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Transcriptome analyses of chronic traumatic
encephalopathy show alterations in protein
phosphatase expression associated with tauopathy

Jeong-Sun Seo1,2,3,4,14, Seungbok Lee1,14, Jong-Yeon Shin1,4,14, Yu Jin Hwang5,14, Hyesun Cho1,2,3,14,
Seong-Keun Yoo1,6, Yunha Kim5, Sungsu Lim5, Yun Kyung Kim5, Eun Mi Hwang7, Su Hyun Kim8,9,
Chong-Hyun Kim8,9, Seung Jae Hyeon5, Ji-Young Yun1,4, Jihye Kim1,4, Yona Kim10, Victor E Alvarez11,
Thor D Stein11,12,13, Junghee Lee12,13, Dong Jin Kim5, Jong-Il Kim1,2,3, Neil W Kowall12,13, Hoon Ryu5,12,13

and Ann C McKee11,12,13

Chronic traumatic encephalopathy (CTE) is a progressive neurodegenerative disorder that is associated with repetitive head

injury and has distinctive neuropathological features that differentiate this disease from other neurodegenerative diseases.

Intraneuronal tau aggregates, although they occur in different patterns, are diagnostic neuropathological features of CTE, but the

precise mechanism of tauopathy is not known in CTE. We performed whole RNA sequencing analysis of post-mortem brain

tissue from patients with CTE and compared the results to normal controls to determine the transcriptome signature changes

associated with CTE. The results showed that the genes related to the MAP kinase and calcium-signaling pathways were

significantly downregulated in CTE. The altered expression of protein phosphatases (PPs) in these networks further suggested

that the tauopathy observed in CTE involves common pathological mechanisms similar to Alzheimer’s disease (AD). Using cell

lines and animal models, we also showed that reduced PPP3CA/PP2B phosphatase activity is directly associated with increases

in phosphorylated (p)-tau proteins. These findings provide important insights into PP-dependent neurodegeneration and may lead

to novel therapeutic approaches to reduce the tauopathy associated with CTE.
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INTRODUCTION

Concussion, which is the most common neurological form of
traumatic brain injury (TBI), occurs frequently in sports.
Approximately 1.6–3.8 million sports-related concussions are
reported annually in the United States.1–4 Chronic traumatic
encephalopathy (CTE) is a progressive brain disorder that is
associated with repetitive brain trauma, including concussions
and asymptomatic subconcussive head injury.5,6 The clinical

symptoms of CTE are aggression, depression, impulsivity,
irritability, memory disturbances and increased suicidality.4

Although the clinical symptoms of CTE were described in the
1920s,7 neuropathologically confirmed CTE has been reported
more recently in retired professional football players and other
contact sport athletes with a history of repetitive head
trauma.4,8–12 The neuropathology of CTE is defined by the
distinct perivascular accumulation of hyperphosphorylated tau
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in neurons and astrocytes at the depths of cerebral sulci.12

There is also evidence that the tauopathy spreads with age and
the increasing severity of CTE to involve widespread regions of
the brain. This progression of pathological severity has been
divided into four stages of advancing severity, stages I through
IV.11 Other pathologies associated with CTE include axonal
injury, neuroinflammation and the deposition of TDP43.11

Clinical symptoms of CTE include behavior and mood
changes, memory loss and cognitive decline that may, in some
cases, evolve to overt dementia.9,11,13,14 There is typically
a latent period of years to decades between exposure to brain
injury and the development of clinical symptoms.

Although the diagnosis and monitoring of CTE have
improved over the last decade, a potential contribution of
altered gene expression to the pathogenesis of CTE has not yet
been studied. In this context, to identify and characterize the
transcriptome signatures associated with the pathophysiology
of CTE, we performed whole genome-wide RNA sequencing
analysis of post-mortem brain tissue from patients with CTE
and normal subjects. We further applied an in vitro cell line
model and in vivo mouse model to validate how transcriptome
changes lead to neuropathological changes in CTE. Since CTE
and AD show a similar pathology in terms of increased tau
hyperphosphorylation and tauopathy, we analyzed whether
altered transcriptome signatures are associated with the tau
phosphorylation pathway in CTE and AD. In addition, we
verified the immunoreactivity of p-Tau in the post-mortem
brain tissue of CTE and AD.

