO1-positive cells (Supplementary
Data Fig. S2). Morphologically, the cells had the appear-
ance of reactive astrocytes or possibly activated microglia.

FIGURE 3. Immunohistochemistry of RNA processing factors in CTE. Human frontal cortex 50-mm free-floating sections from
control (n¼6) and CTE (n¼11) cases with increasing CTE stage was immunostained with Tau (AT8), SmD, and U1-70k. Sections
were from dorsolateral prefrontal cortex and images shown were from depths of the sulci. Inset figures provide a magnified view
from each figure panel. Black arrows designate U1-70k-positive tangle-like aggregates in the CTE stage IV case. Scale
bar: 100 mm.
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In double-labeling experiments, many of the NQO1-positive
cells were also positive for GFAP, a marker of astrocytes, but
there was no overlap with the microglial marker IBA1
(Fig. 5). NQO1-positive cellular processes frequently con-
tacted microvasculature as seen in dual labeling experiments
with CD31, further identifying these cells as astrocytes. There
were NQO1-positive cells that did not have astrocytic
markers, however we were unable to identify the cell subtype,
even after assessing with additional antibodies to oligoden-
drocytes (oligodendrocyte transcription factor 2 [olig2] and
neural/glial antigen 2 [NG2], oligodendrocyte precursor cells
[NG2 and O4] and interneurons [parvalbumin; data not
shown]). Given the paucity of the NQO1-positive cells in
control cases, dual labeling figures are also not shown. We
also evaluated nuclear factor E2-related factor 2 (NRF2), an
NQO1 transcription factor, in order to determine whether the
increased NQO1 immunostaining was the result of increased
cellular production of NRF2 in response to oxidative injury.
Dual immunofluorescence staining of CTE brain showed that

only rare NQO1-positive cells demonstrated NRF2 immunos-
taining while the majority of NQO1-positive cells did not
have clear NRF2 colabeling (Supplementary Data Fig. S3).

The density of NQO1 stained cells significantly corre-
lated with hyperphosphorylated tau immunostaining and
NQO1 colocalized with tau immunostaining within these cells
(Fig. 6). Almost all NQO1-positive cells also contained the ab-
normal accumulation of hyperphosphorylated tau (Supple-
mentary Data Fig. S4) Later stage CTE cases are typically
from older individuals than earlier stage cases. Therefore, to
determine if the NQO1-tau relationship was age related, we
performed a multiple linear regression analysis which showed
that NQO1 significantly predicted AT8 tau density (b¼ 0.604,
p< 0.001) independently of age (b¼ 0.073, p¼ 0.589). These
immunohistochemical studies validate findings from our
proteomics studies and suggest that CTE is associated with
aberrant expression of NQO1 in astrocytes and that NQO1
abnormalities correlate with the accumulation of tau pathol-
ogy in increasing stages of CTE. Elevated NRF2 levels may
be driving the NQO1 expression in some of the cells.

DISCUSSION
This study used proteomic sequencing to identify dis-

ease related changes in CTE postmortem brain. Given prior
success characterizing aggregation prone proteins (4, 6, 29),
we sequenced over 4,000 proteins from the CTE detergent in-
soluble proteome with TMT sample labeling and mass spec-
trometry. We identified expected insoluble proteins like tau as
well as other novel proteins like the RNA processing factors
that previously were only associated with AD (13, 14).
Homology between the CTE and AD insoluble proteomes was
<25%, further confirming that CTE was a different pathologic
entity. Despite the relatively sparse pathology in early CTE
stages, we identified proteins uniquely changing in each stage
as well as proteins demonstrating increased enrichment with
higher CTE stages. An example of this was NQO1, which
demonstrated greater insolubility and pathologic immunos-
taining with increasing stage. NQO1 pathology also correlated
with tau immunostaining independent of age and colocalized
with tau in astrocytes. Together, these data confirmed that
mass spectrometry can identify novel CTE proteomic changes
associated with disease.

