
Received: 12 January 2024 Revised: 11 April 2024 Accepted: 1May 2024

DOI: 10.1002/alz.13916

R E S E A RCH ART I C L E

Suppression of eEF2 phosphorylation alleviates synaptic failure
and cognitive deficits inmousemodels of Down syndrome

XinWang1 Qian Yang1 Xueyan Zhou1 C. Dirk Keene2 Alexey G. Ryazanov3

TaoMa1,4

1Department of InternalMedicine,

Gerontology and GeriatricMedicine,Wake

Forest University School ofMedicine,

Winston-Salem, North Carolina, USA

2Department of Pathology, University of

Washington School ofMedicine, Seattle,

Washington, USA

3Department of Pharmacology, Rutgers

RobertWood JohnsonMedical School,

Piscataway, New Jersey, USA

4Department of Translational Neuroscience,

Wake Forest University School ofMedicine,

Winston-Salem, North Carolina, USA

Correspondence

TaoMa, Department of Internal

Medicine-Gerontology and GeriatricMedicine,

Wake Forest University School ofMedicine,

Medical Center Boulevard,Winston-Salem,

NC 27157, USA.

Email: tma@wakehealth.edu

Funding information

National Institutes of Health, Grant/Award

Numbers: R01G055581, R01 AG056622, R01

AG073823

Abstract

INTRODUCTION:Cognitive impairment is a core feature of Down syndrome (DS), and

the underlying neurobiological mechanisms remain unclear. Translation dysregulation

is linked to multiple neurological disorders characterized by cognitive impairments.

Phosphorylation of the translational factor eukaryotic elongation factor 2 (eEF2) by

its kinase eEF2K results in inhibition of general protein synthesis.

METHODS:We used genetic and pharmacological methods to suppress eEF2K in two

lines of DS mouse models. We further applied multiple approaches to evaluate the

effects of eEF2K inhibition onDS pathophysiology.

RESULTS:We found that eEF2K signaling was overactive in the brain of patients with

DS and DS mouse models. Inhibition of eEF2 phosphorylation through suppression

of eEF2K in DS model mice improved multiple aspects of DS-associated pathophysi-

ology including de novo protein synthesis deficiency, synaptic morphological defects,

long-term synaptic plasticity failure, and cognitive impairments.

DISCUSSION: Our data suggested that eEF2K signaling dysregulation mediates DS-

associated synaptic and cognitive impairments.
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Highlights

∙ Phosphorylation of the translational factor eukaryotic elongation factor 2 (eEF2) is

increased in the Down syndrome (DS) brain.

∙ Suppression of the eEF2 kinase (eEF2K) alleviates cognitive deficits in DSmodels.

∙ Suppression of eEF2K improves synaptic dysregulation in DSmodels.

∙ Cognitive and synaptic impairments in DSmodels are rescued by eEF2K inhibitors.
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1 BACKGROUND

Down syndrome (DS), also known as trisomy 21 due to its association

with the triplication of the chromosome 21 (HSA21), is the most com-

mon cause of intellectual disability.1,2 Cognitive impairment including

dementia is a core feature of DS and the leading cause of dependence

in people with DS.3 Improvement of social and medical conditions

over the past few decades has led to a significant increase in life

expectancy for people with DS. Consequently, age-related cognitive

deficits risemarkedly inDS. Interestingly, age-related cognitive deficits

in people with DS usually exhibit as dementia syndromes resembling

Alzheimer’s disease (AD), the most common form of dementia in the

elderly and a devastating neurodegenerative disease.4–7 Currently

there is no effective treatment to improve cognitive defects in DS,

and the neurobiological mechanisms underlying DS-associated cog-

nitive impairment remain unclear, hampering development of novel

therapeutics.

Maintenance of long-term synaptic plasticity and memory requires

integral protein synthesis (mRNA translation) capacity.8–10 Recent

studies indicate a role of translation dysregulation in multiple neuro-

logical disorders characterized by cognitive impairments including AD

and DS.11–15 Overall protein synthesis includes three stages (initia-

tion, elongation, and termination), with specific translational factors

involved in each phase for accurate translational control to main-

tain cellular homeostasis under various physiological and pathological

conditions.10 More than 95% of the energy and amino acids consumed

in the mRNA translation are dedicated to the elongation phase.16,17

Mounting evidence suggests that elongation regulation is particu-

larly important during neuronal responses to deficiency of energy and

nutrients.8,18 Elongation is primarily regulated through phosphory-

lation of the eukaryotic elongation factor 2 (eEF2), which catalyzes

movement of tRNA from the ribosomal A-site to the P-site via guano-

sine triphosphate hydrolysis.19 Phosphorylation of eEF2 on Thr56

by its (only known) kinase eEF2K results in disruption of peptide

growth and thus inhibition of general protein synthesis.20,21 Studies

from both neuronal and non-neuronal model systems identify mul-

tiple signaling cascades interacting with the eEF2K–eEF2 signaling

including themammalian (ormechanistic) target of rapamycin complex

1 (mTORC1) and the adenosine monophosphate–activated protein

kinase (AMPK).22–24 Hyperphosphorylation of eEF2 has been demon-

strated inADbrain samples, andwe reported recently that suppression

of eEF2KandeEF2phosphorylation could alleviate synaptic failure and

cognitive deficits in ADmodelmicewithout affecting the brain amyloid

beta (Aβ) pathology.25,26 How eEF2 phosphorylation and translation

elongation control are involved inDS pathophysiology is unknown. The

current study, mainly by using rodent models of DS, aims to test the

central hypothesis that eEF2K–eEF2 signaling dysregulation plays an

important role in DS-associated cognitive deficits and synaptic failure

with aging.

RESEARCH INCONTEXT

1. Systematic review: Cognitive impairment including

dementia is a core feature of Down syndrome (DS) and

the leading cause of dependence in people with DS.

The neuronal mechanisms underlying DS-associated

cognitive impairment remain unclear, hampering the

development of effective therapeutics. Protein synthesis

(mRNA translation) deficits associated with aberrant

phosphorylation of the eukaryotic elongation factor 2

(eEF2) by its kinase eEF2K are implicated in dementia

syndromes. It is unclear whether and how eEF2 phospho-

rylation and the eEF2K signaling regulation are involved

in DS pathogenesis. The relevant references are cited.

2. Interpretation: We have shown in the current study that

eEF2 phosphorylation was abnormally elevated in the

brain of patients with DS and DS mouse models. Inhibi-

tion of eEF2 phosphorylation through genetic or phar-

macological approaches improved multiple aspects of

DS-associated pathophysiology including protein synthe-

sis deficiency, synaptic failure, and cognitive impairments.

Our findings support the hypothesis that eEF2K signal-

ing dysregulation and related mRNA translation deficits

play a crucial role in synaptic and cognitive impairments

associated with DS.

3. Future directions: Future studies in more clinically rele-

vant settings if applicable (e.g., clinical trial) are desired

to further determine whether targeting eEF2K signal-

ing could be a feasible therapeutic strategy for cognitive

deficits in patients with DS. It is also critical to develop

novel and effective small-molecule eEF2K inhibitors.

2 METHODS

2.1 Study design

We used a power analysis to calculate the sample size necessary to

achieve a reliable measurement of the effect, and we were able to use

the appropriate number of animals according to the preliminary power

analysis. We used a Grubbs test to identify outliers in all data sets,

and if outliers were identified, those data points were excluded. Our

hypothesis was that suppression of the eEF2 phosphorylation either

genetically or pharmacologically would alleviate cognitive and synap-

tic deficits in DSmodelmice, and that protein synthesis capacity would

be restored. The research subjects were animals, specifically Ts65Dn

and Dp(16)1Yey DS model mice. This study was a controlled labora-

tory experiment, and mice were randomly assigned to their treatment



WANG ET AL. 5359

group. The study was blinded, and the experimenters did not know

the allocated condition of the animals when performing behavioral

experiments or analyzing tissue.

2.2 Post mortem human brain tissues

Post mortem human brain tissues including hippocampi, prefrontal cor-

texes (PFCs), and cerebellums were obtained from the University of

Washington School of Medicine Brain Bank. Controls (n = 5) were age

matchedanddiedof non-neurological diseases. PatientswithDS (n=5)

were diagnosed based on chromosomal karyotype and clinical symp-

toms. Pathological examinationsof thebrainwere further conducted to

confirm the diagnosis. Detailed demographic information can be found

in Table S1 in supporting information.

2.3 Mice

Allmicewerehoused at theWakeForestUniversity School ofMedicine

barrier facility under the supervision of the Animal Research Program.