MATERIALS AND METHODS

Human tissues
Neuropathological processing of control, AD and CTE human brain
samples was performed according to the procedures previously
established for the Boston University Alzheimer’s Disease Center
(BUADC) and Chronic Traumatic Encephalopathy (CTE) Center.
Institutional review board approval for ethical permission was
obtained through the BUADC and CTE Center. This study was
reviewed by the Boston University School of Medicine Institutional
Review Board (Protocol H-28974) and was approved as exempt
because the study involved only tissue collected from post-mortem
individuals, which are not classified as human subjects. Next of kin
provided informed consent for participation and brain donation. The
study was performed in accordance with the institutional regulatory
guidelines and principles of human subject protection in the Declara-
tion of Helsinki. Detailed information about the brain tissues is
described in Supplementary Tables 1 and 2. In all cases in which
AD was diagnosed at autopsy, AD was stated as the cause of death.

RNA sequencing and analysis
The samples were prepared for sequencing using the Illumina TruSeq
RNA sample preparation kit according to the manufacturer’s instruc-
tions and sequenced on a HiSeq 2000 platform (Illumina, San Diego,
CA, USA). The 101-bp sequenced paired-end reads were mapped to
the hg19 reference human genome using the STAR 2-pass method.15

We used HTSeq to count the reads aligned to each gene based on the
Ensembl gene set16 (Supplementary Table 3). We excluded samples
that failed in the library preparation or sequence process. We also
excluded samples with fewer than 10 million reads sequenced. Overall,

18 CTE subjects and 24 normal subjects were examined. The
normalized read counts were applied to principal component analysis
or clustering analysis, which was conducted through R and Cluster 3.0
and visualized via Java Treeview.16–18

Weighted gene co-expression network analysis
Co-expression analysis was performed using the weighted gene
co-expression network analysis (WGCNA) method via its R package
(v3.0.0).19 Overall, 24 682 genes were used to construct each network.
To construct the networks, the absolute values of Pearson’s correlation
coefficients were calculated for all possible gene pairs, and the resulting
values were transformed such that the final matrix followed an
approximate scale-free topology. A connectivity measure (k) per gene
was calculated by summing the connection strengths with other genes.
Modules are defined as clusters of densely interconnected genes; by
default, the modules are indicated by branches of a hierarchical
clustering tree using a dissimilarity measure. Each module is subse-
quently assigned a color. The gene expression profiles of each module
were summarized according to the module eigengene (defined as
the first principal component of the module expression levels).
A measure of gene significance (GS) was computed to evaluate
a gene’s correlation with a phenotype. The intra-modular connectivity
(k-within) was calculated for each gene by summing the connection
strengths with other module genes and dividing this number by the
maximum intra-modular connectivity. The adjacency threshold for
including edges in the output was set at 0.2. The eigengene-based
connectivity of a gene in a module is defined as the correlation of the
gene with the corresponding module eigengene.

Enrichment analyses based on Kyoto Encyclopedia of Genes
and Genomes
Functional annotation analysis was used to assign biological relevance
to the gene network modules using Gene Set Enrichment Analysis
(GSEA) with Kyoto Encyclopedia of Genes and Genome (KEGG)
pathway.20 The enrichment of the KEGG terms in each module was
evaluated based on the hypergeometric test. The output from GSEA is
an enrichment score that describes the imbalance in the distribution of
ranks of gene expression in each gene set. The number of genes in the
overlap (k) was set at ≥ 3. The enrichment score was normalized
according to the size of the gene sets, which were subsequently
ranked according to the normalized enrichment score. The default
false-positive rate (FDR) q-value setting (FDR q-value o0.05) was
used as the cut-off.

Tau BiFC cell lines and culture
The establishment of the HEK293/tau-BiFC cell line was previously
described.21 Venus fluorescence protein amino-terminal fragment
(VN 173) and carboxyl-terminal fragment (VC 155), which are
independently non-fluorescent, were fused to full-length tau proteins.
For neuronal cell expression, tau-BiFC constructs (pCMV6-hTau40-
VN173 and pCMV6-hTau-VC155) were transfected into SH-SY5Y.
SH-SY5Y/tau-BiFC stable cells were selected using Geneticin
(200 μg ml− 1). The phosphorylation of tau resulted in the assembly,
or aggregation, of two tau molecules, which enabled the maturation of
the Venus protein to emit a fluorescence signal. All established cell
lines were grown in Dulbecco’s modified eagle medium containing
10% fetal bovine serum, 10 000 units per ml penicillin,
10 000 μg ml− 1 streptomycin and 1 μg ml− 1 of geneticin at 37 °C in
a humidified atmosphere containing 5% CO2.
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Live cell imaging and analysis
For microscopic image analysis, HEK293 tau-BiFC and SH-SY5Y
tau-BiFC cells were plated onto a black 384-well plate. The next day,
tau-BiFC cells were treated with okadaic acid (O8010, Sigma, St Louis,
MO, USA), cyclosporine A (C3662, Sigma) or deltamethrin (D9315,
Sigma) at various concentrations. After incubation for 29 h, the plate
was imaged using the Operetta high contents imaging system
(PerkinElmer). The cellular intensities of tau-BiFC fluorescence were
analyzed using the Harmony 3.1 analysis software. Each experiment
was performed in triplicate. The bar graphs for BiFC intensity indicate
the means± s.e.m. from three independent experiments.

