
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

1:
53

:1
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hydrophobic tag
aKey Laboratory of Bioorganic Phosphorus C

of Education), Department of Chemistry, Tsi

E-mail: liym@mail.tsinghua.edu.cn; Fax: +8
bBeijing Institute for Brain Disorders, Beijin
cKey Laboratory of Modern Toxicology of

Control and Prevention, Shenzhen 518055,

† Electronic supplementary informa
10.1039/c7ra05347a

Cite this: RSC Adv., 2017, 7, 40362

Received 11th May 2017
Accepted 4th August 2017

DOI: 10.1039/c7ra05347a

rsc.li/rsc-advances

40362 | RSC Adv., 2017, 7, 40362–403
ging-mediated degradation of
Alzheimer's disease related Tau†

Na Gao,a Ting-Ting Chu,a Qian-Qian Li,a Yeh-Jun Lim,a Tian Qiu,a Meng-Rong Ma,a

Zhi-Wen Hu,a Xi-Fei Yang,c Yong-Xiang Chen,*a Yu-Fen Zhao a

and Yan-Mei Li *ab

Tau reduction is a favorable strategy for Alzheimer's disease (AD) treatment. In this work, we designed and

synthesized a hydrophobic tag conjugated peptide (HyT-Tau-CPP) to selectively promote the degradation

of Tau. HyT-Tau-CPP could potently lower the Tau level in a concentration- and time-dependent manner.

Furthermore, HyT-Tau-CPP could also reduce the level of Tau in the brain of ADmousemodels. Therefore,

Tau reduction by HyT-Tau-CPP may become a potential therapeutic strategy in the treatment for AD.
Alzheimer's disease (AD) is a devastating neurodegenerative
disease. There is a lack of effective treatments for AD, thus it is
essential to develop a feasible strategy for its treatment. The
microtubule-associated protein, Tau, plays a crucial role in AD.1

Neurobrillary tangles (NFTs) formed by Tau aggregates is one
of the major hallmarks on the pathogenesis of AD. Tau
dysfunction can cause the defect of microtubule function and
even neuron loss.2 In addition, Tau can mediate amyloid-b (Ab)-
induced neurodegeneration.3 Recently, therapeutics targeting
Tau have attracted much attention.4

Previous studies showed that the total amount of Tau was
notably elevated in AD patients' brains, which may be toxic to
neurons.5 Tau depletion could reduce Tau aggregation. More-
over, it has emerged that Tau level reduction could mitigate Ab
toxicity, protect against memory impairment and improve
survival in AD mouse models.3b,c,6 Therefore, lowering the level
of Tau may be an effective strategy for treating AD.

Tau is a non-enzyme protein whose conformation is highly
exible without active pockets.7 There are currently two main
strategies for the regulation of non-enzyme proteins. One
strategy is genetic knockdown, which has distinct therapeutic
potential. However, it has a few disadvantages such as poor
safety and poor metabolic stability.8 The other strategy is
chemical knockdown.9 Most of the chemical knockdown strat-
egies utilize bifunctional molecules to activate the protein
quality control system. In these methods, a typical bifunctional
molecule contains two fragments, the recognition fragment that
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can specically identify the target proteins and the activation
fragment that can stimulate the protein quality control system.
Various approaches have been developed based on chemical
knockdown strategies such as the method of proteolysis tar-
geting chimeras (PROTACs),10 the auxin-inducible degron
(AID),11 Boc3Arg12 and phthalimide conjugations13 and hydro-
phobic tagging.14 These approaches have been successfully
applied to degrade many important proteins.15

Studies showed that the hydrophobic group of the misfolded
protein is exposed to its surface, which can be recognized and
degraded by the ubiquitin–proteasome system (UPS).12 Based
on themechanism that the protein attached with a hydrophobic
tag can mimic the misfolded protein, Crews and his coworkers
developed a novel method called ‘hydrophobic tagging (HyT)’.14

The hydrophobic group can be linked to the HaloTag fusion
protein to increase its hydrophobicity and thus facilitating its
clearance by UPS.14 Furthermore, it was found that molecules
containing the hydrophobic group and the target protein
ligand could induce the target protein degradation.16 So we can
control the level of the protein by the HyT method.14,16 HyT is
suitable for any proteins, since it just requires the addition of
a low-molecular-weight hydrophobic group to the target
proteins.14,16,17a,b