Mice adhered to a 12-hour light/12-hour dark cycle, with regular feed-

ing, cage cleaning, and 24-hour food and water access. Both male

and female mice were included for experimentation. Ts65Dn breed-

ers were purchased from Jackson Lab (JAX stock # 005252), and

the strain was maintained by crossing Ts65Dn heterozygous female

(male are sterile) with B6EiC3Sn.BLiAF1/J wild-type (WT) male (JAX

stock # 003647). Dp(16)1Yey (Dp16) breeders were purchased from

Jackson Lab (JAX stock # 013530), and the strain was maintained by

crossing Dp16 heterozygous males with C57BL/6J WT females (JAX

stock # 000664). Homozygous eEF2K−/− mice were generously pro-

vided by Dr. Alexey G. Ryazanov from Rutgers, and the strain was on

B6 background. For Ts65Dn/eEF2K breeding, eEF2K−/− female mice

were first crossed with B6EiC3Sn.BLiAF1/JWTmale mice to generate

eEF2K+/− mice, then eEF2K+/− male mice were crossed with Ts65Dn

female mice to generate littermates with equal ratio of four genotypes

(WT, TS65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/−). The age of Ts65Dn

cohorts used in this study were 9 to 12 months. In total 204 mice

were used in this cohort, including 99 male and 105 female mice. Simi-

larly, forDp16/eEF2Kbreeding, eEF2K−/−malemicewere first crossed

withC57BL/6JWT femalemice to generate eEF2K+/−mice, thenDp16

male mice were crossed with eEF2K+/− female mice to generate litter-

mates with equal ratio of four genotypes (WT, Dp16, eEF2K+/−, and

Dp16/eEF2K+/−). The age of the Dp16 cohorts used in this study were

6 to 9 months. In total 137 mice were used in this cohort, including 74

male and 63 female mice. Genotypes of these mice were verified by

polymerase chain reaction. All animal experiments were performed in

accordance with the approval of the Institutional Animal Care and Use

Committee atWake Forest University (protocol number A21-112).

2.4 Drug pellet

A-484954 (Millipore Sigma, catalog # 324516) was sent to Innovative

Research of America (Sarasota, Florida), where pellets were manufac-

tured. Pellets were stored at room temperature. Each pellet contained

2.625 mg of either A-484954 or vehicle, a dose previously established

to induce effects on eEF2K in mice.27 The pellet could release the

drug smoothly over 30 days. Mouse was anesthetized using isoflu-

rane. Once the mouse was adequately sedated, a pellet containing

either A-484954 or vehicle was placed into a 10-gauge trochar. The

skin was pierced with the trochar and the pellet was placed subcu-

taneously. Antibiotic ointment was applied to the injection site after

pellet placement to avoid infection. No postoperative analgesics were

administered, as the injection site was relatively small, and mouse did

not show signs of pain or distress after pellet placement. After place-

ment, the mouse was monitored for negative side effects of the drug

and to ensure lack of injury from surgery.

2.5 Electrophysiology

Slices were maintained in artificial cerebrospinal fluid (ACSF) bubbled

with 95% O2/5% CO2 at 32◦C. Monophasic, constant-current stimuli

(100 µs) were delivered with a bipolar silver electrode placed in the

stratum radiatum of area CA3. Field excitatory postsynaptic potentials

(fEPSPs) were recorded using a glass microelectrode from the stratum

radiatum of area CA1. The input–output relationship was determined

by increasing the magnitudes of stimuli from 0 to 10 mV at a step

of 0.5 mV. Paired-pulse ratio was measured by delivering two identi-

cal stimuli separated by 25 to 200 ms at a step of 25 ms. Long-term

potentiation (LTP)was induced using high-frequency stimulation (HFS)

consisting of two 1-second 100 Hz trains separated by 60 seconds,

each delivered at 60% to 70% of the intensity that evoked spiked

fEPSPs.

2.6 Drug treatments

Drugs were prepared as stock solutions in either dimethyl sulfoxide or

distilled water and diluted into ACSF to a final concentration before

experiments. For NH125 treatment, slices were incubated at 32◦C in

a recording chamber containing ACSF saturatedwith bubbling 95%O2

and 5% CO2. For nelfinavir treatment, slices were incubated at 32◦C

for 2 hours in a submersionmaintenance chamber containingmodified

ACSF containing the following: 148 mM NaCl, 3.0 mM KCl, 1.4 mM

CaCl2, 0.8 mM MgCl2, 0.8 mM Na2HPO4, 0.2 mM NaH2PO4, and

15 mM glucose, bubbled with 100% O2. The final concentration was

as follows: NH125 (1 µM, Millipore, catalog # 324515) and nelfinavir

(50 µM, AmBeed, catalog # A128893).

2.7 Statistics and bioinformatic analysis

Data are presented as mean ± standard error of the mean. Summary

data are presented as group means with standard error bars. For com-

parisons between two groups, a two-tailed independent Student t test

was performed. For comparisons among more than two groups, one-

way analysis of variance (ANOVA) was used with Tukey post hoc tests
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formultiple comparisons. If two levels of factorswere involved inmulti-

ple group comparisons, two-wayANOVAwas usedwith Tukey post hoc

tests for multiple comparisons. P < 0.05 was considered statistically

significant. Outliers were determined by Grubbs test. Statistics were

performed using Prism 7 software (GraphPad). For proteomic analysis,

GeneOntology (GO) analysiswas performedwith clusterProfiler pack-

age (version 4.2.2) in R (version 4.1.2). Venn diagrams were plotted by

VennDiagram package (version 1.7.3), all other graphswere plotted by

ggplot2 package (version 3.3.5) in R (version 4.1.2).

2.8 Study approval

All protocols involving animals were approved by the Institutional Ani-

mal Care and Use Committee of Wake Forest University School of

Medicine. Mice were kept in compliance with the National Institutes

of Health (NIH) Guide for the Care and Use of Laboratory Animals.

Samples of human tissue were collected in accordance with approved

institutional review board protocols. All patients gave informed con-

sent.

3 RESULTS

3.1 Levels of eEF2 phosphorylation are elevated
in the brain of patients with DS and mouse models

To investigate whether the eEF2K signaling is dysregulated in the

brain of DS, we first assessed eEF2 phosphorylation (at the Thr56

site) as a readout of eEF2K activity in post mortem brain tissue of

patients with DS and age-matched controls (provided by the NIH

Neurobiobank) using Western blot. Demographic information of the

subjects is included in the Table S1. Levels of p-eEF2 were significantly

increased in the hippocampus and PFC of patients with DS compared

to the controls (Figure 1A and 1B). In comparison, levels of eEF2 phos-

phorylation in the cerebellum tissue were unaltered between DS and

control subjects (Figure 1C). We next performed immunohistochem-

ical experiments to investigate the cellular localization of the eEF2

phosphorylation. We found increased p-eEF2 staining in the neurons

(both soma and neurites) of hippocampal area CA1 and CA3 from

patients with DS compared to controls (Figure 1D). To further under-

stand the subcellular localization of the p-eEF2 signal, we carried out

immuno-electron microscopy experiments in hippocampus from WT

mice and revealed that p-eEF2 was present both in the presynaptic

and postsynaptic compartments (Figure 1E). Next,we examined eEF2K

signaling regulation in the brain of an established mouse model of DS,

the Ts65Dn mouse, which has three copies of most of the genes on

the chromosome 16 that are homologues of human chromosome 21

genes.28 Consistent with the human data, levels of p-eEF2 were sig-

nificantly increased in the hippocampi (both whole lysate and isolated

synaptosome) of aged Ts65Dn mice (9–12 months) compared to WT

mice (Figure 1F and 1G). We also examined eEF2 phosphorylation in

the brain tissue from young (3–4 months) mice and did not observe

altered p-eEF2 levels between WT and DS model mice (data not

shown). Because increased eEF2phosphorylation is linked to inhibition

of overall mRNA translation, we assessed general de novo protein syn-

thesis in Ts65Dn mice by the surface sensing of translation (SUnSET)

assay.29 De novo protein synthesis, as assessed by puromycin incorpo-

ration, was significantly decreased in the hippocampi of Ts65Dn mice

compared to littermate WT mice (Figure 1H). Moreover, we validated

these findings in a differentmousemodel of DS, theDp16mice.30 Con-

sistent with the experimental results from the Ts65Dn mice, levels of

p-eEF2 were significantly increased in the hippocampi (whole lysate

and synaptosome) of Dp16 mice (Figure S1A and S1B in supporting

information). Overall, de novo protein synthesis in the hippocampus

was impaired as well in the Dp16 mice compared to WT littermate,

as revealed by the SUnSET assay (Figure S1C). In brief, eEF2 phos-

phorylation was abnormally increased in the DS brain, resulting in

impaired translational capacity that may affect memory formation and

long-term synaptic plasticity.14,31,32

3.2 Suppression of eEF2K with a genetic
approach alleviates cognitive deficits in Ts65Dn mice

To further investigate the association between eEF2 hyperphosphory-

lation and DS pathophysiology, we crossed male eEF2K heterozygous

knockout mice (eEF2K+/−)25 with female Ts65Dnmice to generate the

Ts65Dn/eEF2K+/− double mutant mice, along with three other experi-

mental groups: WT, Ts65Dn, and eEF2K+/−. Western blot experiments

showed that elevated levels of p-eEF2 inTS65Dnmicewere restored in

Ts65Dn/eEF2K+/− mice, either in the whole lysate or the synaptosome

of hippocampi, to the level comparable toWTmice (Figure 2A and 2B).