Confocal microscopy
Tissues and cells were immunostained for p-Tau (S199) (rabbit
polyclonal, 1:200; Abcam, Cambridge, UK), p-Tau (S202/T205) (mouse
monoclonal, 1:500; Thermo Scientific, Waltham, MA, USA) and PP2B/
PPP3CA (rabbit polyclonal, 1:200; SantaCruz Biotech, Dallas, TX, USA)
according to a previous report.22 For confocal microscopy, the specimens
were incubated for 1 h with fluorescence (FITC)-conjugated secondary
antibody (Vector, Burlingame, CA, USA) and Cy3-conjugated secondary
antibody (Jackson Lab, West Grove, PA, USA) after the primary
antibody incubation. The images were analyzed using a Spinning Disk
Confocal microscope (IX2-DSU, Olympus, Tokyo, Japan). Pre-
absorption with excess target protein or omission of primary antibody
was used to demonstrate antibody specificity and determine the back-
ground generated from the detection assay.

Immunohistochemistry
Immunohistochemistry was performed as previously described.23

Paraffin-embedded tissues were sectioned in a coronal plane at
10–20 μm. The tissue sections were rehydrated, blocked with blocking
solution (1% H2O2), and incubated with p-Tau (S202/T205) (1:200),
PP2B/PPP3CA (1:200; SantaCruz Biotech), p-Tau (S199) (1:200;
Abcam) and anti-III tubulin antibody (1:500 dilutions; Sigma) for
24 h. After washing three times, the slides were processed with Vector
ABC Kit (Vector Lab). The immunoreactive signals were developed
with DAB chromogen (Thermo Fisher Scientific, Meridian, Rockford,
IL, USA) and analyzed under a bright field microscope.

Western blot analysis
Western blot analysis was performed as previously described.24 For the
detection of p-Tau and other proteins, the blots were probed with anti-
p-Tau (S199) (1:1000; Abcam), anti-p-Tau (S396) (1:1000), anti-p-Tau
(AT8, S202/T205) (1:1000) and anti-β-actin (1:10 000; Sigma Aldrich,
St Louis, MO, USA) antibodies, followed by treatment with the
appropriate secondary antibodies conjugated to horseradish peroxidase
(Pierce, 170-6515 and 170-6516). Immunoreactivity was detected using
an enhanced chemiluminescence (ECL) kit (Thermo Scientific).

Quantitative real-time PCR
Total RNA was extracted from the frozen brain tissues using TRIzol
reagent (MRC, TR118) as previously described (Lee et al.).23 Fifty
nanograms of RNA was used as a template for quantitative RT-PCR
amplification, using SYBR Green Real-time PCR Master Mix (Toyobo,
QPK-201, Osaka, Japan). The primers were standardized in the linear
range of the cycle prior to the onset of the plateau. The primer
sequences are shown in Supplementary Table 4. GAPDH was used as
an internal control. Real-time data acquisition was performed using an
LightCyler96 Real-Time PCR System (Roche Diagnostics, Indianapo-
lis, IN, USA) under the following cycling conditions: 95 °C for 1 min

× 1 cycle, and 95 °C for 15 s, followed by 60 °C for 1 min× 45 cycles.
The relative gene expression was analyzed using the LightCyler96
software and expressed as Ct the number of cycles needed to generate
a fluorescent signal above a predefined threshold.

Construction and delivery of rAAV vectors containing
PPP3CA shRNA
For in vivo gene silencing, the validated mouse shRNA sequences for
PPP3CA were cloned into the pSicoR vector using HpaI/XhoI sites
(Addgene, Cambridge, MA, USA, #21907) and subcloned into the
pAAV-MCS vector (Stratagene) using MluI/BglII sites. The high-titer
rAAV vectors were produced in HEK293TN cells using a helper
virus-free system. Briefly, the rAAV vectors were produced after
co-transfecting with equimolar amounts of a rep/cap/helper plasmid.
After incubation for 72 h, the cells were lysed, treated with benzonase
(Sigma #E1014) and further purified using HiTrap heparin columns (GE
Healthcare, Pittsburg, CA, USA, #17-0460-01). Amicon ultra-15 cen-
trifugal filter units (Millipore, Billerica, MA, USA #UFC9100) were used
to concentrate up to the final volume. For the delivery of rAAV-PPP3CA
shRNA into the brain, the stereotactic microinjection method was used.
rAAV-shControl and AAV-PPP3CA shRNA were delivered into the
dentate gyrus (AP: − 2, ML: 1.5, DV: − 1.85) of 4-month-old wild-type
mice and Tau transgenic (P301L) mice as previously described.

