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N E U R O S C I E N C E

Targeting histone K4 trimethylation for treatment 
of cognitive and synaptic deficits in mouse models 
of Alzheimer’s disease
Qing Cao, Wei Wang, Jamal B. Williams, Fengwei Yang, Zi-Jun Wang, Zhen Yan*

Epigenetic aberration is implicated in aging and neurodegeneration. Using postmortem tissues from patients with 
Alzheimer’s disease (AD) and AD mouse models, we have found that the permissive histone mark H3K4me3 and 
its catalyzing enzymes are significantly elevated in the prefrontal cortex (PFC). Inhibiting H3K4-specific methyl-
transferases with the compound WDR5-0103 leads to the substantial recovery of PFC synaptic function and memory- 
related behaviors in AD mice. Among the up-regulated genes reversed by WDR5-0103 treatment in PFC of AD 
mice, many have the increased H3K4me3 enrichment at their promoters. One of the identified top-ranking target 
genes, Sgk1, which encodes serum and glucocorticoid-regulated kinase 1, is also significantly elevated in PFC of 
patients with AD. Administration of a specific Sgk1 inhibitor reduces hyperphosphorylated tau protein, restores 
PFC glutamatergic synaptic function, and ameliorates memory deficits in AD mice. These results have found a 
novel epigenetic mechanism and a potential therapeutic strategy for AD and related neurodegenerative disorders.

INTRODUCTION
Neurodegenerative disorders including Alzheimer’s disease (AD) 
and frontotemporal dementia (FTD) are afflicting a large number 
of people. Mutations in the microtubule-associated protein Tau 
have been implicated in the pathogenesis of AD and FTD, because 
of the link of tau tangles to microtubule disassembly, transport im-
pairment, synaptic dysfunction, and neuronal degeneration (1–3). 
Effective treatment for these diseases is still lacking, calling for the 
need to find new strategies to probe the underpinnings of neuro-
degenerative disorders. Recent evidence suggests that the epigenetic 
dysregulation, which can lead to alterations of gene expression in 
brain cognitive regions, is one of the key pathophysiological bases 
of aging and neurodegeneration (4, 5). Restoring epigenetic homeo-
stasis is considered a promising therapeutic strategy for AD and 
related disorders (6, 7).

One major mechanism of epigenetic regulation of gene expres-
sion is histone modifications and chromatin remodeling. Specific 
histone modifications are catalyzed in a reversible manner by en-
zymes with opposing functions, such as histone acetyltransferases/
deacetylases and histone methyltransferases (HMTs)/demethylases. 
Methylation at lysines in histone H3 can serve to both activate and 
repress gene transcription. Histone methylation is uniquely suitable 
to be part of the molecular underpinnings of memory storage be-
cause of its tight association with distinct transcriptional states of 
genes and its active regulation during memory processes (8, 9). Con-
sistently, genetic studies have revealed the prominent link of muta-
tions in H3K4 methyltransferases or demethylases to diseases with 
cognitive impairment (10), including Wiedemann-Steiner syndrome 
(KMT2A mutations) (11), Kabuki syndrome (KMT2D mutations) 
(12), X-linked Claes-Jensen syndrome (KDM5C mutations) (13), 
and autism spectrum disorders (KDM5A/5B mutations) (14).

Our recent studies have found that H3K4 trimethylation 
(H3K4me3), a histone mark for gene activation (15), is significantly 
elevated in human AD postmortem tissues and AD mouse models 

in prefrontal cortex (PFC), a command center for high-level “exec-
utive” functions including working memory and decision-making 
(16) and a key brain region impaired in AD and FTD (17–19). We 
have found that inhibiting H3K4-specific methyltransferases leads 
to the substantial recovery of glutamatergic synaptic function in 
PFC pyramidal neurons and the significant improvement of memory- 
related behaviors in mutant Tau transgenic mice. These results have 
revealed a novel role of histone methylation in AD pathophysiology 
and a potential therapeutic strategy for AD and related neuro-
degenerative disorders associated with tauopathies.

RESULTS
Histone H3K4me3 and its catalyzing enzymes are 
significantly elevated in PFC of patients with AD and mutant 
Tau transgenic mice
To elucidate the role of histone methylation in AD, we examined 
the alterations of histone methylation marks associated with gene 
activation or silencing in the postmortem PFC (Brodmann’s area 10) 
tissues from patients with AD (five to six Braak stages). Compared 
with age- or sex-matched control subjects, the level of permissive 
H3K4me3 in the nuclear fraction of PFC lysates from patients with 
AD was significantly increased [Fig. 1A; Ctrl: n = 9, AD: n = 11, 
t(18) = 5.4, P < 0.001; t test], while no significant changes were found 
on the level of repressive H3K27me3 or enhancer H3K4me. Immuno-
staining of H3K4me3 and NeuN showed that fluorescent signal in-
tensity of prefrontal cortical neurons immunostained with H3K4me3 
in patients with AD were significantly elevated [Fig. 1B; n = 10 to 
12 slices from three humans per group; t(20) = 5.9, P < 0.001; t test].

To find out whether aberrant histone methylation also occurs in 
mouse models of AD, we examined P301S transgenic Tau mice 
(PS19), a model of tauopathy associated with neurodegenerative 
diseases including AD and FTD (20–23). As shown in Fig. 1C, 
P301S transgenic Tau mice (5 to 6 months old) exhibited a signifi-
cantly increased level of nuclear H3K4me3 in the PFC, compared to 
wild-type (WT) mice [WT: n = 5, Tau: n = 6, t(9) = 3.8, P < 0.01; 
t test], while the level of nuclear H3K27me3 and H3K4me had lit-
tle changes, consistent with the postmortem AD human results. 
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Immunostaining of H3K4me3 and NeuN also confirmed that 
H3K4me3 signals in PFC neurons of P301S Tau mice were signifi-
cantly elevated [Fig. 1D; n = 12 to 14 slices from four to six mice per 
group; t(24) = 3.1, P < 0.01; t test]. In the hippocampus of P301S Tau 
mice, the level of nuclear H3K4me3 did not show significant changes 
(fig. S1). These findings suggest that the specific elevation of per-
missive H3K4me3 in PFC of AD could provide a potential mecha-
nism for the activation of genes involved in AD pathophysiology.

Next, we sought to investigate the potential basis for the ob-
served increase of H3K4me3 in patients with AD and P301S Tau 
mice. We examined the expression of SET1/MLL family of HMTs 

that are responsible for H3K4me3, including SETD1a/b and MLL1-4 
(also named as KMT2A-D) (24). As shown in Fig. 1 (E and F), the 
mRNA level of KMT2C, KMT2D, SETD1A, and SETD1B was sig-
nificantly elevated in patients with AD, compared to control sub-
jects [Ctrl: n = 12, AD: n = 12, KMT2C, t(22) = 3.6, P < 0.01; KMT2D, 
t(22) = 3.7, P < 0.01; SETD1A, t(22) = 2.8, P < 0.05; SETD1B, t(22) = 
2.6, P < 0.05; t test]. In P301S Tau mice, Kmt2a and Setd1b were 
significantly higher, compared to WT mice [n = 6 to 12 mice per 
group; Kmt2a, t(10) = 2.4, P < 0.05; Setd1b, t(22) = 4.7, P < 0.001; 
t test], while others were not significantly altered. These results re-
veal the up-regulation of SET1/MLL family of HMTs as a potential 

H3K4me3

WT Tau WT Tau WT Tau

H3K27me3

H3K4me

H3

kDa

16

16

16

16

Ctrl AD Ctrl AD

H3

kDa

16

16

16

16

H3K4me3

H3K27me3

H3K4me

Ctrl AD

Pr
ot

ei
n

le
ve

l(
no

rm
.)

H3K4me3

H3K27me3
H3K4me

2

1

0

*** Ctrl AD

1.0

0

P
ro

te
in

le
ve

l(
no

rm
.)

H3K4me3

H3K27me3
H3K4me

** WT Tau

0.5

1.5
WT
Tau**

1

0
H3K4me3 NeuN

Fl
uo

. i
nt

en
si

ty
 (n

or
m

.) 2

WT Tau

A

D

B

H
3K

4m
e3

N
eu

N

2

1

0

* ***

Km
t2a

Km
t2b

Km
t2c

Km
t2d

Se
td1
a

Se
td1
b

m
R

N
A

 le
ve

l (
no

rm
.)