Additionally, suppression of eEF2K did not affect total eEF2 protein

levels across the four genotypes (Figure 2A and 2B). Immunofluores-

cence staining revealed hyperphosphorylation of eEF2 (green) in both

the soma and dendrites of pyramidal neurons in hippocampi of Ts65Dn

mice compared to WT mice, and suppression of eEF2K was able to

decrease eEF2 phosphorylation in hippocampal neurons in Ts65Dn

mice (Figure 2C). Next, we conducted a series of behavioral tests to

assess cognitive function of these mice at the age of 9 to 12 months

old. In the Morris water maze (MWM) test, which is known for evalua-

tion of spatial learning and memory, we trained mice to find a hidden

platform according to spatial cues around a water tank (Figure 2D).

Compared toWTmice, the Ts65Dn DS mice displayed impaired learn-

ing and memory as indicated by longer day-to-day escape latency

(time to locate the hidden platform) during the training phase, and

less “platform” crossing during the probe trial (Figure 2E-G). In con-

trast, suppression of eEF2K improved DS-associated spatial learning

and memory deficits, as indicated by normal (indistinguishable from

WT mice) performance of Ts65Dn/eEF2K+/− mice (Figure 2E-G). In

addition, eEF2K+/− mice showed normal learning and memory dur-

ing the MWM test (Figure 2E-G). To exclude memory-independent

effects associated with eEF2K suppression such as vision and swim-

ming ability, we also conducted visible platform (VP) test. There were

no significant differences across the four genotype mice in day 2 of
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F IGURE 1 eEF2K phosphorylation is elevated in the brain of patients with DS and Ts65Dnmousemodel. A, Representative western blot
images of p-eEF2, eEF2, and GAPDH in post mortem hippocampal tissues fromCTL and patients with DS, and quantification of p-eEF2 levels in the
two groups. n= 5 in each group. * P< 0.05, t= 2.395, df= 8, unpaired t test. B, Representative western blot images of p-eEF2, eEF2, and GAPDH in
post mortem PFC tissues from control and patients with DS, and quantification of p-eEF2 levels in the two groups. n= 5 in each group. ** P< 0.01,
t= 4.694, df= 8, unpaired t test. C, Representative western blot images of p-eEF2, eEF2, and GAPDH in post mortem cerebellum tissues from
control and patients with DS, and quantification of p-eEF2 levels in the two groups. n= 5 in each group. t= 1.469, df= 8, P= 0.1800, unpaired t
test. D, Representative IHC images of p-eEF2 in CA1 and CA3 areas of post mortem hippocampal slices fromCTL and patients with DS. Scale
bar= 50 µm. The experiments were replicated three times. E, Representative immuno-EM image from the CA1 area of hippocampus of aWT
mouse. Gold particles linked to p-eEF2 could be found both pre- and postsynaptic compartments (indicated by blue arrows). Scale bar= 500 nm. F,
Representative western blot images of p-eEF2, eEF2, and GAPDH in hippocampal whole lysates fromWT and Ts65Dnmice, and quantification of
p-eEF2 levels in the two groups. n= 8 in each group. ** P< 0.01, t= 3.767, df= 14, unpaired t test. G, Representative western blot images of
p-eEF2, eEF2, andGAPDH in hippocampal synaptosomes fromWT and Ts65Dnmice, and quantification of p-eEF2 levels in the two groups. n= 8 in
each group. ** P< 0.01, t= 4.089, df= 14, unpaired t test. H, Representative images and quantification of SUnSET de novo protein synthesis assay
in hippocampal slices fromWT and Ts65Dnmice.WT n= 6; Ts65Dn n= 7. ** P< 0.01, t= 3.161, df= 11, unpaired t test. CTL, control; DS, Down
syndrome; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic elongation factor 2 kinase; EM, electronmicroscopy; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; IHC, immunohistochemical; PFC, prefrontal cortex; SUnSET, surface sensing of translation;WTwild type
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F IGURE 2 Suppression of eEF2K can restore eEF2 phosphorylation and alleviate cognitive deficits in Ts65Dnmice. A, Representative western
blot images of p-eEF2, eEF2, and GAPDH in hippocampal whole lysates fromWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice, and
quantification of p-eEF2 levels in the four genotypes.WT n= 5; Ts65Dn n= 5; eEF2K+/− n= 5, Ts65Dn/eEF2K+/− n= 4. * P< 0.05, ** P< 0.01, F(3,
15)= 7.331, one-way ANOVAwith Tukey post hoc test. B, Representative western blot images of p-eEF2, eEF2, and GAPDH in hippocampal
synaptosomes fromWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice, and quantification of p-eEF2 levels in the four genotypes.WT n= 5;
Ts65Dn n= 5; eEF2K+/− n= 5, Ts65Dn/eEF2K+/− n= 4. * P< 0.05, ** P< 0.01, **** P< 0.001, F(3, 15)= 18.01, one-way ANOVAwith Tukey post
hoc test. C, Representative immunofluorescence images of p-eEF2 (green), Tubulin (red), and DAPI (blue) in the CA1 areas of hippocampal slices
fromWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice. Scale bar= 40 µm. The experiments were replicated three times. D, Paradigm ofMWM
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the VP test, and all four genotypemice showed improved performance

in day 2 compared to day 1 (Figure 2H). Next, we conducted open

field (OF) test to assess locomotor activity and anxiety phenotype of

the mice.33 We did not observe significant differences across all four

groups of mice during the OF test in the evaluation of locomotor activ-

ity (moving speed and distance) and anxiety (ratio of time spent in the

periphery; Figure 2I and 2J). We further performed the novel object

recognition (NOR) test to assess long-term recognition memory in

thesemice.34 As demonstrated in the discrimination index ([time spent

with novel object – familiar object] / total time) data, Ts65Dn mice,

compared to WT mice, were unable to distinguish novel and familiar

objects, indicating long-term recognition memory deficit (Figure 2K

and 2L). Importantly, suppression of eEF2K alleviated such cognitive

deficits in Ts65Dnmice, as indicated by significantly improved discrim-

ination index of the Ts65Dn/eEF2K+/− mice (Figure 2L). In summary,

suppression of eEF2K can restore eEF2 phosphorylation levels and

alleviate cognitive deficits in the Ts65DnDSmousemodel.

3.3 Suppression of eEF2K with a genetic
approach can ameliorate defects of dendritic spine
morphology and long-term synaptic plasticity in
Ts65Dn mice

Spinemorphology is a critical indicator of synaptic integrity and is asso-

ciated with memory formation and synaptic plasticity.35,36 Patients

with DS and mouse models are characterized by synaptic abnormali-

ties, includingdecreasedmature spinedensity, and increased immature

spine density in the cerebral cortex and hippocampus.37 We used a

rapid Golgi staining protocol38to assess morphological changes of the

dendritic spines in the hippocampus (Figure 3A). Analysis of spine

density and subtypes was based on published guidelines.39,40 There

was no significant difference in total spine density between WT and

Ts65Dn mice, which was consistent with previous reports.37,41 Inter-

estingly, total spine density was increased in eEF2K+/− mice compared

to Ts65Dn mice (Figure 3B). Suppression of eEF2K did not alter total

spine density count in Ts65Dn mice (Figure 3B). Further analysis on

mature (mushroom, stubby, and branched) and immature (filopodia

and thin) spines revealed that mature spine density was significantly

decreased while immature spine density was significantly increased in

the hippocampus of Ts65Dn mice compared to WT mice (Figure 3C

and 3D). Importantly, suppression of eEF2K was able to restore such

spine abnormality (reduced mature spine and increased immature

spine density) in Ts65Dnmice (Figure 3C and 3D). Next, we applied the

transmission electron microscopy (TEM) method to evaluate synap-

tic changes in the hippocampus (Figure 3E). Densities of postsynaptic

density (PSD), which was a distinct structure of synapse, were not sig-

nificantly altered across the four genotypes (Figure 3F). Meanwhile,

the size of PSD, which was measured by PSD length, was signifi-

cantly decreased in Ts65Dn mice compared to WT mice (Figure 3G).