Animal model of TBI
All procedures for the animal study were approved by Institutional
Animal Care and Use Committee (IACUC) in the Korea Institute of
Science and Technology according to international standards and
guidelines. Wild-type (C57BL/6) and Tau transgenic (P301L) mice at
4 months of age were used in this study. The mice were fed a standard
laboratory diet and water ad libitum in a controlled environment. The
mice received three weight-drop-induced closed diffuse TBIs at 3-day
intervals. We induced closed diffuse TBI by using a weight-drop device
(weight 100 g, fall height 75 cm, angle 90°) as described previously but
with a slight modification.25 The anatomical locus of impact was
adjusted to bregma − 1 to ± 4. All mice were initially anesthetized with
2% avertin (23 μg g− 1) IP injection before receiving the weight-drop-
induced TBI. Sham-injured animals were subjected to the same
protocol of anesthesia administration, but no mass was ever dropped.
After TBI, the mice were placed in the supine position in a clean cage
heated using a commercially available heating pad. The mice were
then returned to their home cages after normal behavior (for example,
grooming, walking, exploring) was recovered. We examined animal
behaviors based on open field and assessed neurohistological changes.
The animals were killed at 24 h after the last impact, and
sham-operated animals were killed at 24 h after the last anesthesia.

RESULTS

Transcriptome analysis of CTE
The potential contribution of altered gene expression to the
pathogenesis of CTE has not been previously studied. We
performed RNA sequencing on extracted RNA from four regions
of post-mortem brain (anterior temporal (AT), posterior visual
(PV), superior frontal (SF) and superior parietal (SP) cortex)
from six subjects with neuropathologically verified CTE stage III
and stage IV and seven normal controls (Supplementary Table
1). Paired-end RNA-Seq was performed using the Illumina HiSeq
2000 platform, and sequencing reads were aligned to the hg19
reference human genome. The average number of reads was ~71
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million (74 million for normal subjects and 76 million for CTE
subjects), with ~77.4% of the total reads mapping to the human
transcriptome (Supplementary Table 5). To assess the similarities
and differences among samples, we conducted a principal
component analysis for the RNA-seq samples. The results
demonstrated a clear distinction in the transcriptomic landscape
between CTE and normal subjects (Figure 1a).

Gene network analysis identifies co-expressed gene modules
We applied a WGCNA19 to identify CTE-associated co-expres-
sion modules and their key constituents. WGCNA clusters genes
with similar expression patterns in an unbiased manner, thus
enabling the biological interpretation of transcriptional patterns.
We identified 12 distinct co-expression modules, which varied in
size from 74 to 3355 genes. A total of 13 331 genes did not share
similar co-expression with the other genes in the network and

were thus not included in any of the modules (Figure 1b,
Supplementary Table 6). The module eigengene represented the
expression of all genes classified into that module. When each
eigengene expression was correlated against CTE status or other
experimental variables, such as brain region (AT, PV, SF and SP)
using Pearson’s method, only CTE status significantly correlated
positively or negatively with a module eigengenes (Figure 1c).
The blue module (r=− 0.87, P= 8×10− 14) was negatively
correlated with CTE subjects, indicating that most of genes in
this module were downregulated in the CTE brain, whereas
other significant modules for CTE were positively correlated.
The results regarding the changing expression patterns of cell
type-specific genes suggest that the genes related to both neurons
and oligodendrocytes are affected by CTE progression. Specifi-
cally, neuron-associated genes were enriched in the blue module
and showed decreased expression with CTE (Supplementary