The identification of insoluble tau was expected given
that aggregates of hyperphosphorylated tau are a main patho-
logical hallmark of AD and CTE. Neurofibrillary tangles were
present in both diseases, however, there were also distinct
CTE tau pathological traits including the perivascular accu-
mulation and deep sulcal localization. The identification of
RNA processing factors was also not entirely surprising since
the overlap between CTE and AD pathology has been well de-
scribed (16). Mechanistically, this could suggest that RNA
processing is disrupted in CTE such that all pre-mRNAs are
not properly converted into functional mRNA, leading to
aberrant protein expression that may contribute to disease
pathogenesis. Similarly, the RNA processing factor U1-70 K
contains low complexity domains that may contribute to
abnormal protein aggregation, including the formation of
neurofibrillary tangles (29). SmD does not contain low

TABLE. CTE Insoluble Brain Proteome

CTE (I–II) vs CTL CTE (II–III) vs CTL CTE (IV) vs CTL

1 COL1A1 NENF ITM2B

2 KRT16 IGLC2 PAK4

3 COX7C IGHG1 ZAK

4 BANF1 IGHA1 NQO1*

5 MRPL32* IGKC C19orf66

6 EWSR1 KRT9 NCS1*

7 FTH1 EFHD2 CYP27A1

8 PHF5A ERAL1 NAA50

9 ARHGEF25 NCS1* KNG1*

10 KRT10 ABHD11 MRPL32*

11 EGFL7 NQO1* MAPT

12 FGD1 KRT1 NDUFC1

13 FBXO41 PDS5A PKIG

14 GPC1 GPM6B DCAF5

15 GFM2 CSTB RLTPR*

16 ERAL1 NAV3 CRYZ

17 DCAF5 C19orf66 ATP6V0C

18 CAMK2A GTPBP10 RNF34

19 RPL10A LAMA5 PGAM2

20 RPL12 CAMK2A SYNPR

21 NCS1* LAMA1 CALM2*

22 MTIF2 LAMC3 DNAJB2

23 SNRPB PALD1 CRTC2

24 BSN RPL12 VDAC3*

25 FARS2 RAB15 DNAJC5

45-VDAC3* 34-CALM2*

66-CALM2* 60-RLTPR*

86-KNG1* 73-MRPL32*

106-RLTPR* 79-VDAC3*

119-NQO1* 110-KNG1*

The top 25 significantly enriched proteins are shown across increasing CTE stages.
Seven of the top 25 stage IV proteins are also enriched in the first 2 groups. If the pro-
tein is not in the top 25, it is listed below the table with the position number on the list.
CTE, chronic traumatic encephalopathy; CTL, control.

*Seven proteins of interest.
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complexity domains, however, it is also robustly associated
with neurofibrillary tangle pathology. It is unclear if domains
in SmD or the low complexity domains in U1-70 K contribute
to the development of AD or CTE pathology, however, studies
are currently in progress to test this hypothesis.

CTE cases can also have b-amyloid pathology, espe-
cially in the older age groups and later CTE stages (16). Data
suggested that coexisting amyloid pathology may indeed func-
tion to accelerate the CTE tau pathology at an earlier age
although the converse action of CTE pathology accelerating
amyloid pathology may occur as well (16). For this cohort, we
did not identify significantly enriched amyloid, even in the
late-stage CTE cases. This could speak to inherent variability
within the tissues, however, we previously identified enriched
fragments of amyloid precursor protein in a smaller CTE

cohort of late stage cases (data not shown) suggesting that it
can be done. Increasing overall case numbers and stratifying
based on coexisting pathologies (like b-amyloid) may improve
sensitivity for detecting protein changes in future studies.

Although the proteomic data suggested that insoluble
enrichment of NQO1 was specific for the CTE cases, we also
identified a few AD cases which contained NQO1-positive
cells. However, the distribution of immunostaining was not as
robust as seen in the CTE cases, as most of the AD cases had
no significant NQO1 immunostaining or only occasional
NQO1-positive cells. This finding is not surprising given that
there is overlap between CTE and AD pathology, especially in
the later stage cases that are also inherently older. Fully char-
acterizing prior history of CTE risk factors can also be difficult
as it is possible that the small number of AD cases with more

FIGURE 4. NQO1 immunostaining in CTE brain. The upper left panel shows NQO1 labeling in human frontal cortex of a stage IV
CTE case. Scale bar: 50 mm. The 5 panels on the right show representative examples of increasing NQO1 pathology with
increasing CTE stage (control n¼6 and CTE n¼11) in frontal cortex 50-mm free-floating sections. Scale bar: 100 mm. The
bottom left panel provides quantitation of NQO1 density from paraffin sections of frontal cortex with increasing CTE stage
(Control n¼9, CTE I n¼8, CTE II n¼8, CTE III n¼9, CTE IV n¼11) as a validation cohort. One whole sulcus was utilized for
measuring NQO1 density in each case.
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FIGURE 5. NQO1-positive cells localize to blood vessels and GFAP but not IBA 1. (A) NQO1 (green), GFAP (red), Hoechst (blue).
White arrows: NQO1-positive cells with GFAP staining (yellow color on merge panel). (B) IBA1 (green), NQO1 (red), Hoechst
(blue). White arrows: IBA1-positive microglia adjacent to but not colocalizing with NQO1-positive cells. (C) CD31 (green),
NQO1 (red), and Hoechst (blue). White arrows: foot processes from NQO1-positive cells. Sections utilized were from the depths
of sulci from dorsolateral prefrontal cortex. Scale bar: 50mm.