Moreover, suppression of eEF2K improved such defects in PSD in

Ts65Dnmice (Figure 3G). Further, we performed synaptic electrophys-

iology experiments to assess long-term synaptic plasticity in acute

hippocampal slices derived from the mice of the four genotypes.

First, we measured the input/output (I/O) relationship and paired-

pulse facilitation (PPF) and did not find significant differences across

the four genotypes, suggesting unaltered basal synaptic transmis-

sion and presynaptic function with eEF2K regulation (Figure S2A and

S2B in supporting information). We next examined protein synthesis–

dependent LTP (induced by high-frequency stimulus), a major form

of synaptic plasticity that is considered a cellular model for learn-

ing and memory.42 Hippocampal LTP was impaired in Ts65Dn mice

compared to WT mice, which is consistent with previous studies.37,43

Notably, suppression of eEF2K alleviated LTP impairment in Ts65Dn

mice (Figure 3H-J). In conclusion, suppression of eEF2K can allevi-

ate morphological defects in dendritic spine and synapse as well as

long-term synaptic plasticity impairment in Ts65Dnmice.

3.4 Repression of eEF2K restores multifaceted
abnormalities in Dp16 DS model mice

To verify our findings in Ts65Dn mice with eEF2K suppression, we

also crossed the eEF2K+/− micewith another establishedmousemodel

of DS, the Dp16 mice in which the entire chromosome 16 that is

homologous to human chromosome 21 has been triplicated.30 The

experimental groups include WT, DP16, eEF2+/−, and Dp16/eEF2+/−.

Similar to the findings in Ts65Dnmice, levels of p-eEF2were increased

test. E, Escape latencies ofWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice during 5 day training phase ofMWM test.WT n= 16; Ts65Dn
n= 16; eEF2K+/− n= 20; Ts65Dn/eEF2K+/− n= 18. F, Escape latencies on day 5 ofMWM training phase.WT n= 16; Ts65Dn n= 16; eEF2K+/−

n= 20; Ts65Dn/eEF2K+/− n= 18. ** P< 0.01, **** P< 0.0001, F(3, 66)= 12.37, one-way ANOVAwith Tukey post hoc test. G, Frequencies of
crossing the “platform” ofWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice in the probe trial.WT n= 16; Ts65Dn n= 15; eEF2K+/− n= 20;
Ts65Dn/eEF2K+/− n= 17. * P< 0.05, ** P< 0.01, **** P< 0.0001, F(3, 64)= 9.202, one-way ANOVAwith Tukey post hoc test. H, Escape latencies of
WT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice in the VP test.WT n= 14; Ts65Dn n= 13; eEF2K+/− n= 17; Ts65Dn/eEF2K+/− n= 16. I, Ratio
of time spent in the periphery in OF test ofWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice.WT n= 13; Ts65Dn n= 12; eEF2K+/− n= 14;
Ts65Dn/eEF2K+/− n= 13. F(3, 48)= 2.150, P= 0.1063, one-way ANOVAwith Tukey post hoc test. J, Velocities ofWT, Ts65Dn, eEF2K+/−, and
Ts65Dn/eEF2K+/− mice in theOF test.WT n= 10; Ts65Dn n= 11; eEF2K+/− n= 12; Ts65Dn/eEF2K+/− n= 11. F(3, 40)= 2.238, p= 0.0987,
one-way ANOVAwith Tukey post hoc test. K, Paradigm of NOR test. L, Discrimination index ofWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice
in the NOR test.WT n= 8; Ts65Dn n= 9; eEF2K+/− n= 8; Ts65Dn/eEF2K+/− n= 12. * P< 0.05, ** P< 0.01, F(3, 33)= 6.505, one-way ANOVAwith
Tukey post hoc test. ANOVA, analysis of variance; DS, Down syndrome; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic elongation factor
2 kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MWM,Morris water maze; NOR, novel object recognition; OF, open field; VP,
visible platform;WTwild type
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F IGURE 3 Suppression of eEF2K can ameliorate defects of dendritic spinemorphology and long-term synaptic plasticity in Ts65Dnmice. A,
Representative Golgi staining images in the CA1 areas of hippocampi fromWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice. Scale bar= 2 µm.
B, Cumulative data of total spine densities of hippocampal CA1 dendrites fromWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice.WT n= 77
dendrites; Ts65Dn n= 100 dendrites; eEF2K+/− n= 109 dendrites; Ts65Dn/eEF2K+/− n= 83 dendrites. Threemice in each group. * P< 0.05, F(3,
365)= 3.210, one-way ANOVAwith Tukey post hoc test. C, Cumulative data of mature spine densities of hippocampal CA1 dendrites fromWT,
Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice.WT n= 77 dendrites; Ts65Dn n= 100 dendrites; eEF2K+/− n= 109 dendrites; Ts65Dn/eEF2K+/−

n= 83 dendrites. Threemice in each group. * P< 0.05, **** P< 0.0001, F(3, 365)= 35.45, one-way ANOVAwith Tukey post hoc test. D, Cumulative
data of immature spine densities of hippocampal CA1 dendrites fromWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice.WT n= 77 dendrites;
Ts65Dn n= 100 dendrites; eEF2K+/− n= 108 dendrites; Ts65Dn/eEF2K+/- n= 82 dendrites. Threemice in each group. **** P< 0.0001, F(3,
365)= 43.53, one-way ANOVAwith Tukey post hoc test. E, Representative EM images in the CA1 areas of hippocampi fromWT, Ts65Dn,
eEF2K+/−, and Ts65Dn/eEF2K+/− mice. Scale bar= 500 nm. F, Cumulative data of PSD densities in the CA1 areas of hippocampi fromWT, Ts65Dn,
eEF2K+/−, and Ts65Dn/eEF2K+/− mice. n= 30 images from threemice in each group. F(3, 116)= 0.5608, P= 0.6419, one-way ANOVAwith Tukey
post hoc test. G, Cumulative data of PSD lengths in the CA1 areas of hippocampi fromWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice.WT
n= 90 synapses; Ts65Dn n= 92 synapses; eEF2K+/− n= 96 synapses; Ts65Dn/eEF2K+/− n= 94 synapses. Threemice in each group. * P< 0.05, **
P< 0.01, ****P< 0.0001, F(3, 368)= 9.876, one-way ANOVAwith Tukey post hoc test. H, Hippocampal LTP inWT, Ts65Dn, eEF2K+/−, and
Ts65Dn/eEF2K+/− mice. Arrows indicate HFS.WT n= 7; Ts65Dn n= 8; eEF2K+/− n= 6; Ts65Dn/eEF2K+/− n= 10. I, Representative fEPSP traces
before and after HFS inWT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice. J, Cumulative data showing fEPSP slopes at 90minutes after HFS in
WT, Ts65Dn, eEF2K+/−, and Ts65Dn/eEF2K+/− mice.WT n= 7; Ts65Dn n= 8; eEF2K+/− n= 6; Ts65Dn/eEF2K+/− n= 10. * P< 0.05, F(3,
27)= 4.817, one-way ANOVAwith Tukey post hoc test. ANOVA, analysis of variance; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic
elongation factor 2 kinase; EM, electronmicroscopy; fEPSP, field excitatory postsynaptic potential; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HFS, high-frequency stimulation; PSD, postsynaptic density;WTwild type
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either in the whole lysate or synaptosome of hippocampi of Dp16mice