Figure 1 Global gene networks. (a) Principal component analysis (PCA) of gene expression profiles of all samples. CTE subjects are shown
in blue and normal subjects are shown in red. (b) Dendrogram from gene coexpression network analysis of human CTE and normal
subjects. Modules of co-expressed genes were assigned colors, as indicated by the horizontal bars under the dendrogram. Each line is
a single gene where height (y axis) indicates dissimilarity. In total, 12 modules ranging from 74 to 3355 genes in size were identified. The
13 331 genes that were not co-expressed in the data set were assigned to the gray group. (c) Matrix with the Module-Trait Relationships
(MTRs) and corresponding P-values between the detected modules on the x axis and selected CTE and brain-specific regions (AT, PV, SF
and SP) on the y axis. The Pearson’s correlation coefficient (PCC) values range from −1 to +1 depending on the strength of the
relationship. A positive value indicates that the transcripts within a particular co-expression module increase as the variable increases,
whereas the opposite is true if the sign of the PCC is negative. Each PCC value is accompanied by the corresponding P-value in brackets.
(d) Gene set enrichment analysis with Kyoto Encyclopedia of Genes and Genomes pathways using genes in seven modules with a high
correlation to CTE. A maximum of 2000 high-module membership genes were used.
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Figure 1). Consistent with the principal component analysis, the
WGCNA analysis revealed no significant differences in the four
brain regions. Only AT and PV were positively correlated with
purple and black modules, respectively.

To understand the biological relevance of the identified
modules highly correlated to CTE, we performed gene set
enrichment analysis (GSEA) with KEGG pathways (Figure 1d).
Two (blue and turquoise modules) of the seven modules were
highly enriched for specific functional pathways that are
directly associated with neurodegenerative diseases and neuro-
biological functions. In particular, the blue module was
enriched for functional categories explicitly related to the
calcium-signaling pathway, Alzheimer’s disease, Huntington’s
disease and Parkinson’s disease and to genes belonging to the
MAPK-signaling pathway. The brown and black modules were
enriched for genes belonging to pathways involved in cancer,
focal adhesion and actin cytoskeleton regulation. This analysis
suggests that the large coordinated changes in gene expression
are specifically associated with CTE brain.

The blue gene co-expression module is significantly
associated with CTE
The blue module contains 3064 genes with a high correlation
between the members of its module and gene significance for

CTE (r= 0.85 and Po1× 10− 200, Supplementary Figure 2a).
Unsupervised hierarchical clustering performed on gene expres-
sion levels of the blue module showed the distinct separation of
CTE from normal subjects (Supplementary Figure 2b). Eight
hundred and seventy-two (872) upregulated and 2192 down-
regulated genes were abnormally expressed in CTE. Functional
annotation analyses based on KEGG pathways using upregu-
lated and downregulated genes in the blue module are provided
in Figure 2a. The upregulated genes were primarily involved in
the MAPK pathway, which is associated with Alzheimer’s
disease pathogenesis. However, the tau phosphorylation kinase,
p38 MAPK (MAPK11, MAPK12, MAPK13 and MAPK14), was
not activated or associated with the blue module. Moreover, the
expression levels of the other tau phosphorylation kinases,
GSK3 (GSK3A and GSK3B), CDK5 and FYN, were not also
increased in CTE (Supplementary Figure 2c). The down-
regulated genes were associated with several neurodegenerative
diseases. Among these genes, we focused on genes not
associated with Huntington’s disease and Parkinson’s disease,
which do not have tauopathy for main disease progression.
Using this approach, we identified nine genes that might affect
CTE progression: CACNA1F, ATP2A2, GRIN2A, PPP3CA,
PPP3CB, PPP3R1, CALM1, CALM2, CALM3 and CALML3.