WT
Tau

E

m
R

N
A

 le
ve

l (
no

rm
.)

0

1

2

3

** ** * *

KM
T2
A
KM
T2
B
KM
T2
C
KM
T2
D

SE
TD
1A

SE
TD
1B

Ctrl
AD

F

Ctrl

C

H
3K

4m
e3

N
eu

N

AD

0

1

2

***
Ctrl
AD

Fl
uo

. i
nt

en
si

ty
 (n

or
m

.)

H3K4me3 NeuN

Fig. 1. The level of H3K4me3 and its catalyzing enzymes SET1/MLL HMTs are significantly elevated in the PFC of postmortem tissue from patients with AD and 
P301S Tau mice. (A) Immunoblots and quantification analysis of H3K4me3, H3K4me, and H3K27me3 in the nuclear fraction of postmortem prefrontal cortical tissue 
(Brodmann’s area 10) from patients with AD versus age- and sex-matched control (ctrl) subjects. (B) Confocal images and quantification of the intensity of H3K4me3 and 
NeuN signals of PFC neurons immunostained with H3K4me3 and NeuN in AD and control subjects. (C) Immunoblots and quantification analysis of H3K4me3, H3K4me, 
and H3K27me3 in the nuclear fraction of PFC from P301S transgenic Tau mice (Tau; 5 to 6 months old) versus wild-type (WT) mice. (D) Confocal images and quantification 
of the intensity of H3K4me3 and NeuN signals of PFC neurons immunostained with H3K4me3 and NeuN in WT versus P301S Tau mice. (E and F) Quantitative polymerase 
chain reaction (qPCR) data showing the mRNA level of SET1/MLL family members KMT2A-D and SETD1A/B in PFC of postmortem tissue from patients with AD versus 
control subjects (E) and P301S Tau mice (5 to 6 months old) versus age-matched WT mice (F). In all figures, *P < 0.05, **P < 0.01, and ***P < 0.001, t test.
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cause for the aberrantly high H3K4me3 in patients with AD and 
P301S Tau mice.

Treatment with the specific inhibitor of SET1/MLL family 
of HMTs, WDR5-0103, ameliorates memory deficits 
and restores synaptic function in P301S Tau mice
Given the elevation of SET1/MLL family of HMTs, we evaluated 
whether their inhibition could correct the abnormal H3K4me3 and 
exert therapeutic effects on P301S Tau mice. WDR5-0103 is a 
cell-permeant inhibitor of SET1/MLL HMTs (25), which could ef-
fectively antagonize their catalytic activity by competing for their 
binding sites on WDR5, one of the conserved core subunits of 
SET1/MLL family members (26). WDR5-0103 has high potency 
and selectivity for SET1/MLL HMTs [Kd (dissociation constant) = 
450 nM] and shows no inhibitory effect on other HMTs, including 
EHMT1/2, SUV39H2, PRMT3/5, and SETD7/8, at the concentra-
tions up to 100 M (25). Systemic administration of WDR5-0103 
(2.5 mg/kg, i.p., once daily for 3 days) significantly brought down 
H3K4me3 level in P301S Tau mice without affecting H3K27me3 
level [Fig. 2A; n = 5 mice per group; H3K4me3, F2,12 = 4.8, P < 0.05; 
H3K27me3, F2,12 = 2.7, P > 0.05; one-way analysis of variance 
(ANOVA)], indicating brain permeability and specificity of WDR5-
0103 for SET1/MLL HMTs.

Next, we assessed whether WDR5-0103 could ameliorate mem-
ory loss manifested in P301S Tau mice. Behavior tests were per-
formed 24 hours after the last day of WDR5-0103 administration 
(2.5 mg/kg, i.p., three times). In the novel object recognition test 
(NORT), WT mice displayed the natural preference for novel ob-
jects and spent more time exploring the novel object than the fa-
miliar one (P < 0.01 or P < 0.001, t test), while P301S Tau mice were 
unable to recognize previously explored object from a novel one 
and spent similar time on both objects (Fig. 2B). Treatment of 
P301S Tau mice with WDR5-0103 (2.5 mg/kg, i.p., three times) 
reversed the recognition memory deficits, which was reflected by 
the significantly improved discrimination ratio of the novel object 
over the familiar object [Fig. 2C; n = 10 to 13 mice per group; 
F1,40(genotype) = 9.5, P < 0.01; F1,40(treatment) = 8.1, P < 0.01; two-way 
ANOVA].

Another cognitive test was the Barnes maze, which examines the 
animal’s spatial memory by recalling the location of one correct 
hole (where an escape box was attached before) from seven other 
incorrect holes on a round platform. During the Barnes maze test, 
WT mice spent significantly more time on the correct hole (P < 0.05 
or P < 0.001, t test), while P301S Tau mice failed to remember the 
location of the correct hole, spending similar time on both correct 
and incorrect holes (Fig. 2D). Treatment of P301S Tau mice with 
WDR5-0103 reversed the memory deficits, as shown by the signifi-
cantly improved spatial memory index [Fig. 2, E and F; n = 10 to 
13 mice per group; F1,40(genotype) = 16.8, P < 0.001; F1,40(treatment) = 7.8, 
P < 0.01; two-way ANOVA].

We also compared the effects of different doses of WDR5-0103 
(1, 2.5, and 5 mg/kg, i.p., three times) on cognitive behaviors. As 
shown in fig. S2, all these doses significantly improved the spatial 
memory index in Barnes maze and discrimination ratio in NORT, 
with 2.5 mg/kg gave slightly better results, so the following studies 
were conducted with this dose of WDR5-0103. No significant 
changes were found in locomotion, open-field, and rotarod tests of 
P301S Tau mice (5 to 6 months old) (fig. S3), suggesting normal 
locomotor activity and motor coordination.

To determine whether the therapeutic effect of WDR5-0103 is 
generally applicable under AD conditions, we examined another 
AD mouse model, 5xFAD mice, which carries five familial AD mu-
tations on human amyloid precursor protein (K670N/M671L + 
I716V + V717I) and human presenilin 1 (M146L + L286V) (27). Extra-
cellular accumulation and deposition of oligomeric or fibrillar 
A peptide have been found to correlate with synaptic toxicity, neu-
ronal death, and memory loss in AD (28, 29). We first examined 
histone K4 methylation in 5xFAD mice (5 to 6 months old). As 
shown in fig. S4 (A and B), the level of H3K4me3 was significantly 
increased in the PFC of 5xFAD mice, while the level of H3K4me2 
and H3K4me was largely unchanged. Systemic administration of 
WDR5-0103 (2.5 mg/kg, i.p., three times) to 5xFAD mice brought 
down H3K4me3 in PFC to the control level [Fig. 2G; n = 6 mice per 
group; F1,20 (interaction) = 6.7; P < 0.05, two-way ANOVA].

Behavioral assays indicated that 5xFAD mice (5 to 6 months old) 
exhibited memory deficits in the Barnes maze test and NORT (fig. S5), 
consistent with our previous report (30). After WDR5-0103 treatment 
(2.5 mg/kg, i.p., three times), the cognitive function of 5xFAD mice 
was significantly improved, as indicated by the better discrimination 
ratio in NORT [Fig. 2H; n = 5 to 8 mice per group; F1,23(genotype) = 9.0, 
P < 0.01; F1,23(interaction) = 5.8, P < 0.05; two- way ANOVA] and higher 
spatial memory index in Barnes maze [Fig. 2I; n = 6 to 10 mice per 
group; F1,28(genotype) = 6.6, P < 0.05; F1,28(interaction) = 5.0, P < 0.05; two-
way ANOVA]. WT mice treated with WDR5-0103 had no changes in 
these cognitive tasks. Together, these behavioral data suggest that selec-
tive inhibition of H3K4me3- catalyzing HMTs is capable of ameliorat-
ing cognitive impairment in both P301S Tau and 5xFAD mice.