compared to WT mice, which was restored by suppression of eEF2K

(Figure 4A and 4B). Immunofluorescence staining of the hippocampal

slices showed increased staining of p-eEF2 level (green) in both the

somaanddendrites of hippocampal neurons inDp16mice compared to

WTmice, whichwas reduced by eEF2K suppression (Figure 4C).More-

over, deficits of de novo protein synthesis (assessed by SUnSET) in the

hippocampus of Dp16micewere alleviated with suppression of eEF2K

(Figure 4D). Moreover, eEF2K reduction mitigates hippocampal LTP

failure in the Dp16 mice (Figure 4E and 4F), which is consistent with

the electrophysiology data from the Ts65Dn cohort. In addition, there

were no significant differences in I/O relationship and PPF perfor-

mance across the four genotypes (Figure S2C and S2D). Analysis of the

TEM images from the hippocampal slices revealed that PSD densities

were not significantly different across the four genotypes (Figure 4G

and 4H). In agreement with the findings from the Ts65Dn experiments,

PSD length was significantly decreased in Dp16 mice compared to

WT mice, which was improved by eEF2K suppression (Figure 4I). We

also examined spinemorphology, and found no significant difference in

total spine density across the four genotypes.Meanwhile,mature spine

density was significantly decreased, and immature spine density was

significantly increased in Dp16 mice compared toWTmice, while sup-

pression of eEF2K corrected these defects (Figure S3E-H in supporting

information). Last, we conducted the same battery of behavioral tests

to evaluate the cognitive function of the mice. In the OF test, the

four genotypes showed similar locomotor activities and anxiety level

(Figure 4J, Figure S3A). In the NOR test, deficit in long-term recogni-

tion memory was identified in Dp16mice compared toWTmice based

on thediscrimination index, and suchdeficitswere improvedby genetic

repression of eEF2K (Figure 4K). Further, spatial learning and memory

deficits in Dp16 mice, assessed by the MWM test, were also improved

in the Dp16/eEF2K+/− mice (Figure S3B and S3C). In the VP test, there

was no significant difference across the four genotypes and all themice

showed improvement in performance on Day 2 (Figure S3D). In con-

clusion, suppression of eEF2K improved multiple pathophysiology in

Dp16 mice including protein synthesis deficits, synaptic failure, and

cognitive impairments. Such results were consistent with the findings

from the Ts65Dnmice cohort.

3.5 Effects of eEF2K suppression on protein
profiling in Dp16 DS model mice

To investigate the downstream effectors of eEF2K suppression in DS

mice, we did proteomic analysis on the hippocampal tissues from WT,

Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice using tandem mass tag

(TMT)mass spectrometry (MS). Thismethod allowedmultiplexed anal-

ysis of samples at one time and increased sensitivity and reproducibil-

ity over the label-free MS method.44 A total of 5338 proteins were

identified and quantified after eliminating contaminants and missing

values (original proteomic dataset can be found atMassIVEwith acces-

sion number MSV000093209). Among these proteins, 1328 proteins

were differentially expressed across the four genotypes. A heat map

was generated to demonstrate the protein profile (Figure 5A). We

wanted to determine those dysregulated proteins in Dp16 mice (com-

pared toWT mice) that could be corrected by eEF2K suppression. We

found 411 upregulated and 605 downregulated proteins in Dp16mice

compared to WT mice. We then identified 280 upregulated and 216

downregulated proteins in Dp16/eEF2K+/− mice compared to Dp16

mice. Comparison between upregulated proteins in Dp16 mice and

downregulated proteins in Dp16/eEF2K+/− mice revealed 40 proteins

that were shared by the two cohorts. Meanwhile, comparison between

downregulated proteins in Dp16 mice and upregulated proteins in

Dp16/eEF2K+/− mice identified 57 proteins shared by the two cohorts

(Figure 5B). Those were dysregulated proteins in Dp16 mice which

could be corrected by eEF2K suppression. We then plotted these pro-

teins with x axis as log2 of fold changes of Dp16/WT and y axis as log2

of fold changes of Dp16/eEF2K+/−/Dp16. We set a threshold of either

increased or decreased by at least 20% between groups. The data

revealed nine proteins whose expression was decreased in Dp16 mice

(compared toWT) andwas restored inDp16/eEF2K+/−mice (Figure5C

and5D).We thendidGOanalysis on theseproteins and found that they

mainly belong to the categories of proteins that are involved in pro-

tein synthesis and synaptic functions such as cytoskeleton-dependent

intracellular transport, Golgi-associated vesicle, COPI-coated vesicle,

synaptic cleft, and ribosomal subunit (Figure 5E). One notable protein

was the adhesion G protein-coupled receptor B3 (ADGRB3), which is

involved in synaptogenesis. 45 Western blot confirmed that ADGRB3

was decreased in Dp16 mice compared to WT and was improved in

Dp16/eEF2K+/− mice (P= 0.06; Figure 5F).

3.6 Overexpression of PQBP1 alleviates synaptic
failure and behavioral deficits in Ts65Dn mice

eEF2K activity can be affected by multiple upstream regulators under

various conditions. 46,47 Based on previous studies, we systemati-

cally examined many potential regulators of eEF2K in whole lysate

and synaptosome of hippocampi in WT and Ts65Dn mice, including

AMPK, extracellular signal-regulated kinase (ERK), glycogen synthase

kinase 3α/β (GSK3α/β), protein kinase A (PKA), p38 mitogen-activated

protein kinase (p38MAPK), S6 Kinase 1 (S6K1), andmTORC1. Surpris-

ingly, activities of these molecules were not changed either in whole

lysate or synaptosome of hippocampi in Ts65Dn mice compared to

WT mice except for GSK3α/β, S6K1, mTORC1, which was further evi-

denced by its downstream effector eukaryotic translation initiation

factor 4E-bingding protein 1 (4EBP1; Figure S4 and S5 in support-

ing information). However, increased phosphorylation of GSK3α/β at
ser21/9 would indicate reduced GSK3α/β activity and should in turn

suppress eEF2K activity and decrease eEF2 phosphorylation, while

increased phosphorylation of S6K1 andmTORC1 should also suppress

eEF2K activity and decrease eEF2 phosphorylation.47–49 Thus, none

of the activity alterations in these kinases could explain eEF2 hyper-

phosphorylation in Ts65Dn mice. A more recent study reported that

polyglutamine binding protein 1 (PQBP1) could bind eEF2 to protect

it from phosphorylation by eEF2K, and inhibition of PQBP1 led to
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F IGURE 4 Suppression of eEF2K restores multifaceted abnormalities in Dp16mice. A, Representative western blot images of p-eEF2, eEF2,
and GAPDH in hippocampal whole lysates fromWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice, and quantification of p-eEF2 levels in the four
genotypes.WT n= 5; Dp16 n= 5; eEF2K+/− n= 4, Dp16/eEF2K+/− n= 4. * P< 0.05, ** P< 0.01, *** P< 0.001, F(3, 14)= 15.91, one-way ANOVA
with Tukey post hoc test. B, Representative western blot images of p-eEF2, eEF2, and GAPDH in hippocampal synaptosomes fromWT, Dp16,
eEF2K+/−, and Dp16/eEF2K+/− mice, and quantification of p-eEF2 levels in the four genotypes.WT n= 5; Dp16 n= 5; eEF2K+/− n= 4,
Dp16/eEF2K+/− n= 4. * P< 0.05, ** P< 0.01, *** P< 0.001, **** P< 0.0001, F(3, 14)= 33.97, one-way ANOVAwith Tukey post hoc test. C,
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increased eEF2 phosphorylation.50 Interestingly, we found that lev-

els of PQBP1 were significantly decreased in the hippocampi of both

patients with DS and Ts65Dn mice (Figure 6A and 6B). We next inves-

tigated whether upregulation of PQBP1 expression could alleviate

DS-associated eEF2 hyperphosphorylation and cognitive impairment.

We developed a recombinant adeno-associated virus 9 (AAV9) to

express the first 173 amino acids of PQBP1 with 3 hemagglutinin

(HA) tags and green fluorescent protein (GFP) under the promoter

of human synapsin 1 as well as control virus which only expressed

GFP, andmicroinjected the viruses into hippocampi ofWT and Ts65Dn

mice (Figure 6C and 6D). We started behavioral tests on day 18

and sacrificed the mice on day 35 (Figure 6C). Immunofluorescence

imaging showed that viruses were successfully expressed in the bilat-

eral hippocampi (Figure 6D). Western blot of the hippocampal tissues

injected with PQBP1 virus also confirmed the expression of PQBP1

with HA tags (Figure S6A in supporting information). Overexpression

of PQBP1 in Ts65Dn mice significantly decreased p-eEF2 level com-

pared to mice injected with vehicle, while overexpression of PQBP1

in WT mice did not change p-eEF2 level (Figure 6E). Electrophysiol-

ogy experiments demonstrated that overexpression of PQBP1 in the

hippocampus alleviated hippocampal LTP impairment in Ts65Dn mice

without affecting LTP performance inWTmice (Figure 6F and 6G). For

behavioral tests, PQBP1 overexpression did not affect performance of

either WT or Ts65Dn mice in the OF task (Figure 6I and 6J). Remark-

ably, PQBP1 overexpression improved long-term recognition memory

deficits in Ts65Dn mice (with vehicle injection) assessed by the NOR

test (Figure 6K). Additionally, NOR performance of WT mice was not

altered with PQBP1 overexpression (Figure 6K). In the training phase

ofMWM test, performance of Ts65Dnmice injectedwith PQBP1 virus

was not significantly improved compared to the Ts65Dn mice injected

with vehicle (repeated ANOVA, P > 0.05; Figure 6L). In the probe trial,

Ts65Dn mice injected with vehicle virus displayed memory deficits

indicated by less target quadrant occupancy compared to WT mice.