Figure 2 The blue gene co-expression module is significantly associated with CTE. (a) KEGG pathway analysis of upregulated (upper) and
downregulated (lower) genes in the blue module. Genes enriched to the MAPK pathway and Alzheimer’s disease are shown. (b) Gene
expression of three candidate genes.
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Figure 3 Deregulation of PPP3CA is associated with the hyperphosphorylation of tau in chronic traumatic encephalopathy (CTE).
(a) The mRNA levels of PPP3CA and PPP3CB are reduced in CTE (n=11) compared to normal subjects (n=11). (b) Protein levels of
PPP3CA and PPP3CB are reduced but levels of p-tau (S199, S202/T205 and S396) are elevated in CTE. (c) The densitometry analysis (of
western blot) shows that p-tau (S202/T205) is significantly increased while the levels of PPP3CA and PPP3CB are reduced in CTE.
Significantly different at *Po0.01. (d) The immunoreactivity of p-tau (Ser 396) is elevated while the immunoreactivity of PP3CA is
reduced in CTE. Scale bar: white, 20 μm; black, 40 μm. (e) The densitometry analysis (of immunohistochemistry) shows that p-tau
(S202/T205) is significantly increased, whereas the level of PPP3CA is reduced in CTE. Significantly different at **Po0.001.
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Figure 4 Deregulation of PPP3CA expression is associated with the tauopathy in AD. (a) The mRNA levels of PPP3CA and PPP3CB are
reduced in AD (n=8) compared to normal subjects (n=8). (b) The level of p-Tau (S202/T205) is elevated in AD, while the protein levels
of PPP3CA and PPP3CB are reduced in AD. (c) The densitometry analysis shows that p-Tau (S202/T205) is significantly increased in AD,
while the levels of PPP3CB are reduced in AD. *Significantly different at Po0.01. (d) The immunoreactivity of PPP3CA is reduced in AD,
while the immunoreactivity of p-Tau (S396, S199 and S202/T205) is enhanced in AD. Scale bar: 50 μm (black); 20 μm (white).
(e) The densitometry analysis (of immunohistochemistry) shows that p-tau (S202/T205) is significantly increased, whereas the level of
PPP3CA is reduced in AD. Significantly different at **Po0.001. (f) The fluorescence intensity of PPP3CA is decreased in the temporal
cortex of AD, while the fluorescence intensity of p-Tau (S202/T205) is increased. In part, the PPP3CA is colocalized with p-Tau
(S202/T205) in the peripheral foci of the p-tau tangles detected in the temporal cortex of AD. The nuclei were counterstained with DAPI.
Scale bar: 10 μm (white). The PPP3CA enzyme activity is significantly reduced in AD.
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From the above-mentioned genes, we identified PPP3CA,
encoding a calcium-dependent, calmodulin-stimulated protein
phosphatase (PP), which was reported to be decreased in the
medial temporal gyrus from AD patient brains.26 In addition,
PPP3CB and PPP3R1, which are subunits of PP2B, were
significantly decreased in CTE subjects (Figure 2b).

Reduction of PPP3CA/PP2B activity is associated with
tauopathy in CTE
We explored whether altered PPP3CA gene expression also
contributes to pathological tau phosphorylation and tauopathy
in CTE. First, the downregulation of PPP3CA was confirmed
through quantitative real-time PCR (qPCR) in the cortex of
human CTE and normal subjects (Figure 3a). Western blot and
densitometry analyses subsequently showed that the levels of
PPP3CA were markedly decreased in CTE compared to normal
subjects (Figure 3b and c). Furthermore, the levels of p-tau at
S199, S202/T205 and S396, which are the most common sites
of tau phosphorylation in neurodegenerative disorders, were
increased 3- and 30-fold in CTE. Importantly, the levels of
PPP3CA protein and p-tau (S202/T205) in the frontal cortex of

CTE patients were inversely correlated. To further investigate
the pathological characteristics of tauopathy in CTE, we
performed 3,3′-diaminobenzidine (DAB) immunohistochem-
ical staining in the cortex of normal and CTE brains (Figure 3d
and e). Consistent with the qPCR and western blot data, the
immunoreactivity of PPP3CA was decreased, and tau was
hyperphosphorylated (S199, S396, S205/T208) in CTE.

Reduction of PPP3CA/PP2B activity is associated with
tauopathy also in AD
Because the characteristics of CTE closely overlap with AD
both clinically and pathologically, we examined whether PP2B
activity is likely decreased in AD, which exhibits the most
prevalent tauopathy. We conducted qPCR for PPP3CA in the
AD subjects and confirmed downregulation, as shown in CTE
subjects (Figure 4a). We also observed a similar inverse
correlation between the PPP3CA levels and p-tau in AD, as
shown in CTE (Figure 4b and c). As we expected, not only the
immunoreactivity of PPP3CA was decreased but tau protein
also was hyperphosphorylated (S199, S396, S205/T208) in AD
(Figure 4d and e). Confocal microscopy showed that the

Figure 5 Protein phosphatase 2B (PP2B) (previous name of PPP3CA protein) inhibitors increase tau phosphorylation and tau aggregation
in tau-BiFC cell lines. (a) Diagram of tau-BiFC maturation as an indication of tau aggregation. In tau-BiFC system, full-length tau is fused
to non-fluorescent N- or C-terminal fragments of Venus fluorescence protein (VN173 or VC155), and both tau constructs were stably
expressed in cells. Only when tau assembles, Venus protein could be matured, thereby activating its fluorescence signal. (b) PP2A/PP2B
inhibitors induce tau aggregation in SH-SY5Y tau-BiFC cells. Cells were incubated with okadaic acid (OA; 30 nM), cyclosporine A
(CsA; 30 μM) and deltamethrin (DM; 30 μM) for 29 h. Scale bar: 200 μm. (c) Quantification of BiFC-fluorescence increases in SH-SY5Y
tau-BiFC cells at various concentrations of protein phosphatase (PP) inhibitors. (d) PP2A/PP2B inhibitors induce tau aggregation in
HEK293 tau-BiFC cells. Cells were incubated with okadaic acid (OA; 30 nM), cyclosporine A (CsA; 30 μM) and deltamethrin (DM; 30 μM)
for 29 h. Scale bar: 200 μm (white). (e) Quantification of BiFC-fluorescence increases in HEK293 tau-BiFC cells at various concentrations
of PP inhibitors. Significantly different at *Po0.01; **Po0.001.
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immunoreactivity of PPP3CA was reduced but that the
immunoreactivity of p-tau was elevated in AD (Figure 4f).
Interestingly, we also observed the colocalization of PPP3CA
with p-tau (S202/T205) in peripheral foci of neurofibrillary
tangles in the cortex of AD.