To investigate the synaptic basis for the alleviation of cognitive 
deficits by WDR5-0103, we used whole-cell patch-clamp electro-
physiology to examine synaptic function by measuring AMPAR 
(-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor) 
and NMDAR (N-methyl-D-aspartate receptor)–mediated excitatory 
postsynaptic currents (EPSC) in PFC slices from P301S Tau mice (5 to 
6 months old). As shown in Fig. 3 (A and B), the input/output 
curves of AMPAR-EPSC and NMDAR-EPSC evoked by a series of 
stimulus intensities were significantly reduced in PFC pyramidal 
neurons from P301S Tau mice, compared to age-matched WT mice, 
and WDR5-0103 treatment of P301S Tau mice (2.5 mg/kg, i.p., three 
times) markedly restored AMPAR-EPSC and NMDAR-EPSC [AMPA: 
n = 20 to 22 cells from four mice per group, F2,60(treatment) = 19.0, 
P < 0.001; NMDA: n = 13 to 16 cells from four mice per group, 
F2,40(treatment) = 9.1, P < 0.001; two-way repeated-measure ANOVA 
(rmANOVA)]. Spontaneous EPSC (sEPSC), which was diminished in 
P301S Tau mice, was also significantly increased by WDR5-0103 
treatment (Fig. 3C; n = 20 cells per four mice per group; amplitude: 
F2,57 = 18.2, P < 0.001; frequency: F2,57 = 13.1, P < 0.001; one-way ANOVA).

The reduced EPSC suggests the loss of glutamate receptors on 
the postsynaptic membrane (31), which is a common synaptic mech-
anism underlying memory impairment in AD (32–34). Therefore, 
we measured the level of AMPA receptor subunits (GluR1 and GluR2) 
and NMDA receptor subunits (NR1, NR2A, and NR2B) in the syn-
aptic fraction of PFC lysates. In AD human patients, synaptic GluR1 
and GluR2 exhibited the significantly decreased level (Fig. 3D; Ctrl: 
n = 12, AD: n = 12, P < 0.05; t test), while synaptic NR1, NR2A, and 
NR2B showed little changes. In P301S Tau mice, the level of syn-
aptic GluR1, NR1, and NR2A was significantly reduced, which was 
remarkably restored by WDR5-0103 treatment (Fig. 3E; n = 6 mice 
per group; GluR1, F2,15 = 13.1, P < 0.001; NR1, F2,15 = 4.6, P < 0.05; 
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NR2A, F2,15 = 7.4, P < 0.01; one-way ANOVA). These data have re-
vealed the capacity of WDR5-0103 to rescue synaptic glutamatergic 
function and receptor expression in PFC neurons of P301S Tau mice.

Genome-wide alteration of gene expression in P301S Tau 
mice is ameliorated by inhibition of SET1/MLL family of HMTs
Given the remarkable rescuing effects of SET1/MLL methyl-
transferase inhibitor WDR5-0103 on synaptic and cognitive im-

pairments in P301S Tau mice, we sought to identify molecular tar-
gets that may underlie the therapeutic effects of H3K4me3 
inhibition. Therefore, we performed RNA sequencing (RNA-seq) 
experiments to examine genome-wide transcriptional changes in 
PFC of P301S Tau mice with or without WDR5-0103 treatment. 
Compared to WT mice, 1058 genes exhibited differential expression 
in P301S Tau mice. Among them, 610 genes were up-regulated, and 
448 genes were down-regulated. Gene Ontology (GO) Biological 

Fig. 2. Administration of the H3K4-specific methyltransferase inhibitor WDR5-0103 ameliorates cognitive deficits in P301S Tau mice and 5xFAD mice. (A) Immuno-
blots and quantification analysis of H3K4me3 and H3K27me3 in the nuclear fraction of PFC lysates from WT versus P301S Tau mice (5 to 6 months old) treated with WDR5-
0103 (2.5 mg/kg, i.p., three times) or saline control. (B and C) Bar graphs showing the time spent on exploring the familiar or novel object (B) and the discrimination index 
(C) in novel object recognition test (NORT) of WT versus P301S Tau mice treated with WDR5-0103 or saline. (D and E) Bar graphs showing the time spent on exploring the 
correct hole (T1) versus the seven incorrect holes (T2) (D) and the spatial memory index (T1/T2) (E) in Barnes maze tests of WT versus P301S Tau mice treated with WDR5-0103 
or saline. (F) Representative heatmaps illustrating the time spent in different locations of the arena for Barnes maze tests during the memory phase (escape box removed). 
(G) Immunoblots and quantification analysis of H3K4me3 in the nuclear fraction of PFC lysates from WT versus 5xFAD mice treated with WDR5-0103 or saline. (H) Bar graph 
showing the discrimination index in NORT of WT versus 5xFAD mice treated with WDR5-0103 or saline. (I) Bar graphs showing the spatial memory index in the Barnes Maze 
test of WT versus 5xFAD mice treated with WDR5-0103 or saline. In all figures, *P < 0.05, **P < 0.01, and ***P < 0.001, ANOVA (A, C, E, and G to I) or t test (B and D).
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Fig. 3. WDR5-0103 restores glutamatergic transmission and synaptic glutamate receptor expression in P301S Tau mice. (A and B) Input-output curves of AMPAR- 
EPSC (A) and NMDAR-EPSC (B) in response to a series of stimulation intensities in PFC pyramidal neurons from WT mice or P301S Tau mice (5 to 6 months old) treated with 
WDR5-0103 (2.5 mg/kg, i.p., three times) or saline control. Inset: Representative EPSC traces at different stimuli. (C) Bar graphs showing sEPSC amplitude and frequency in 
WT or P301S Tau mice treated with WDR5-0103 or saline. Inset: sEPSC traces. (D and E) Immunoblots and quantification of GluR1, GluR2, NR1, NR2A, and NR2B expression 
in the synaptic fraction of PFC from postmortem tissue of patients with AD versus control subjects (D) and WT mice versus P301S Tau mice treated with WDR5-0103 or 
saline (E). In all figures, *P < 0.05, **P < 0.01, and ***P < 0.001, ANOVA (A to C and E) or t test (D).
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Process analysis found that the up-regulated genes were enriched 
in apoptosis, oxidative stress, and kinase activity, while the down- 
regulated genes were enriched in extracellular matrix organization, 
transcriptional repressor activity, and transmembrane transport 
(fig. S6).

In WDR5-0103–treated P301S Tau mice, 119 of the up-regulated 
genes and 96 of the down-regulated genes were significantly reversed 
(tables S1 and S2). The heatmaps generated with the expression val-
ues for the reversed genes demonstrated that the saline-treated 
P301S Tau samples clustered together and separated from WT sam-
ples, and WDR5-0103–treated P301S Tau samples were closer to 
WT than saline-treated P301S Tau samples (Fig. 4, A and D).

Functional classification analysis of the RNA-seq data revealed 
distinct and common categories of the genes normalized by WDR5-
0103 treatment (Fig. 4, B and E). Genes encoding kinases, receptors, 

and ion channels were found in both directions, while genes in-
volved in apoptosis were mainly found in the reversed up-regulated 
gene set, and genes involved in extracellular matrix and cell prolif-
eration were mainly found in the reversed down-regulated gene 
set. GO Biological Process analysis of WDR5-0103–reversed genes 
(Fig. 4, C and F) revealed that the up-regulated genes are enriched 
in cellular processes like protein kinase activity, organismal re-
sponse to stress, apoptotic process, and immune response, while the 
down-regulated genes are enriched in cellular processes like posi-
tive regulation of cell adhesion, extracellular matrix organization, 
transport, and cell proliferation. Together, these data suggest that 
inhibiting H3K4me3 can reverse the up-regulated expression of 
harmful genes involved in neurodegeneration and indirectly rescue 
the down-regulated expression of neuroprotective genes involved 
in cell communications in PFC of P301S Tau mice.
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Fig. 4. WDR5-0103 treatment induces genome-wide rescue of gene expression in PFC of Tau AD model. (A and D) Heatmaps representing expression (row z-score) 
of genes that were up-regulated (A) or down-regulated (D) in saline-treated P301S Tau samples (Tau), compared to WT samples (WT), and reversed in WDR5-0103 (2.5 mg/kg, 
i.p., three times)–treated P301S Tau samples (WDR5). (B and E) Functional protein classification analysis of the up-regulated and WDR5-reversed genes (B) or the 
down-regulated and WDR5-reversed genes (E). (C and F) GO Biological Process analysis of the up-regulated and WDR5-reversed genes (C) or the down-regulated and 
WDR5-reversed genes (F).