Importantly, such deficits were rescued with PQBP1 overexpression

(Figure 6M). To confirm whether the beneficial effects of PQBP1 over-

expression on Ts65Dn mice were mediated by eEF2K signaling, we

used an eEF2K agonist, nelfinavir.51 First, we confirmed that nelfi-

navir treatment of the hippocampal slices from WT mice significantly

increased p-eEF2 level, while it did not alter p-eEF2 level in eEF2K

knockout mice, suggesting that nelfinavir could increase eEF2 phos-

phorylation through activating eEF2K (Figure S6B and S6C). Strikingly,

LTP improvement in Ts65Dn mice with PQBP1 overexpression was

reversed by nelfinavir treatment (Figure 6N and 6O). Taken together,

these results suggested that PQBP1 dysregulation could be involved

in DS-associated synaptic failure and cognitive deficits through its

regulation on the eEF2K signaling.

3.7 Treatment with small molecule inhibitors of
eEF2K rescues cognitive deficits and synaptic
plasticity impairment in Ts65Dn mice

We went on to investigate the therapeutic potential of eEF2K inhi-

bition for DS-associated cognitive impairments and synaptic failure

by using two structurally distinct small molecules eEF2K inhibitor: A-

484594 (AG) andNH125.26,47 First, we conducted ex vivo experiments

in Ts65Dn and littermate WT mice with NH125. NH125 treatment

of hippocampal slices alleviated LTP impairment in Ts65Dn mice com-

pared to those treated with vehicle, and did not alter LTP in WT mice

(Figure S7A-C in supporting information). Next, we conducted in vivo

experiments in Ts65Dn mice as well as in littermate WT mice with

eEF2K inhibitor A484954 (AG). AG compound was packed into pellets

and implanted subcutaneously to enable the drug to be released grad-

ually. We started behavioral tests on day 15 after pellet implantation

and sacrificed the mice afterward (Figure 7A). We first confirmed that

treatment of AG decreased p-eEF2 levels in the hippocampi of both

WT and Ts65Dnmice (Figure 7B). Furthermore, defects of de novo pro-

tein synthesis (assessed by the SUnSET assay) in the hippocampus of

Ts65Dn were improved with AG treatment (Figure 7C). Functionally,

treatment of AG alleviated hippocampal LTP impairment in Ts65Dn

Representative immunofluorescence images of p-eEF2 (green), Tubulin (red), and DAPI (blue) in the CA1 areas of hippocampal slices fromWT,
DP16, eEF2K+/−, and Dp16/eEF2K+/− mice. Scale bar= 40 µm. The experiments were replicated 3 times. D, Representative images and
quantification of the SUnSET assay in hippocampal slices fromWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice, and quantification of puromycin
levels in the four genotypes.WT n= 9; Dp16 n= 9; eEF2K+/− n= 9, Dp16/eEF2K+/− n= 8. * P< 0.05, ** P< 0.01, F(3, 31)= 7.120, one-way ANOVA
with Tukey post hoc test. E, Hippocampal LTP inWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice. Arrows indicate HFS.WT n= 8; Dp16 n= 9;
eEF2K+/− n= 10; Dp16/eEF2K+/− n= 8. F, Cumulative data of fEPSP slopes at 90minutes after HFS inWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/−

mice.WT n= 8; Dp16 n= 9; eEF2K+/− n= 10; Dp16/eEF2K+/− n= 8. ** P< 0.01, *** P< 0.001, **** P< 0.0001, F(3, 31)= 11.35, one-way ANOVA
with Tukey post hoc test. G, Representative TEM images in the CA1 areas of hippocampi fromWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice.
Scale bar= 500 nm. H, Cumulative data of PSD densities in the CA1 areas of hippocampi fromWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice.
n= 30 images from threemice in each group. F(3, 117)= 1.864, P= 0.1395, one-way ANOVAwith Tukey post hoc test. I, Cumulative data of PSD
lengths in the CA1 areas of hippocampi fromWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice.WT n= 38 synapses; Dp16 n= 41 synapses;
eEF2K+/− n= 36 synapses; Dp16/eEF2K+/− n= 37 synapses. Threemice in each group. * P< 0.05, ** P< 0.01, F(3, 148)= 5.940, one-way ANOVA
with Tukey post hoc test. J, Velocities ofWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice in OF test.WT n= 17; Dp16 n= 14; eEF2K+/− n= 19;
Dp16/eEF2K+/− n= 13. F(3, 59)= 0.062, P= 0.9798, one-way ANOVAwith Tukey post hoc test. K, Discrimination index ofWT, Dp16, eEF2K+/−,
and Dp16/eEF2K+/− mice in NOR test.WT n= 11; Dp16 n= 9; eEF2K+/− n= 10; Dp16/eEF2K+/− n= 11. * P< 0.05, F(3, 37)= 4.319, one-way
ANOVAwith Tukey post hoc test. ANOVA, analysis of variance; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic elongation factor 2 kinase;
fEPSP, field excitatory postsynaptic potential; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HFS, high-frequency stimulation; LTP,
long-term potentiation; NOR, novel object recognition; OF, open field; PSD, postsynaptic density; SUnSET, surface sensing of translation; TEM,
transmission electronmicroscopy;WTwild type
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F IGURE 5 Effects of eEF2K suppression on protein profiling in Dp16DSmodel mice. A, Heat map of differentially expressed proteins
(n= 1328) inWT, Dp16, eEF2K+/−, and Dp16/eEF2K+/− mice. n= 4 in each group. One-way ANOVA. B, Venn diagram of upregulated proteins in
Dp16 versusWT (n= 411, tan), downregulated proteins in Dp16 versusWT (n= 605, pink), upregulated proteins in Dp16/eEF2K+/− versus Dp16
(n= 280, green), and downregulated proteins in Dp16/eEF2K+/− versus Dp16 (n= 216, purple). Forty proteins were upregulated in Dp16mice
while could be downregulated by eEF2K knockdown, and 57 proteins were downregulated in Dp16while could be upregulated by eEF2K
knockdown. Unpaired t test. C, Plot of the 97 (40+57) proteins which were dysregulated in Dp16while could be corrected by eEF2K knockdown
by their fold changes. Increased or decreased by at least 20% in fold changes were considered for further analysis (9 proteins, red). D, Description
of the nine proteins identified in (C). E, GeneOntology analysis of the nine proteins identified. F, Representative western blot images of ADGRB3
and GAPDH in hippocampal tissues fromWT, Dp16, and Dp16/eEF2K+/− mice, and quantification of ADGRB3 levels in the three groups. n= 4 in
each group. ** P< 0.01, F(2, 9)= 11.78, one-way ANOVAwith Tukey post hoc test. ADGRB3, adhesion G protein-coupled receptor B3; ANOVA,
analysis of variance; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic elongation factor 2 kinase; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase;WTwild type
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F IGURE 6 Overexpression of hippocampal PQBP1 alleviates synaptic failure and behavioral deficits in Ts65Dnmice. A, Representative
western blot images of PQBP1 andGAPDH in hippocampal tissues from control and patients with DS, and quantification of PQBP1 levels in the
two groups. n= 4 in each group. *** P< 0.001, t= 5.978, df= 6, unpaired t test. B, Representative western blot images of PQBP1 and GAPDH in
hippocampal tissues fromWT and Ts65Dnmice, and quantification of PQBP1 levels in the two groups.WT n= 7; Ts65Dn n= 6. ** P< 0.01,
t= 3.173, df= 11, unpaired t test. C, Construction of vehicle AAV9 vector (upper) and PQBP1AAV9 vector (middle), and timeline of the
experiments (bottom). D, Representative immunofluorescence image of GFP (green) andDAPI (blue) from amouse brain slice injectedwith the
virus. Scale bar= 1000 µm. E, Representative western blot images of p-eEF2, eEF2, and GAPDH in hippocampal tissues fromWT+vehicle,
WT+PQBP1, Ts65Dn+vehicle, and Ts65Dn+PQBP1mice, and quantification of p-eEF2 levels in the four groups.WT+vehicle n= 5;WT+PQBP1
n= 6; Ts65Dn+vehicle n= 6; Ts65Dn+PQBP1 n= 6. * p< 0.05, ** p< 0.01, *** p< 0.001, interaction F(1, 19)= 2.007, virus factor F(1, 19)= 6.430,
genotype factor F(1, 19)= 22.06, two-way ANOVAwith Tukey post hoc test. F, Hippocampal LTP inWT+vehicle,WT+PQBP1, Ts65Dn+vehicle,
and Ts65Dn+PQBP1mice. Arrows indicate HFS.WT+vehicle n= 7;WT+PQBP1 n= 6; Ts65Dn+vehicle n= 10; Ts65Dn+PQBP1 n= 11. G,
Representative traces before and after HFS inWT+vehicle,WT+PQBP1, Ts65Dn+vehicle, and Ts65Dn+PQBP1mice. H, fEPSP slopes at
90minutes after HFS inWT+vehicle,WT+PQBP1, Ts65Dn+vehicle, and Ts65Dn+PQBP1mice.WT+vehicle n= 7;WT+PQBP1 n= 6;
Ts65Dn+vehicle n= 10; Ts65Dn+PQBP1 n= 11. *** P< 0.001, **** P< 0.0001, interaction F(1, 30)= 7.401, virus factor F(1, 30)= 11.94, genotype
factor F(1, 30)= 19.24, two-way ANOVAwith Tukey post hoc test. I, Ratio of time spent in the periphery in OF test ofWT+vehicle,WT+PQBP1,
Ts65Dn+vehicle, and Ts65Dn+PQBP1mice.WT+vehicle n= 12;WT+PQBP1 n= 11; Ts65Dn+vehicle n= 8; Ts65Dn+PQBP1 n= 8. Interaction
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mice without affecting LTP performance in WT mice (Figure 7D-F).