In our previous work, we utilized the PROTACs method to
effectively reduce Tau level.15d The PROTACs and HyT methods
induced the protein degradation by the same cellular quality
control system without any genetic manipulation. And these
two techniques need little or no synthetic chemistry. Recently,
these two methods have been employed to degrade endogenous
proteins successfully. HyT has similar advantages to PROTACs
such as universality and potent degradation effect. Here, we
want to develop diversity methods to mediated Tau level. In this
work, we used the HyT method to regulate the level of Tau in
vitro and in vivo. Furthermore, compared to our previous work,
our current results showed that the HyT method was more
This journal is © The Royal Society of Chemistry 2017
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effective on Tau degradation in animal experiments. To regulate
the level of Tau specically, we designed a tri-functional mole-
cule, HyT-Tau-CPP. The HyT-Tau-CPP contains three motifs:
‘hydrophobic tag motif’, ‘Tau-recognition motif’ and ‘cell-
penetrating peptide motif’ (Fig. 1A). The Tau-recognition
motif is the C-terminal regions of tubulin subunits sequences
YQQYQDATADEQG18 that can specically bind to Tau. We used
adamantly as the hydrophobic tag motif because it had some
advantages over some other molecules such as small molecular
weight and strong hydrophobicity. Moreover, it has been
demonstrated that adamantyl could mediate the degradation of
many different proteins.14,16,17a,b We chose ploy-D-arginine
Fig. 1 (A) Structure of HyT-Tau-CPP. It consists of three motifs:
a hydrophobic tag, Tau recognition motif and cell-penetrating
peptide. (B) Structure of CF-HyT-Tau-CPP. Adding a fluorescence tag
to HyT-Tau-CPP. (C) Structure of Tau-CPP without a hydrophobic tag.
(D) Structure of HyT-MTau-CPP. The Tau recognition motif
YQQYQDATADEQG was mutated to YYQAQAATADAQG. (E) Structure
of CF-HyT-MTau-CPP. Adding a fluorescence tag to HyT-MTau-CPP.
We synthesized all peptides by solid-phase peptide synthesis method.

This journal is © The Royal Society of Chemistry 2017
(D-Arg)8 (ref. 10c) as the cell-penetrating peptide (CPP) motif
since it was used widely inmany elds.We synthesized HyT-Tau-
CPP by solid-phase peptide synthesis method (ESI Fig. S1†). We
supposed that HyT-Tau-CPP could penetrate cell membranes,
specically recognize and degrade Tau in vitro and in vivo.