Inhibition of PPP3CA/PP2B activity leads to tau
phosphorylation and tau aggregation
Following the confirmation of decreased PPP3CA activity and
elevated tau phosphorylation in human CTE and AD samples,
we examined whether PPP3CA inhibition would be sufficient
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to increase tau phosphorylation and aggregation using in vitro
cell line models of tauopathy. To this end, we used Tau-BiFC
cell lines (SH-SY5Y and HEK293), which enable the
conventional fluorescence imaging of tau phosphorylation
and aggregation (Figure 5a). Three different PP2A/PPP3CA
inhibitors (okadaic acid, cyclosporine A and deltamethrin)
increased the level of tau phosphorylation in both SH-SY5Y
and HEK293 Tau-BiFC cell lines (Figure 5b). Okadaic acid and
cyclosporine A treatment elevated the level of tau phosphor-
ylation in a dose-dependent manner, whereas deltamethrin
showed a declining trend after the threshold of 3 μM
(Figure 5c). Similar results were observed in the HEK 293 cell
line, with a higher intensity of tau phosphorylation due to
okadaic acid (Figure 5d).

PPP3CA directly regulates tau phosphorylation
After confirming the involvement of PPP3CA catalytic activity
in the dephosphorylation of tau, we further verified whether
PPP3CA directly modulates tau phosphorylation (Figure 6).
Because GSK3β is a well-known kinase of tau, we over-
expressed GSK3β with PPP3CA and tau and determined the
level of phosphorylated tau. Whereas the overexpression of
GSK3β elevated tau phosphorylation at S202/T205 and S214,
the co-transfection of PPP3CA reversed the effects of GSK3β
and decreased the level of phosphorylated tau in a dose-
dependent manner (Figure 6a). In addition, PPP3CB, another
differentially expressed subunit of PPP3CA, reversed the effects
of GSK3β and decreased the level of phosphorylated tau in a
dose-dependent manner (Supplementary Figure 3). Regression
analyses confirmed that the level of p-tau (S202/T205) was
inversely correlated with the expression of PPP3CA (R= 0.892;
Figure 6b). In addition, we examined whether the catalytic
subunit of PPP3CA is necessary and sufficient to phosphorylate
tau (Figure 6c). To this end, we transfected cells with a catalytic
site deletion mutant of PPP3CA (PPP3CAdeltaCAT) and
verified that tau dephosphorylation did not occur with this
mutant. The data showed that the catalytic activity of PPP3CA
is indispensable for the dephosphorylation of p-tau. Moreover,
we knocked down PPP3CA using shRNAs to demonstrate loss-
of-function of PPP3CA (Figure 6d), resulting in a marked
increase of tau phosphorylation in response to GSK3β.

PPP3CA/PP2B modulates tau dephosphorylation in in vivo
animal model of CTE
To verify whether the downregulation of PPP3CA affects, the
phosphorylation of tau in vivo, we transduced adeno-associated
viral (AAV) vectors containing shRNA for PPP3CA into
hippocampal regions of tau (P301L) transgenic mouse brains
and measured the difference in tau phosphorylation compared
with the control after multiple weight-drop-induced head
injuries (Figure 6e). Consistent with the cellular model, the
knockdown of PPP3CA using AAV-shPPP3CA markedly
reduced the immunoreactivity of PPP3CA in the hippocampal
regions of mice (Figure 6f). Furthermore, the immunoreactivity
of p-tau (S202/T205) was robustly increased in the dentate
gyrus after exposure to weight drop-induced head injuries
(Figure 6g). The immunoreactivity of p-tau (S202/T205)
was elevated in the region of PPP3CA knockdown using
AAV-shPPP3CA, whereas p-tau (Ser202/Thr205) was not
detected after AAV-shRNA control transduction (Figure 6h).
Similarly, the immunoreactivity of p-tau (S199) was enhanced
in hippocampal regions (CA1, CA3 and DG) with PPP3CA
knockdown using AAV-shPPP3CA upon weight drop-induced
multiple head injuries (Supplementary Figure 4).