In addition, treatment of AG did not alter the body weights of these

mice (Figure 7G). Results from behavioral experiments showed that

treatment of AG did not impact the performance in the OF test for

either WT or Ts65Dn mice (Figure 7H and 7I). Notably, treatment of

AG improved long-term recognitionmemory deficits (assessed byNOR

test) in Ts65Dnmice (Figure 7J). In brief, treatment of eEF2K inhibitors

could decrease eEF2 phosphorylation, boost de novo protein synthesis,

reverse synaptic impairments, and rescue cognitive deficits in Ts65Dn

DSmodel mice.

4 DISCUSSION

Despite wide deployment of prenatal screening and intervention, DS

continues to be the leading cause of intellectual disability world-

wide, posing significant socioeconomic impacts.52,53 With a dramatic

increase of life expectancy over the past few decades, aging-related

cognitive impairment becomes a common pathophysiology in people

with DS.54 Substantial evidence has demonstrated that a homeosta-

sis of protein synthesis is critical for normal cognitive and synaptic

function.10,55 In this study, we showed that eEF2 phosphorylation was

abnormally increased in the brain of patients with DS and mouse mod-

els, which was associated with repression of general protein synthesis.

Importantly, restoration of eEF2 phosphorylation by suppression of

eEF2K could alleviate multiple pathophysiological abnormalities and

improve aging-related cognitive deficits in two different lines of a DS

mouse model. Interestingly, our data suggested a role of PQBP1 dys-

regulation in DS-associated eEF2 hyperphosphorylation and cognitive

deficits. More comprehensive studies in the future are warranted to

elucidate the interaction between PQBP1 and eEF2K/eEF2 signaling

in the context of DS pathogenesis. Finally, as a proof-of-concept study,

we showed that the small-molecule eEF2K inhibitor A484954 could

rescue cognitive impairments and synaptic failure in DS model mice,

suggesting targeting the eEF2K signaling could be a feasible thera-

peutic strategy for aging-related cognitive impairments in DS. Notably,

patients with DS older than 40 years usually develop AD-like brain

pathology and dementia syndromes.56 Recent studies from us and

other groups demonstrated a role of eEF2 hyperphosphorylation inAD

pathogenesis.13,25,26,57,58

Impaired capacity of de novo protein synthesis has been

linked to multiple neuronal diseases characterized by cognitive

deficits.10,11,14,59–61 Regulation of protein synthesis has been asso-

ciated with distinct translational factors involved in each phase of

mRNA translation.62 Recent studies provided compelling evidence

that dysregulation of the integrated stress response (ISR) signalingwas

involved inDSpathophysiology.15,63 Interestingly, itwas demonstrated

in the Ts65Dnmouse model that DS-associated synaptic and cognitive

impairments can be improved by boosting general mRNA translation

through regulation of the eukaryotic translation initiation factor eIF2,

a critical player mediating the ISR.15 Despite decades of intensive

research in the neuroscience field, identities of “memory proteins” of

“plasticity-related proteins” (PRPs) remain elusive.64 Besides protein

synthesis, dysregulation of protein degradation has been implicated

in DS based on proteomic analysis in human tissue.65 Taken together,

we would propose that the restoration of overall protein synthesis

capacity and homeostasis could be an alternative and feasible strategy

to alleviate DS-associated synaptic failure and cognitive deficits.