D
ow

nloaded from
 https://w

w
w

.science.org at W
ashington U

niversity on M
arch 16, 2022



Cao et al., Sci. Adv. 2020; 6 : eabc8096     9 December 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 15

To find out whether the transcriptional changes of target genes 
are related to the alteration of histone methylation, we performed 
chromatin immunoprecipitation sequencing (ChIPseq) to profile 
genome-wide occupancy of H3K4me3 in PFC from WT mice and 
P301S Tau mice. As shown in the profile plot (Fig. 5A), genome- 
wide H3K4me3 occupancy around the transcription start site (TSS) 
was elevated in P301S Tau mice. Peak calling analyses detected 1487 
genes with significantly increased H3K4me3 peaks at their TSS re-
gion in P301S Tau mice. Comparing the RNA-seq list of genes 
showing up-regulated expression with the ChIPseq list of genes 
showing increased H3K4me3 occupancy, we identified 58 over-
lapped genes (table S3). Functional classification analysis revealed 
that these genes encode signaling molecules, transcription factors, 

protein kinases, immunity proteins, apoptosis regulators, and circa-
dian rhythm controllers (Fig. 5B). Genes in the top list of these cat-
egories include Sgk1 (serum and glucocorticoid-regulated kinase 1), 
Egr1 (early growth response protein 1), Kcnk1 (potassium channel 
subfamily K member 1), Ddit4 (DNA damage–inducible transcript 
4), Per1 (period circadian protein homolog 1), and Nfkbia [a mem-
ber of the nuclear factor B (NF-B) inhibitor family]. Further bio-
informatics analysis identified Sgk1 as the top gene showing the 
up-regulated expression (RNA-seq) and the increased H3K4me3 
occupancy (ChIPseq) in P301S Tau mice (Fig. 5C). As shown in the 
ChIP landscape, H3K4me3 binding peaks around the TSS region of 
Sgk1 were significantly higher in P301S Tau mice, compared to WT 
mice (Fig. 5D).

Fig. 5. ChIPseq reveals up-regulated genes with the increased H3K4me3 occupancy at their promoters in P301S Tau mice. (A) Profile plot showing H3K4me3 TSS 
occupancy of all genes in PFC from WT versus Tau mice. (B) Functional classification of the overlapping genes that show up-regulated transcription in RNA-seq (Tau versus 
WT) and increased H3K4me3 occupancy in ChIPseq (Tau versus WT). (C) Circos plots showing genes in each of the 19 chromosomes with up-regulated transcription in 
RNA-seq (Tau versus WT) and increased H3K4me3 occupancy in ChIPseq (Tau versus WT). Dots scattered at the most outside of circles are genes with higher statistical 
significances. Top-ranking genes in each chromosome are labeled in the center. Sgk1 is the gene on both top lists. (D) ChIPseq data showing the landscape of H3K4me3 
peaks around TSS of Sgk1 gene in PFC from WT and P301S Tau mice. The increased H3K4me3 binding sites are highlighted with dotted lines based on differential peak 
calling analysis of ChIPseq data.
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To find out the reproducibility of these genomic data, we per-
formed H3K4me3 ChIPseq in another set of animals. Among the 
new ChIPseq genes with significantly increased H3K4me3 occu-
pancy at the TSS region in P301S Tau mice, 456 genes overlapped 
with the ChIPseq genes identified in the first set of animals (table 
S4). About 172 genes were found to overlap with the up-regulated 
genes in RNA-seq (table S5), including the genes of interest such as 
Sgk1, Egr1, Kcnk13, Ddit4, Per1, and Nfkbia. Functional classifica-
tion of the 172 genes (fig. S7) revealed a similar pattern as previously 
identified overlapped genes (Fig. 5). These results have identified 
downstream gene targets resulting from elevated H3K4me3 in 
P301S Tau mice.

Inhibition of the up-regulated Sgk1 in P301S Tau mice 
reduces hyperphosphorylated tau, restores PFC synaptic 
function, and rescues cognitive deficits
Sgk1, an immediate early gene and a multifunctional serine/ 
threonine kinase involved in the regulation of a variety of molecular 
targets (35), is the top-ranking gene with up-regulated expression 
and increased H3K4me3 occupancy (Fig. 5D and tables S3 and S5). 
Sgk1 is highly connected to other WDR5-0103–reversed up-regulated 
genes in major biological pathways, including protein kinase activ-
ity, transcriptional regulation, and apoptotic processes (fig. S8), 
suggesting that it may act as a “hub” to interact with many molecu-
lar components to control diverse functions. The up-regulation of 
Sgk1 is strongly correlated with the occurrence of cell death in other 
neurodegenerative diseases, including Parkinson’s disease and 
amyotrophic lateral sclerosis (36). Thus, we sought to determine 
whether Sgk1 up-regulation contributed to AD pathophysiology.

Quantitative polymerase chain reaction (qPCR) data (Fig. 6A) 
confirmed the significantly elevated level of Sgk1 mRNA in PFC of 
P301S Tau mice (n = 6 pairs, ~43% increase, P < 0.01, t test), AD 
human postmortem tissue (n = 12 pairs, 2.4-fold increase, P < 0.001, 
t test), and 5xFAD mice (n = 6 pairs, 1.1-fold increase, P < 0.01, 
t test). Since Sgk1 is capable of phosphorylating the microtubule- 
associated protein tau (37), which might contribute to tau hyperphos-
phorylation, a pathological hallmark of AD (38, 39), we evaluated 
the effect of Sgk1 inhibitor on hyperphosphorylated tau. As shown 
in Fig. 6B, the level of S202/T205p-tau and S214p-tau (a direct target of 
Sgk1) (40) was markedly higher in PFC of AD human postmortem 
tissue [n = 6 pairs; S202/T205p-tau, t(10) = 4.2, P < 0.01; S214p-tau, 
t(10) = 3.0, P < 0.05; t test], consistent with prior reports (38, 41).

To determine whether Sgk1 inhibition can reduce tau phospho-
rylation in P301S Tau mice, we used a small-molecule compound 
GSK650394, which acts as a Sgk1 inhibitor with an IC50 (half 
maximal inhibitory concentration) of 62 nM (42). The specificity of 
GSK650394 on Sgk1 was measured by in vitro kinase assay, which 
showed that GSK650394 displayed >30-fold selectivity over the most 
closely related AGC kinase family member, Akt, and other related 
kinases, and >60-fold selectivity over the upstream AGC kinase 
PDK1 (42). A short treatment of P301S Tau mice with GSK650394 
(1 mg/kg, i.p., once daily for 3 days) significantly decreased the 
level of p-tau in PFC (Fig. 6C; n = 5 to 7 mice per group; S202/
T205, F2,12 = 44.4, P < 0.001; S214, F2,16 = 16.1, P < 0.001; one-way 
ANOVA). Immunostaining also indicated the significantly reduced 
p-tau in PFC neurons of P301S Tau mice treated with GSK650394 
(Fig. 6D; n = 10 to 12 slices from three to four mice per group). 
These data have demonstrated the effectiveness of Sgk1 inhibi-
tion on a key AD pathology.

We then examined the impact of Sgk1 inhibition on AMPAR 
hypofunction in PFC pyramidal neurons of P301S Tau mice. Com-
pared to saline-treated P301S Tau mice, treatment with the Sgk1 
inhibitor GSK650394 (1 mg/kg, i.p., three times) significantly in-
creased AMPAR-EPSC [Fig. 6E; n = 12 to 17 cells from three mice 
per group; F2,41(treatment) = 7.3, P < 0.01; two-way rmANOVA], as well 
as sEPSC amplitude and frequency (Fig. 6F; n = 16 to 20 cells from 
three mice per group; amplitude: F2,49 = 8.1, P < 0.001; frequency: 
F2,49 = 22.4, P < 0.001; one-way ANOVA). Moreover, biochemical 
assays found that the decreased level of synaptic GluR1 and NR2A 
subunits in P301S Tau mice was significantly elevated by GSK650394 
treatment (Fig. 6, G and H; n = 6 mice per group; GluR1, F2,15 = 4.8, 
P < 0.05; NR1, F2,15 = 7.0, P < 0.01; NR2A, F2,15 = 8.2, P < 0.01; one-
way ANOVA). These data suggest that Sgk1 inhibition is capable of 
restoring synaptic function in PFC of P301S Tau mice.