DISCUSSION

CTE is a progressive neurodegenerative disease that
shows clinical symptoms including short-term memory loss,
Parkinsonism, and gait and speech disabilities. Increasing
evidence shows that a single or repetitive head injury is a risk
factor for AD.27,28 Importantly, CTE exhibits several neuro-
pathological features of AD, such as tauopathy, neuropil
neurites (NNs) and diffuse senile plaques. Indeed, the abnor-
mal levels of hyperphosphorylated tau protein in neurons and
astrocytes of CTE are similar or identical to those of
neurofibrillary tangles in AD.29 However, although CTE
neuropathologically resembles AD, the mechanism of how
brain injury leads to neuropathological sequelae of tauopathy
in CTE remains unknown.

In the present study, we analyzed the changes in
the transcriptome associated with CTE. Although the
pathophysiology of CTE is complex and involves broad
changes in gene expression, reduced PPP3CA expression was
observed in CTE. PPP3CA is a subunit of calcineurin (PP2B),
which dephosphorylates tau, whose dysfunction has been

Figure 6 PPP3CA regulates the dephosphorylation of tau. (a) PPP3CA reduces the level of p-tau (Ser214, Ser202/Thr205) by through
GSK3β in a dose-dependent manner. (b) The level of phosphorylated tau is inversely correlated with the level of PPP3CA. (c) The catalytic
site deletion mutant of PPP3CA (PPP3CAΔCat) did not reduce the level of p-tau (Ser202/Thr205). (d) The knockdown of PPP3CA/PPP3CA
using shRNA increased the level of p-tau (Ser202/Thr205). (e) A schematic showing an in vivo animal model of AAV-shRNA injection. The
AAV-shPPP3CA viral injection into the hippocampal region of mouse brain decreased the level of PPP3CA. Scale bar: 50 μm (white).
(f) Knock down of PPP3CA increases the level of p-tau (S202/T205) in an animal model of TBI. The level of p-tau (Ser202/Thr205) was
increased by AAV-shRNA for PPP3CA in the hippocampal region of mouse brain but not by AAV-shRNA control in response to TBI.
(g) Densitometry analysis shows that the level of p-tau (Ser202/Thr205) is elevated in CA1, CA2, CA3 and DG (dentate gyrus) upon TBI.
The level of p-tau was normalized to mCherry intensity. Significantly different at **Po0.001. (h) A schematic illustrating that the
deregulation of protein phosphatases increases the level of p-tau and p-tau oligomer formation and leads to pathological neurofilament
tangle formation in chronic traumatic encephalopathy (CTE).
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implicated in the generation of both amyloid precursor
protein and hyperphosphorylated tau, the two hallmarks
of AD pathology.30 Previous studies have shown that the
excitotoxin-induced dysfunction of serine/threonine PP activity
induces tau phosphorylation in human neurons and that the
downregulation of calcineurin (PPP3CA) causes tau hyperpho-
sphorylation in AD patients and Huntington’s disease in
mouse model brains.24,31 Importantly, experimental systems
showed that reduced PPP3CA expression likely leads to tau
hyperphosphorylation in CTE, similar to AD.11 Notably,
hyperphosphorylated tau was localized in neurofibrillary
tangles and axonal arborizations, areas where the level of
PPP3CA was inversely reduced in both CTE and AD cases.
Moreover, in vitro experiments using phosphatase inhibitors
on BiFC-Tau cells demonstrated the importance of
serine/threonine PP activity for tau dephosphorylation.

Animal models of TBI have been developed over the last
several decades. The weight-drop animal model of TBI mimics
a repetitive brain injury in humans and provides several merits:
(1) it is simple and easy to apply repetitive-hit consistently, and
(2) it represents the pathophysiological features and symptoms
of concussion.25 Thus, we established a weight-drop animal
model of TBI and investigated how PPP3CA knockdown
affects repetitive TBI-induced tau phosphorylation in MAPT
(P301L) mice. Consistent with the cellular model, PPP3CA
knockdown using AAV-shPPP3CA significantly increased
the immunoreactivity of p-tau (S202/T205) in the dentate
gyrus of P301L mice after exposure to repetitive head injuries.
Together, these findings show that alterations in PP expression
likely contribute to tauopathy in CTE, which suggests
that modulating serine/threonine PP expression and activity
could be a potential therapeutic strategy for preventing
progressive tauopathy in CTE and other neurodegenerative
diseases.
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