From a translational perspective, inhibition of eEF2K and eEF2

phosphorylation can be an appealing therapeutic approach for aging-

related cognitive deficits in DS. Unlike most of the protein kinases

including serine/threonine kinases and tyrosine kinases, eEF2K is one

of the few “alpha-kinases” whose catalytic domains are distinct from

the conventional kinases.66 Further, there is a 1:1 ratio for eEF2K and

eEF2phosphorylation (Thr56), that is, eEF2 is the only known substrate

for eEF2K and eEF2K is the only known kinase for eEF2. All these

features can help improve the selectivity/specificity and reduce the

off-target effects of the small-molecule eEF2K inhibitors with proper

design. Moreover, inhibition of eEF2K could be a “safe” therapeutic

strategy. Transgenic mice with global homozygous knockout of eEF2K

F(1, 35)= 0.0832, P= 0.7747; virus factor F(1, 35)= 0.2092, P= 0.6502; genotype factor F(1, 35)= 0.3892, P= 0.5368; two-way ANOVAwith
Tukey post hoc test. J, Velocities ofWT+vehicle,WT+PQBP1, Ts65Dn+vehicle, and Ts65Dn+PQBP1mice in OF test.WT+vehicle n= 12;
WT+PQBP1 n= 11; Ts65Dn+vehicle n= 8; Ts65Dn+PQBP1 n= 8. Interaction F(1, 35)= 0.0692, P= 0.7941; virus factor F(1, 35)= 0.0272,
P= 0.8700; genotype factor F(1, 35)= 6.731, P= 0.0137; two-way ANOVAwith Tukey post hoc test. K, Discrimination index ofWT+vehicle,
WT+PQBP1, Ts65Dn+vehicle, and Ts65Dn+PQBP1mice in NOR test.WT+vehicle n= 11;WT+PQBP1 n= 11; Ts65Dn+vehicle n= 7;
Ts65Dn+PQBP1 n= 7. * P< 0.05, ** P< 0.01, interaction F(1, 32)= 9.338, virus factor F(1, 32)= 9.894, genotype factor F(1, 32)= 0.6291, two-way
ANOVAwith Tukey post hoc test. L, Escape latencies ofWT+vehicle,WT+PQBP1, Ts65Dn+vehicle, and Ts65Dn+PQBP1mice during 5 day
training phase ofMWM test.WT+vehicle n= 8;WT+PQBP1 n= 9; Ts65Dn+vehicle n= 10; Ts65Dn+PQBP1 n= 10.M, Time in the target
quadrant ofWT+vehicle,WT+PQBP1, Ts65Dn+vehicle, and Ts65Dn+PQBP1mice in the probe trial.WT+vehicle n= 8;WT+PQBP1 n= 9;
Ts65Dn+vehicle n= 9; Ts65Dn+PQBP1 n= 10. * P< 0.05, ** P< 0.01, ***P< 0.001, interaction F(1, 32)= 5.493, virus factor F(1, 32)= 2.124,
genotype factor F(1, 32)= 15.41, two-way ANOVAwith Tukey post hoc test. N, Hippocampal LTP inWT+vehicle,WT+vehicle+nelfinavir,
Ts65Dn+vehicle, Ts65Dn+vehicle+nelfinavir, Ts65Dn+PQBP1, Ts65Dn+PQBP1+nelfinavir mice. Arrows indicate HFS.WT+vehicle n= 7;
WT+vehicle+nelfinavir n= 7; Ts65Dn+vehicle n= 8; Ts65Dn+vehicle+nelfinavir n= 9; Ts65Dn+PQBP1 n= 9; Ts65Dn+PQBP1+nelfinavir n= 7.
O, Cumulative data of fEPSP slopes at 90minutes after HFS inWT+vehicle,WT+vehicle+nelfinavir, Ts65Dn+vehicle, Ts65Dn+vehicle+nelfinavir,
Ts65Dn+PQBP1, Ts65Dn+PQBP1+nelfinavir mice.WT+vehicle n= 7;WT+vehicle+nelfinavir n= 7; Ts65Dn+vehicle n= 8;
Ts65Dn+vehicle+nelfinavir n= 9; Ts65Dn+PQBP1 n= 9; Ts65Dn+PQBP1+nelfinavir n= 7. **** P< 0.0001, F(5, 41)= 24.12, one-way ANOVA
with Tukey post hoc test. ANOVA, analysis of variance; DS, Down syndrome; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic elongation
factor 2 kinase; fEPSP, field excitatory postsynaptic potential; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HFS, high-frequency
stimulation; LTP, long-term potentiation; NOR, novel object recognition; OF, open field; PQBP1, polyglutamine binding protein 1;WTwild type
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F IGURE 7 Treatment of eEF2K inhibitors can improve synaptic and cognitive deficits in Ts65Dnmice. A, Schematic diagram of the drug pellet
implantation inmice (upper) and timeline of the experiments (bottom). B, Representative western blot images of p-eEF2, eEF2, and GAPDH in
hippocampal tissues fromWT+vehicle,WT+AG, Ts65Dn+vehicle, and Ts65Dn+AGmice, and quantification of p-eEF2 levels in the four groups.
n= 5 in each group. ** P< 0.01, *** P< 0.001, **** P< 0.0001, interaction F(1, 16)= 4.271, drug factor F(1, 16)= 99.02, genotype factor F(1,
16)= 10.72, two-way ANOVAwith Tukey post hoc test. C, Representative images and quantification of the SUnSET assay in hippocampal tissues
fromWT+vehicle,WT+AG, Ts65Dn+vehicle, and Ts65Dn+AGmice. n= 5 in each group. * P< 0.05, ** P< 0.01, interaction F(1, 16)= 3.728, drug
factor F(1, 16)= 4.529, genotype factor F(1, 16)= 16.24, two-way ANOVAwith Tukey’s post hoc test. D, Hippocampal LTP inWT+vehicle,
WT+AG, Ts65Dn+vehicle, and Ts65Dn+AGmice. Arrows indicate HFS.WT+vehicle n= 9;WT+AG n= 9; Ts65Dn+vehicle n= 11; Ts65Dn+AG
n= 12. E, Representative traces before and after HFS inWT+vehicle,WT+AG, Ts65Dn+vehicle and Ts65Dn+AGmice. F, Cumulative data of
fEPSP slopes at 90minutes after HFS inWT+vehicle,WT+AG, Ts65Dn+vehicle, and Ts65Dn+AGmice.WT+vehicle n= 9;WT+AG n= 9;
Ts65Dn+vehicle n= 11; Ts65Dn+AG n= 12. * P< 0.05, interaction F(1, 37)= 4.467, drug factor F(1, 37)= 1.295, genotype factor F(1, 37)= 2.895,
two-way ANOVAwith Tukey post hoc test. G, Bodyweights before and 3weeks after drug pellet implantation inWT+vehicle,WT+AG,
Ts65Dn+vehicle and Ts65Dn+AGmice.WT+vehicle n= 8;WT+AG n= 8; Ts65Dn+vehicle n= 7; Ts65Dn+AG n= 7. * P< 0.05, interaction F(3,
26)= 1.207, drug factor F(1, 26)< 0.001, genotype factor F(3, 26)= 3.304, two-way repeatedmeasures ANOVAwith Tukey post hoc test. H, Ratio
of time spent in the periphery in OF test ofWT+vehicle,WT+AG, Ts65Dn+vehicle and Ts65Dn+AGmice.WT+vehicle n= 11;WT+AG n= 13;
Ts65Dn+vehicle n= 10; Ts65Dn+AG n= 11. Interaction F(1, 41)= 0.0414, p= 0.8397; drug factor F(1, 41)= 0.0181, P= 0.8936; genotype factor
F(1, 41)= 0.1867, P= 0.6679; two-way ANOVAwith Tukey post hoc test. I, Velocities ofWT+vehicle,WT+AG, Ts65Dn+vehicle, and Ts65Dn+AG
mice in OF test.WT+vehicle n= 11;WT+AG n= 12; Ts65Dn+vehicle n= 10; Ts65Dn+AG n= 11. * P< 0.05, Interaction F(1, 40)= 0.0129, drug
factor F(1, 40)= 1.886, genotype factor F(1, 40)= 6.647, two-way ANOVAwith Tukey post hoc test. J, Discrimination index ofWT+vehicle,
WT+AG, Ts65Dn+vehicle, and Ts65Dn+AGmice in NOR test.WT+vehicle n= 9;WT+AG n= 10; Ts65Dn+vehicle n= 10; Ts65Dn+AG n= 11. *
P< 0.05, ** P< 0.01, interaction F(1, 35)= 0.1005, drug factor F(1, 35)= 7.287, genotype factor F(1, 35)= 13.39, two-way ANOVAwith Tukey post
hoc test. K, Schematic model based on themain findings of the study. eEF2K signaling was dysregulated in the brain of patients with DS andmouse
models, which impaired de novo protein synthesis and in turn impaired synaptic plasticity and cognition. PQBP1was a potential regulator of eEF2K
signaling in DS. Suppressing eEF2K activity by genetic or pharmacological approaches could alleviate synaptic dysfunctions and cognitive deficits
in DSmice. ANOVA, analysis of variance; DS, Down syndrome; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic elongation factor 2 kinase;
fEPSP, field excitatory postsynaptic potential; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HFS, high-frequency stimulation; LTP,
long-term potentiation; NOR, novel object recognition; OF, open field; PQBP1, polyglutamine binding protein 1; PSD, postsynaptic density;
SUnSET, surface sensing of translation;WTwild type
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arephysiologically normal duringdevelopment.67 And treatmentof the

eEF2K inhibitor does not induce any adverse effects in WT mice.26

Patientswithneurological disorders usually need to takemedicineover

a long period of time, and the safety issue is often a prime factor to be

considered for choosingmedicine, particularly for the elderly.

Previous studies mainly from non-neuronal systems indicated that

eEF2K could be regulated by multiple upstream signaling pathways.47

In this study, we explored the possible upstream regulators of eEF2K

signaling in DS. To our surprise, the data suggested that eEF2 hyper-

phosphorylation in the DS brain is unlikely to be associated with any

of these canonical upstream regulators. We checked a recently identi-

fied regulator of eEF2K signaling, PQBP1, and found that PQBP1 was

indeed dysregulated both in the hippocampi of patients with DS and

mouse models. Importantly, restoration of PQBP1 expression in the

hippocampi of DS mice could alleviate synaptic dysfunction and cogni-

tive deficits. Interestingly, dysregulation of PQBP1 was also found in

AD and was under the control of serine/arginine repetitive matrix 2

(SRRM2). Restoration of PQBP1 expression could rescue AD-related

pathologies and cognitive deficits in mouse models.68 PQBP1 was a

causative gene for intellectual disability, which affected splicing pat-

terns of many synapse-related genes.69 It is appealing for future stud-

ies to elucidate the roles of PQBP1 in DS including whether and how

dysregulation of PQBP1 affects signaling pathways other than eEF2K.

What are thedownstreameffectors (other thangeneral protein syn-

thesis) that are associated with the beneficial phenotypes observed

in DS mice with eEF2K inhibition and eEF2 de-phosphorylation? Pre-

vious work from our lab showed that either knockdown or knockout

of eEF2K in AD mouse models could alleviate cognitive deficits in a

protein synthesis-dependent manner and possibly through the NRF2-

mediated antioxidant response.67,25 In another study, eEF2K knockout

in the dentate gyrus excitatory neurons could enhance neurogene-

sis and upregulate neurogenesis-related proteins.70 Consistent with

these studies, a study found that suppression of eEF2K in neurons

could upregulate the synthesis of microtubule-related proteins, which

are critical components of synaptic structure.71 With bioinformatic

analysis on proteomics data, we found that suppression of eEF2K

signaling in DS mice could promote protein synthesis-related path-

ways and synaptogenesis-related proteins such as ADGRB3, which

also is known to be involved in synaptogenesis.45 Future comprehen-

sive studies are required to elucidate whether eEF2K suppression can

improve neurogenesis and/or synaptogenesis in DS, and potentially

other AD-related dementia syndromes.
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