Last, we examined the impact of Sgk1 inhibition on cognitive 
behaviors in P301S Tau mice. In Barnes maze tests, P301S Tau mice 
treated with GSK650394 significantly increased the time exploring 
the correct hole, compared to saline-treated Tau mice (Fig. 7A; 
n = 10 to 17 mice per group; P < 0.05, t test), and had significantly 
improved spatial memory index [Fig. 7B; F1,51(genotype) = 10.5, 
P < 0.01; F1,51(interaction) = 7.4, P < 0.01; two-way ANOVA]. In NORT, 
GSK650394-treated Tau mice spent significantly more time explor-
ing novel objects (Fig. 7D; n = 10 to 16 mice per group; P < 0.001; 
t test) and showed the restoration of discrimination index [Fig. 7E; 
F1,49(genotype) = 6.2, P < 0.05; F1,49(interaction) = 13.5, P < 0.001; two-way 
ANOVA]. Moreover, these rescuing effects persisted for ~4 days 
and vanished at 7 days after injection [Tau + sal: n = 6, Tau + Sgk1i: 
n = 10, F1,14(treatment) = 36.9 (Fig. 7C), F1,14(treatment) = 11.2 (Fig. 7F), 
P < 0.01, saline versus Sgk1i, P < 0.01, pre- versus postinjection; 
two-way rmANOVA]. Overall, these data have identified Sgk1 as a 
potential key target for therapeutic intervention of AD.

DISCUSSION
A multitude of pathological factors, including the increased DNA 
damage (43), neuroinflammation (44), mitochondrial dysfunction 
(45, 46), and cellular senescence (47), have been implicated in neuro-
degenerative diseases (48). Epigenetic mechanisms, which are central 
to abnormal gene transcription underlying these cellular pathologies, 
play a key role in mediating gene-environment interactions relevant 
to the disease progression (6, 7, 49). Despite the strong link of histone 
methylation/demethylation with cognitive and memory abilities (8, 9), 
the role of histone methylation in neurodegenerative disorders is 
largely unknown.

Aging studies have found that the lifespan of Caenorhabditis 
elegans is prolonged by knockdown of the H3K4me3 methyltrans-
ferase SET-2 (50). Here, we demonstrate that the level of permissive 
histone mark, H3K4me3, and its catalyzing enzymes, SET1/MLL 
family of methyltransferases, is significantly elevated in PFC of AD 
humans and P301S Tau mice. We compared our qPCR data with 
single-cell transcriptomic data of AD human frontal cortex (51), 
neuron-specific RNA-seq data from P301S mice (52), single-cell 
RNA-seq data of 5xFAD mice (53), and Accelerating Medicines 
Partnership–Alzheimer’s disease (AMP-AD) data of >2000 human 
brains at all stages of AD. As shown in table S6, in cortical excitatory 
neurons of AD humans, KMT2A, KMT2B, and SETD1A are in-
creased (51). In P301S mice, increased expression of kmt2b, kmt2d, 
setd1a, and setd1b are found in NeuN-isolated neurons (52). In 
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5xFAD mice, kmt2a, kmt2c, and kmt2d are increased in excitatory 
neurons (53). Moreover, AMP-AD data showed a significantly in-
creased expression of SETD1A in dorsolateral PFC of AD humans. 
Overall, these data are consistent with our findings on the epigene-
tic changes and indicate that most of the changes occur in neurons.

Our behavioral data have indicated that the cognitive deficits in 
P301S Tau mice and 5xFAD mice are substantially ameliorated by 
selective inhibition of SET1/MLL HMTs. Moreover, the impaired 
PFC synaptic transmission, which may underlie the cognitive defi-
cits in P301S Tau mice, is restored by SET1/MLL HMT inhibitor. 
These preclinical data have provided the basis for evaluating the 
therapeutic potential of H3K4me3 inhibition for AD and other neuro-
degenerative disorders in humans.

What are the molecular targets that might mediate the rescuing 
effects of H3K4me3 inhibition in Tau transgenic mice? Our RNA-seq 
experiments have identified genes with altered expression and the 
genome-wide rescue of gene expression by H3K4me3 inhibition in PFC 
of Tau transgenic mice. The up-regulated genes, which are reversed 
by the SET1/MLL inhibitor, are enriched in neurodegeneration- 
related pathways, including apoptosis and DNA damage. Apoptosis 
is well known to be involved in the neuronal cell death associated 
with AD (54, 55). DNA damage generates genomic instability and 
promotes cellular senescence and inflammation, leading to the ex-
acerbation of AD progression (56). On the other hand, the down- 
regulated genes, which are normalized by the SET1/MLL inhibitor, 
are enriched in neural signaling pathways involved in cognition, 
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Fig. 6. Inhibition of the up-regulated Sgk1 in P301S Tau mice reduces hyperphosphorylated tau and restores AMPAR function and synaptic glutamate receptor 
expression. (A) qPCR data showing sgk1 mRNA in PFC from WT versus P301S Tau mice, postmortem control human subjects versus patients with AD or WT versus 5xFAD 
mice. (B) Immunoblots and quantification of S202/T205p-tau (detected by AT8 antibody) or S214p-tau in PFC lysates from postmortem control subjects versus patients with 
AD. (C) Immunoblots and quantification of S202/T205p-tau or S214p-tau in PFC lysates from WT versus P301S Tau mice (5 to 6 months old) treated with the Sgk1 inhibitor 
GSK650394 (Sgk1i; 1 mg/kg, i.p., three time) or saline. (D) Images of immunostaining of S202/T205p-tau in PFC slices from P301S Tau mice treated with Sgk1i or saline. Scale 
bars, 20 m. (E) Input-output curves of AMPAR-EPSC in PFC pyramidal neurons from WT or P301S Tau mice injected with Sgk1i or saline. Inset: Representative EPSC traces. 
(F) Bar graphs showing sEPSC amplitude and frequency in PFC pyramidal neurons from WT or P301S Tau mice injected with Sgk1i or saline. Inset: sEPSC traces. (G and 
H) Quantification and representative immunoblots of GluR1, GluR2, NR1, NR2A, and NR2B expression in the synaptic fraction of PFC from WT or P301S Tau mice injected 
with Sgk1i or saline. In all figures, *P < 0.05, **P < 0.01, and ***P < 0.001, ANOVA (C and E to G) or t test (A and B).
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such as cytoskeleton and synaptic function. The integrity of cyto-
skeleton, which is required for synaptic transmission and plasticity, 
is impaired in AD (57).

Our ChIPseq has revealed genes with increased H3K4me3 occu-
pancy at promoters, which may be responsible for their transcrip-
tional up-regulation. One of the top-ranking genes is the immediate 
early gene Sgk1 that encodes the multifunctional serine/threonine 
kinase Sgk1, which plays a key role in the regulation of ion channels, 
enzyme activity, gene transcription, hormone release, neuroexcit-
ability, and apoptosis (35). In agreement with the increased expression 
of Sgk1 in our qPCR data, Sgk1 and its specific substrate, phospho-
rylated NDRG1, are elevated in AD human brains, suggesting the 
increased Sgk1 expression and activity in AD (58). Moreover, single- 
cell transcriptomic studies showed that Sgk1 was significantly in-
creased in cortical excitatory neurons of AD humans (51), isolated 
neurons from P301S mice (52), and microglia cells in 5xFAD mice 
(53). AMP-AD data also found the significantly increased SGK1 in 
dorsolateral PFC of AD cases (table S6).

Another immediate early gene is Egr1, which acts as a transcrip-
tion factor to regulate the expression of genes involved in vesicular 
transport and synaptic transmission that are critical for learning 
and memory formation (59). Potassium channel subfamily mem-
bers, Kcnk1 and Kcnk13, which regulate neurotransmitter release, 
neuronal excitability, and cell volume (60), are also found in the 
gene list. Another important gene is Ddit4, a stress-responsive gene 
regulating cell growth and survival by inactivating mTOR (mammalian 
target of rapamycin) during hypoxia stress, cellular toxins, and 

DNA damage (61). Additional genes include Per1, which encodes a 
member of the period family of a circadian regulator that has been 
connected to age-related impairments in long-term memory (62), 
and Nfkbia, which encodes a member of the NF-B inhibitor family 
that plays critical roles in inflammation, cell proliferation, differ-
entiation, and survival (63). An epigenomic study also found the 
increased H3K4me3 at promoters of immune and stimulus-response 
genes and the decreased H3K4me3 at promoters of memory-related 
genes in the CK-p25 AD mouse model (64). The elevation of 
neurodegeneration-related genes by the increased permissive his-
tone mark H3K4me3 in AD, complementing with our prior finding 
on the loss of synaptic genes by the elevated repressive histone mark 
H3K9me2 (30), provides an important framework for understand-
ing the role of epigenetic dysregulation of distinct sets of genes in 
AD pathophysiology.