FIGURE 6. Correlation of NQO1 and tau in CTE frontal cortex. (A) NQO1 correlation with hyperphosphorylated tau density in
cases with CTE. (B) Immunofluorescence labeling of nuclei Hoechst (blue), NQO1 (green), and tau (red) in a single large NQO1-
positive cell. Yellow color in the merge image designates colocalization. Scale bar: 50mm.
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robust NQO1 staining may have had a prior history of repeti-
tive head injury, despite attempts to capture this information
via questionnaires. Further studies investigating the driving
force behind the NQO1 enrichment will be helpful in clarify-
ing its role in neurodegenerative diseases.

This study was limited by relatively small numbers of
CTE cases, especially when dividing the cohort to query the
different CTE stages. Even with this limitation, we demon-
strated the feasibility of tracking enriched proteins through in-
creasing CTE stages. As proof of concept, we selected one of
these proteins to validate, NQO1. NQO1 was the most
enriched of all the overlapping insoluble proteins and demon-
strated increasing enrichment with CTE stage. NQO1 was also
interesting from a biological perspective because it is involved
in the reduction of reactive oxygen species. In addition, stud-
ies have suggested that NQO1 may play a role in AD, how-
ever, the results from these studies are not conclusive (25).
The enrichment of NQO1 in the insoluble proteome and the
further identification of NQO1 immunostaining with hyper-
phosphorylated tau, could suggest that NQO1 is forming path-
ological aggregates that reduce its capacity to function. As a
result, the cells could be more susceptible to reactive oxygen
species and oxidative injury and therefore prone to degenerate,
perhaps contributing to disease pathogenesis in CTE. Alterna-
tively, increased NQO expression in these cells may actually
be a protective cellular response, and represent the cell’s at-
tempt to reduce oxidative injury in cells that are being dam-
aged by the abnormal tau aggregations or by oxidative injury
in the surrounding parenchyma. The increased NRF2 immu-
nostaining in a subpopulation of the NQO1-positive cells
would support the later hypothesis that the cells are attempting
to upregulate protective mechanisms to reduce oxidative in-
jury. Similarly, there were NRF2-positive cells, possibly neu-
rons or interneurons, that have NRF2 expression near the
NQO1-positive cells (Supplementary Data Fig. S3), and these
cells may also be contributing to the NQO1 expression levels.
If additional studies support this finding, recent interest in tar-
geting the NRF2/NQO1 pathway and repurposing NRF2 acti-
vators as a therapeutic strategy for AD and PD may also prove
useful for CTE (26, 28, 30).

Another challenge with validating NQO1 was confirm-
ing the identity of the NQO1-positive cells. The GFAP dual
staining and cellular processes contacting microvasculature
supported that NQO1-positive cells were astrocytes, however,
a population of cells was negative for GFAP and other
markers. Although these could be astrocytes without robust
GFAP expression, another study with transcriptomic data sug-
gested that NQO1 expression was present in oligodendrocyte
precursor cells (OPC) (31). Morphologically this could be
consistent, however, we were unable to confirm this hypothe-
sis despite trying multiple dual-labeling experiments with
OPC markers. Either way, the contribution of glial cells to the
neurodegenerative cascade is becoming increasingly recog-
nized. Additional studies including disease modeling may be
helpful in clarifying how NQO1 contributes to the disease
process.

Overall, we confirmed that analysis of the CTE insolu-
ble proteome could generate relevant findings even when
analyzing aggregate data across all CTE stages. We also

demonstrated that proteins can be followed through increasing
CTE stage and validated with an orthogonal approach. In addi-
tion to the RNA processing factors and NQO1, we identified a
wealth of many other proteins to explore in the context of
CTE progression even with this small cohort. Larger case
numbers will likely improve the ability to detect more
changes, reduce false positives, and also provide further
opportunity for more sophisticated systems biology analysis.
The ultimate goal is that this approach will provide additional
mechanistic insight into CTE pathogenesis.
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