To find out the causal factor(s) that may mediate the therapeutic 
effects of H3K4me3 inhibition, we turned our attention to one of 
the top-ranking target genes, Sgk1, a serine/threonine kinase that 
plays an important role in cellular stress response. The elevation of 
Sgk1 mRNA in PFC of P301S Tau mice is reconstituted in AD hu-
man postmortem tissues. Sgk1 also exhibits the transcriptional in-
crease in animal models of other neurodegenerative diseases, and 
in vitro silencing Sgk1 exerts a protective role in oxidative stress 
situations (36). Recent phosphoproteome profiling of AD humans 
has identified marked changes in protein phosphorylation, with the 
microtubule-associated protein tau as the most elevated phospho 
protein in AD (65). Among the plethora functions of Sgk1, one 
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Fig. 7. Inhibition of the up-regulated Sgk1 in P301S Tau mice alleviates cognitive deficits. (A and B) Bar graphs showing the time spent on exploring the correct hole 
(T1) and the seven incorrect holes (T2) (A) and the spatial memory index (T1/T2) (B) in Barnes maze tests of WT versus P301S Tau mice treated with the Sgk1 inhibitor 
GSK650394 (Sgk1i; 1 mg/kg, i.p., three times) or saline control. (C) Plot of spatial memory index in P301S Tau mice before and after the treatment with Sgk1i or saline at 
different time points. (D and E) Bar graphs showing the time spent on exploring the familiar and novel objects (D) and the discrimination index (E) in NORT of WT versus 
P301S Tau mice treated with Sgk1i or saline control. (F) Plot of spatial memory index in P301S Tau mice before and after the treatment with Sgk1i or saline at different time 
points. In all figures, *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA (B and E) or t test (A and D) or **P < 0.01, saline vs. Sgk1i; ##P < 0.01, pre- vs. post-injection, rmANOVA (C and F).
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direct link to AD is the capability of Sgk1 to phosphorylate tau (37), 
which contributes to tau hyperphosphorylation and microtubule 
depolymerization (40). We have found the significant reduction of 
hyperphosphorylated tau in frontal cortex of Tau transgenic mice 
by the short treatment of a specific Sgk1 inhibitor, indicating the 
direct therapeutic potential of targeting Sgk1 on one AD hallmark—
tau pathology. In addition, our electrophysiological and behavioral 
studies have found the recovery of synaptic receptor expression and 
glutamatergic transmission, as well as the restoration of recogni-
tion and spatial memories, in P301S Tau mice treated with the Sgk1 
inhibitor. Together, it underscores the significant association of 
H3K4me3-mediated Sgk1 up-regulation with AD-related patholo-
gies and identifies Sgk1 as a key target for therapeutic intervention 
of neurodegenerative diseases associated with tauopathies.

MATERIALS AND METHODS
Animals, postmortem human brain tissues, and compounds
All experiments were performed with the approval of the State Uni-
versity of New York at Buffalo Animal Care Committee. The PS19 
mouse line harboring the T34 isoform of microtubule-associated 
protein tau with one N-terminal insert and four microtubule bind-
ing repeats (1N4R) encoding the human P301S mutation (22) was 
obtained from the Jackson laboratory. The genetic background was 
(C57BL/6 × C3H) F1, and the breeding system was noncarrier × 
hemizygote. The transgenic mice carrying five familial AD mutations 
on human amyloid precursor protein (K670N/M671L + I716V + V717I) 
and human presenilin 1 (M146L + L286V), 5xFAD (27), were a gift 
from W. E. Van Nostrand (Stony Brook University). The genetic 
background was (C57BL/6J × SJL/J) F1, and the breeding system 
was noncarrier × hemizygote. Genotyping was performed by PCR 
of tail DNA according to the manufacturer’s protocol. Both male 
and female mice (5 to 6 months old) were used.

Postmortem human frontal cortex (Brodmann’s area 10) from 
patients with AD and control subjects was provided by the National 
Institutes of Health (NIH) NeuroBioBank. Detailed information of 
the human subjects is included in table S7. Upon arrival, tissue was 
stored in a −80°C freezer until used for RNA and protein extraction.

WDR5-0103 (Tocris) or GSK650394 (Selleckchem) was dis-
solved in dimethyl sulfoxide (DMSO) to make the stock solution 
(WDR5-0103, 100 mM; GSK650395, 100 mM) and stored at −20°C. 
Before use, the stock solution was diluted with saline (WDR5-0103, 
2.5 mg/kg; GSK650395, 1 mg/kg). DMSO concentration of working 
solution was <0.2%. Each injection was 10 ml/kg of body weight. 
Behavior tests, tissue collection, and electrophysiology recording 
were conducted 24 hours after the last day of drug administration, 
unless specified differently in some experiments.

Western blotting of nuclear, synaptic, and total protein
Synaptosomal isolation was conducted, as previously described (66). 
PFC punches were collected from brain slices and homogenized in 
ice-cold lysis buffer with lysis buffer [10 ml/g; 15 mM tris (pH 7.6), 
0.25 M sucrose, 1 mM EGTA, 2 mM EDTA, 25 mM NaF, 10 mM 
Na4P2O7, 10 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), and protease inhibitor tablet from Roche]. A small portion 
of the lysate was collected as total protein extract. The remaining 
lysate was centrifuged at 800g for 10 min at 4°C. The supernatant 
was transferred into a new tube and centrifuged at 10,000g for 10 min 
at 4°C. The supernatant was collected as cytosolic fraction, and the 

pellet was resuspended in 1% Triton buffer with 300 mM NaCl, fol-
lowed by centrifugation at 16,000g for 15 min at 4°C. Then, the su-
pernatant was collected as cytosolic proteins in synapses, and the 
pellet was dissolved in 1% SDS buffer as membrane-associated pro-
teins in synapses.

Nuclear extraction was performed, as we described before (67). 
Briefly, PFC punches were homogenized in 1× hypotonic buffer [20 
mM tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 0.5% NP4O, 
1 mM PMSF, and cocktail protease inhibitor] and incubated on ice 
for 15 min. NP4O (10%) was added after the incubation and vor-
texed vigorously for 10 s. Then, the homogenate was centrifuged at 
3000 rpm for 10 min at 4°C. The nuclear pellet was dissolved in cell 
extraction buffer [100 mM tris-HCl (pH 7.4), 100 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, 0.1% SDS, 10% glycerol, and 1 mM PMSF, 
with cocktail protease inhibitor] for 30 min on ice with vortexing 
every 10 min. After a 30-min centrifugation at 14,000g at 4°C, the 
supernatant was collected as the nuclear fraction.

After getting the subcellular protein fraction, SDS electro-
phoresis and transferring were performed to detect target proteins 
by incubating overnight with the following primary antibodies: 
H3K4me3 (1:1000; Cell Signaling, 9751), H3K4me (1:1000; ab8895), 
H3K27me3 (1:1000; Cell Signaling, 9733), H3 (1:1000; Cell Sig-
naling, 4499), NR1 (1:1000; NeuroMab, 75-272), NR2A (1:1000; 
Millipore, 07-632), NR2B (1:1000; Millipore, 06-600), GluR1 
(1:1000; NeuroMab, 75-327), GluR2 (1:1000; NeuroMab, 75-002), 
Phospho-Tau (AT8) (1:500; Thermo Fisher Scientific, MN1020), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:2000; Cell 
Signaling, 5174). After secondary antibodies (horseradish peroxidase– 
conjugated) incubation, ECL reaction was performed using en-
hanced chemiluminescence substrate (Thermo Fisher Scientific). 
Luminescence was detected by ChemiDoc XRS system (Bio-Rad), 
and density of blots was quantified by ImageJ software (NIH).

Immunohistochemistry
Mice were anesthetized and transcardially perfused with phosphate- 
buffered saline (PBS) and 4% paraformaldehyde before brain removal, 
as we described previously (30). General procedures for immuno-
fluorescence include washing brain slices with PBS (5 min, three 
times), blocking with PBS containing 5% goat serum (2 hours), and 
staining with primary antibody against H3K4me3 (1:500; Cell Signal-
ing, 9751) and NeuN (1:500; Millipore, MAB377) overnight at 4°C. 
For the human brain tissue, a small chunk (1 cm3) was first cut out 
and fixed overnight in 4% paraformaldehyde at 4°C, then was cut 
into slices (50 m), and incubated with the primary antibody against 
H3K4me3 (1:1000; Abcam, ad8580) overnight at 4°C. After washing 
in PBS (15 min, three times), slices were incubated with secondary 
antibody Alexa Fluor 488 (1:1000; Thermo Fisher Scientific, A27034) 
or Alexa Fluor 594 (1:1000; Thermo Fisher Scientific, A-11032) for 
1 hour at room temperature (RT), followed by three washes with 
PBS. Slices were mounted on slides with VECTASHIELD mount-
ing media (Vector Laboratories). Images were acquired using a Leica 
TCS SP8 confocal microscope and analyzed by FIJI ImageJ (NIH).

Hyperphosphorylated tau was detected with DAB staining. 
Briefly, floating slices were rinsed three times in PBS (10 min each), 
and then endogenous peroxidase was blocked with 0.3% H2O2 
(20 min, RT), washed in PBS (three times), blocked with 5% bovine 
serum albumin, and incubated overnight with the antibody AT8 
against PHF-Tau (1:1000; Thermo Fisher Scientific, MN1020) at 
4°C. After washing three times in PBS, slices were incubated with 
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the secondary antibody (1:200; Vector Labs, BA-9200) for 1 hour at 
RT. Following washing, slices were incubated with ABC (Avidin-Biotin 
Complex) mix (ABC Elite kit, Vector Labs) for 30 min. Color devel-
opment was performed with DAB solution [dissolve two DAB 
tablets (Sigma- Aldrich, D4293) in 5 ml of double distilled water in 
a foil-covered container] for 20 s, and the reaction was stopped with 
PBS. Slices were mounted on gelatin-coated slides (Globe Scientific, 
catalog no. 1358W). Slides were rinsed in water for 5 min and then 
dehydrated (incubating for 3 min each in 50% EtOH, 75% EtOH, 
85% EtOH, 95% EtOH, 2× 100% EtOH, and 2× xylenes). Images 
were acquired using a Leica DM 6B upright microscope.

Quantitative real-time PCR
Total RNA was isolated with the TRIzol reagent (Invitrogen), and 
the remaining DNA was removed by incubating with RNase-free 
DNase I (Invitrogen). Purified mRNA was then converted to cDNA 
with an iScript reverse transcription kit (Bio-Rad). Quantitative 
real-time PCR was performed on the iCycler iQ Real-Time PCR 
Detection System and iQ Supermix (Bio-Rad) according to the 
manufacturer’s instructions. The average value of two replicates of 
each sample was expressed as the threshold cycle (Ct), at which the 
fluorescence signal reaches 10× the SD of the baseline. Then, the 
difference (Ct) between the Ct value for target gene and the Ct 
value for housekeeping gene GAPDH [Ct = Ct (target gene) − 
Ct(GAPDH)] was calculated for each sample. The relative level of 
target gene expression was determined by fold change (FC) = 2 − 
Ct, where Ct = Ct(target) − Ct(GAPDH), and Ct = Ct, 
mean of Ct (control group). The following primers applicable for 
both mouse and human sequences were used for qPCR: KMT2A 
( forward, 5′-AAAAGCAACAGGGCGGAAGA-3′; reverse, 5′- 
TGGCAACCCTCTTGTCAGTC-3′), KMT2B (forward, 5′-GTTC-
CGCATGGATGACTTTGATG-3′; reverse, 5′-CAGCTTGTTGC- 
TGGCATCCTC-3′), KMT2C (forward, 5′-CAGACAAAAGAC- 
CTCGGGGC-3′; reverse, 5′-GAGCTGTTCACTGATTTTGGCT-3′), 
KMT2D (forward, 5′-GGTGCAGCAGAAGATGGTGA-3′; re-
verse, 5′-GTCTGATTGTGAGGGGGTGT-3′), SETD1A (forward, 
5′-TGTGCTCTTCACCAGCACTC-3′; reverse, 5′-CAGTGGG-
CACAGTCTGAGG-3′), SETD1B (forward, 5′-GCGAGAGGAG-
GAACCACCAT-3′; reverse, 5′-ACAGCTCCAGCTCCTTGTTTTT-3′), 
SGK1 (forward, 5′-ATGTGACACTTGCAGGACACT-3′; reverse, 
5′-GGGGCATTGGTCCATAAAAACC-3′). The primers for mouse 
Gapdh (forward, 5′-GACAACTCCCTCAAGATTGTCAG-3′; re-
verse, 5′-ATGGCATGGACTGTGGTCATGAG-3′) and human 
GAPDH (forward, 5′-GACAACAGCCTCAAGATCATCAG-3′; 
reverse, 5′-ATGGCATGGACTGTGGTCATGAG-3′) were also 
used in qPCR.

Electrophysiological recordings
Patch-clamp recording of synaptic currents in layer V pyramidal 
neurons of prefrontal cortical slices was carried out, as previously 
described (30, 67, 68). Mice were euthanized after inhaling 1 to 3% 
isoflurane (Sigma-Aldrich), and PFC slices (300 m) were cut by a 
vibratome (Leica VP1000S, Leica Microsystems Inc.) and sub-
merged in oxygenated artificial cerebrospinal fluid [130 mM NaCl, 
26 mM NaHCO3, 1 mM CaCl2, 5 mM MgCl2, 3 mM KCl, 1.25 mM 
NaH2PO4, and 10 mM glucose (pH 7.4); 300 mOsm]. Layer V mPFC 
pyramidal neurons were visualized with a 40× water immersion lens 
and recorded with the MultiClamp 700A amplifier (Molecular De-
vices, Sunnyvale, CA). Evoked synaptic currents were generated with 

a pulse from a stimulation isolation unit controlled by an S48 pulse 
generator (Grass Technologies, West Warwick, RI). A bipolar stim-
ulating electrode (FHC, Bowdoinham, ME) was placed ~100 m from 
the neuron under recording. For input-output responses, synaptic 
currents were elicited by a series of pulses with varying stimulation 
intensities (50 to 90 A) delivered at 0.05 Hz. Patch electrodes con-
tained the following internal solution: 130 mM Cs-methanesulfonate, 
10 mM CsCl, 4 mM NaCl, 10 mM Hepes, 1 mM MgCl2, 5 mM EGTA, 
2 mM QX-314, 12 mM phosphocreatine, 5 mM MgATP, 0.2 mM 
Na3GTP, and 0.1 mM leupeptin (pH 7.2 to 7.3); 265 to 270 mOsm. 
Membrane potential was maintained at −70 mV for AMPAR-EPSC 
recordings. For NMDAR-EPSC, the cell (clamped at −70 mV) was 
depolarized to +40 mV for 3 s before stimulation to fully relieve the 
voltage-dependent Mg2+ block. Bicuculline (20 M) and d-APV 
(50 M) were added in AMPAR-EPSC recordings. Bicuculline and 
CNQX (20 M) were added in NMDAR-EPSC recordings.

Behavioral testing
Experimenters were blind to the genotypes or treatments of the 
mice for all behavioral analyses. Heatmaps illustrating the time of 
the test animal spent at different locations of the arena were gener-
ated by a computer running the ANY-maze behavior tracking soft-
ware (Stoelting, Wood Dale, IL).

Barnes maze test was used to measure spatial memory, as previ-
ously described (30, 69). Briefly, the mouse was placed on a round 
platform with eight equally spaced holes at the edge, one of which 
was attached with an escape box (correct hole). Bright overhead 
light was applied as a weak aversive stimulation to increase the mo-
tivation to escape from the circular platform. During the two learn-
ing phases (5-min interval) (information acquisition), the mouse was 
allowed to explore the platform using distal visual cues until finding 
the correct hole and entering the escape box. Then, the mouse was 
placed in its home cage to rest for 15 min. In the memory phase (in-
formation retention and retrieval), the escape box was removed, and 
the mouse was put back on the platform to explore for 5 min. The 
time spent on the correct hole (T1) and the other seven incorrect 
holes (T2) were counted. Spatial memory index was calculated 
by T1/T2.

NORT was used to test short-term memory. The basic procedure 
consisted three trials: habituation (no objects), familiarization (two 
identical objects “familiar-A,” 5 min), and test phase [(familiar-A) 
and a new, different object (“novel-B”), 5 min] separated by a short 
delay period (5 min). The mouse was removed from the arena and 
placed in its holding cage in each interval between phases. All ob-
jects were made of plastic toys (height, about 5 cm) with similar 
textures, colors, and sizes but distinctive shapes. The objects were 
positioned in two adjacent corners (10 cm from the walls) counter-
balanced. The arena and objects were cleaned between each trial 
with 70% alcohol to mask any olfactory cues. The room was illumi-
nated by indirect white light. Exploration was defined by directing 
the nose at a distance of ≥2 cm to the object and/or touching it with 
the nose, while sitting on the object was not considered exploration. 
Total exploration time of the familiar and novel objects was recorded 
and used to calculate a discrimination index [time spent on novel 
object (B) − time spent on familiar object (A)]/[total time exploring 
both objects (B + A)] for test sessions.

Locomotor activity was assessed by midline-crossing tests and 
open-field tests, as described previously (68, 70). For midline- 
crossing tests, mice were taken from their home cages and placed 
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into the locomotion apparatus (45-cm length × 24-cm width × 
20-cm height, with a blue line drawn along the midline). Animals 
were allowed to explore the apparatus for 5 min. The number of 
times animals crossing the midline with all four limbs was counted. 
For open-field tests, mouse was placed in an arena (length, 101.6 cm; 
width, 50.8 cm; height, 50.8 cm), and its activity was recorded by 
ANY-maze (Stoelting, USA) for 10 min. The total distance and the 
time spent in the center area (length, 71.6 cm; width, 33 cm) were 
recorded.

For Rotarod tests, mice were placed on the roller lane of a Ro-
tarod (SD Instruments, San Diego, CA), increasing rotation speed 
from 4 to 40 rpm over a 5-min test session. The task requires mice 
to walk forward to remain on top of the rotating cylinder rod, and 
the time latency to fall was recorded.

RNA-seq and ChIPseq
Total RNA was isolated from mouse frozen brain tissue using the 
RNAeasy Mini kit (Qiagen), coupled to an RNase-free DNase step 
(Qiagen). Two different animals for each group were used. The 
RNA-seq libraries were constructed by TruSeq stranded total RNA 
plus Ribo-Zero kits (Illumina). Sequencing was carried out with the 
HiSeq 2500 platform (Illumina) at the Genomics and Bioinformatics 
Core of the State University of New York at Buffalo.

Sample preparation for ChIPseq was similar to what we previ-
ously described (30, 71). Two pairs of WT and P301S Tau mice were 
used. Briefly, for immunoprecipitation of H3K4me3-modified 
chromatin, PFC tissue (six punches) from each mouse were sus-
pended in chilled douncing buffer [250 l; 10 mM tris-Cl (pH7.5), 
4 mM MgCl2, and 1 mM CaCl2] and homogenized by repeated 
pipetting followed by passing through a 1-ml 26-gauge syringe for six 
times. The homogenate was then incubated with micrococcal nu-
clease (5 U/ml; Sigma-Aldrich, N5386) for 7 min at 37°C (~90% was 
mononucleosomes after digestion). The reaction was terminated by 
addition of EDTA (10 mM). The 1 ml of hypotonic lysis buffer 
[0.2 mM EDTA (pH8.0), 0.1 mM benzamidine, 0.1 mM PMSF, and 
1.5 mM dithiothreitol] with protease inhibitor cocktail was added. 
The homogenate was incubated on ice for 60 min, with brief vortex-
ing at 10-min intervals. The homogenate was centrifuged at 3000g 
for 5 min, and the supernatant was transferred to a 1.5-ml nonstick 
tube. The micrococcal nuclease–digested chromatin fraction was 
precleared with 100 l of blocked salmon sperm DNA/protein A 
agarose–50% slurry (Millipore, 16-157) at 4°C for 2 hours, and fol-
lowing centrifugation, the supernatant was transferred to fresh 
tubes. ChIP was carried out with anti-H3K4me3 (5 g per reaction; 
ab8580, Abcam). After adding the antibody, the mixtures were in-
cubated at 4°C overnight. To each reaction mixture, 20 l of protein 
A agarose beads was added and incubated by rotating at 4°C for 
1 hour. Beads were recovered by centrifugation and washed five 
times with low salt, high salt, LiCl, and TE buffer. Bound complex 
was eluted from the beads by incubating with 100 ml of elution buf-
fer for twice at RT. Immunoeprecipitated DNA and input DNA 
were incubated with 5 g of proteinase K (Invitrogen, 25530049) at 
50°C for 1 hour and then purified by the QIAquick PCR Purifica-
tion kit (Qiagen, 28104).

Purified DNA was used to construct sequencing libraries with 
5 ng of DNA (ChIP or input). Libraries were prepared using the 
Rubicon ThruPLEX DNA-seq Library Prep Reagent Set for Illumina 
sequencing according to the manufacturer’s recommendations. 
DNA quality was measured with an advanced analytical fragment 

analyzer with a high sensitivity chip. Fifty–base pair single-end 
reads per sample were obtained using the HiSeq 2500 platform 
from Illumina.

Bioinformatic analysis
RNA-seq tags reads were aligned to the mouse RefSeq mRNAs us-
ing TopHat2 with default parameters. Alignments with a mapping 
score < 10 were discarded using SAMtools. featureCounts was used 
to generate a matrix of mapped fragments per UCSC (University of 
California Santa Cruz) RefSeq known annotated gene, from which 
genes annotated by RefSeq as rRNA were discarded. Analysis for 
differential gene expression was performed using the edgeR pack-
age with the default setting. The differentially expressed genes be-
tween genotypes were defined with at least 1.2 FC and P < 0.05 
(compared to WT). After drug treatment, the significantly reversed 
genes were defined with at least 1.2 FC and P < 0.05 (compared to 
saline). Genes with no known functions or very low counts (AveExp 
< 0) were excluded. GO analyses were generated using DAVID 
Functional Annotation Bioinformatics Microarray Analysis (72), as 
we previously described (70, 71).

ChIPseq data (raw reads), in fastq format, were mapped with 
BWA (Burrows-Wheeler Aligner) against mouse reference genome 
(GRCm38/mm10) with the default setting for single-end fastq 
format. Peak calling was performed using MACS2 package in R 
with set extension size of 140 base pairs. In MACS2 package, the 
detection window slides across the genome to find enriched regions, 
which have twofold (default) more reads than background. MACS2 
calculates the P value for each peak using a dynamic Poisson distri-
bution. False discovery rate (FDR) values are calculated using the 
Benjamini- Hochberg correction. Peak calling cutoff was set at the 
minimal P value of 0.01 or FDR of 0.05. All graphs were generated 
using the IGV (Integrative Genomics Viewer) software.

To generate the circos plots, differentially expressed genomic 
data with significantly increased mRNA (RNA-seq) or H3K4me3 
occupancy (ChIPseq) in P301S Tau mice were assigned to the Mus 
musculus mm10 genome, which contains all chromosomes except 
for sex chromosomes (20 and 21). The circos plot was designed 
as follows: (i) A scatter plot was applied to the most outer layer 
representing the log(P) values for each differential gene on each 
chromosome; the further out the dot (data point) is, the more sig-
nificant the differential gene is. (ii) The second layer is the chro-
mosome number (1 to 19) from the mm10 genome. (iii) The third 
layer is the log(FC) of each differential gene, represented as an 
area plot. (iv) The next layer is the top-ranking gene (by P value) 
on each chromosome. (v) The most inner layer is a rectangular 
plot representing the position of each data point on the chromo-
some. AMP-AD data were obtained from Agora, a platform 
initially developed by the National Institute on Aging–funded AMP-
AD consortium that shares evidence in support of AD target 
discovery.

Statistical analysis
Data were analyzed with GraphPad Prism v.6 (GraphPad), Clampfit 
(Molecular Devices, Sunnyvale, CA), and KaleidaGraph (Synergy 
Software, Reading, PA). All values are means ± SEM. Differences 
between two groups were assessed with paired or unpaired Stu-
dent’s t test. Differences between more than two groups were as-
sessed with one-way or two-way ANOVA, followed by post hoc 
Bonferroni tests for multiple comparisons.

D
ow

nloaded from
 https://w

w
w

.science.org at W
ashington U

niversity on M
arch 16, 2022



Cao et al., Sci. Adv. 2020; 6 : eabc8096     9 December 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 15

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabc8096/DC1

View/request a protocol for this paper from Bio-protocol.
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