Firstly, to evaluate the binding affinity between recombinant
hTau40 protein and HyT-Tau-CPP in vitro, we appended the
5(6)-carboxyuorescein (CF) to the N-terminus of HyT-Tau-CPP
and HyT-MTau-CPP to get ‘CF-HyT-Tau-CPP’ (Fig. 1B) and ‘CF-
HyT-MTau-CPP’ (Fig. 1E). Recombinant hTau40 protein was
expressed by Escherichia coli, BL21 strain (ESI Fig. S2A†). Then
the uorescence polarization assay was applied. The uores-
cence polarization results showed that CF-HyT-Tau-CPP could
bind to Tau specically (Kd¼ 0.7655� 0.1882 mM) and the ‘HyT-
MTau-CPP’ didn't have the ability to bind to Tau (Fig. 2A).
CF also didn't bind to Tau (ESI Fig. S2B†). Moreover, to inves-
tigate whether HyT-Tau-CPP could penetrate into cells, we
incubated 150 mM CF-HyT-Tau-CPP with the wild type N2a cells
for 6 h. The laser scanning confocal microscope was applied
and the confocal microscope results indicated that CF-HyT-Tau-
CPP had a high ability to get into cells in a short time, and
evenly distributed in the cytoplasm (Fig. 2B and ESI Fig. S3†). In
addition, the wild type N2a cells were incubated with 150 mM
CF-HyT-Tau-CPP for 0 h, 1 h, 3 h, 4 h, 6 h and 8 h respectively.
Flow cytometry was used to detect the uorescence intensity
changes in cells. The results showed that the uorescence
intensity increased gradually (Fig. 2C). Together, these results
Fig. 2 HyT-Tau-CPP is specific for Tau in vitro and can penetrate into
cells in a short time. (A) The fluorescence polarization results of 0 mM,
0.5 mM, 1 mM, 2 mM, 5 mM, 10 mM, 15 mM, 20 mM, 25 mM Tau 441 protein
with 0.1 mM CF-HyT-Tau-CPP and 0.1 mM CF-HyT-MTau-CPP
respectively. Circles represent CF-HyT-Tau-CPP and squares repre-
sent CF-HyT-MTau-CPP. (B) The confocal microscope results of the
wild type N2a cells with the treatment of 150 mMCF-HyT-Tau-CPP for
6 h. Blue, nucleus; green, CF-HyT-Tau-CPP; scale bar, 10 mm. (C) Entry
of CF-HyT-Tau-CPP into wild-type N2a cells tested by flow cytom-
etry. The gray horizontal line represents the fluorescence positive
signal threshold.
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Fig. 3 HyT-Tau-CPP can lead to the degradation of intracellular Tau
effectively. (A) The flow cytometry results of the Tau-EGFP overex-
pressed cells with the treatment of 0 mM, 50 mM, 100 mM, 150 mM,
200 mM of HyT-Tau-CPP for 24 h. The gray horizontal line represents
the fluorescence positive signal threshold. (B) The flow cytometry
results of the Tau-EGFP overexpressed cells with the treatment of
150 mM HyT-Tau-CPP for different time. The gray horizontal line
represents the fluorescence positive signal threshold. (C) Represen-
tative western blot results for Tau and b-actin revealed a concentra-
tion-dependent degradation of Tau treated with 0 mM, 50 mM, 100 mM,
150 mM HyT-Tau-CPP for 24 h. Values for all Tau and b-actin are
mean � SD (n ¼ 3 independent experiments). The level of Tau is
measured by densitometry and normalized with b-actin level. Statis-
tical significance compared to the control (0 mM)was analyzed by one-
way ANOVA, *P < 0.05. **P < 0.01. ***P < 0.001. (D) Representative
western blot results for Tau and b-actin revealed a time-dependent
knockdown of Tau with the treatment of 150 mMHyT-Tau-CPP for 0 h,
6 h, 12 h, 24 h in the same cell line. Values for all Tau and b-actin are
mean � SD (n ¼ 3 independent experiments). The level of Tau is
measured by densitometry and normalized with b-actin level. Statis-
tical significance compared to the control (0 h) was analyzed by one-
way ANOVA, *P < 0.05. **P < 0.01. ***P < 0.001. (E) The flow
cytometry and western blot for Tau and b-actin results of the Tau-
EGFP overexpressed cells with the treatment of 150 mM Tau-CPP, 150
mM HyT-MTau-CPP, 150 mM HyT-Tau-CPP or vector for 24 h. The
results demonstrated that the Tau-CPP and HyT-MTau-CPP couldn't

40364 | RSC Adv., 2017, 7, 40362–40366
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demonstrated that HyT-Tau-CPP could interact with Tau
specically in vitro and cross the cell membranes.

We next generated a Tau-EGFP overexpressed cell line based
on N2a to investigate whether HyT-Tau-CPP could degrade
intracellular Tau in cell culture. The Tau-EGFP overexpressed
cells were rstly treated with a protein biosynthesis inhibitor,
cycloheximide (CHX, 10 mg ml�1) for 2 h. Then we incubated the
Tau-EGFP overexpressed cells with increasing concentrations of
HyT-Tau-CPP for 24 h and 150 mM HyT-Tau-CPP in different
time respectively. To assess the degradation extent of HyT-Tau-
CPP-mediated, we analyzed Tau level by the ow cytometry
assay and western blot. The ow cytometry results showed that
the intracellular uorescence intensity reduced in a concentra-
tion-dependent and time-dependent manners, which demon-
strated that HyT-Tau-CPP could decrease tau level in cells
(Fig. 3A and B; quantied in ESI Fig. S4A and B†). The results of
western blot also showed signicant decline of intracellular Tau
level (Fig. 3C and D; quantied in ESI Fig. S4C and D; ESI
Fig. S5A–D†). The maximal degradation level was approximately
80% in a dose-dependent manner and 75% in time-course
experiment (Fig. 3C and D). In addition, to verify the degrada-
tion effect on the endogenous Tau, the wild type N2a cells were
incubated with 150 mM HyT-Tau-CPP or vector for 24 h. The
western blot results showed that HyT-Tau-CPP could also
reduce endogenous Tau levels (ESI Fig. S4E†). To conrm the
specicity of the Tau recognition motif and the necessity of the
adamantyl, we synthesized two control peptides: ‘Tau-CPP’ that
didn't have adamantly group (Fig. 1C) and ‘HyT-MTau-CPP’
whose ‘Tau-recognition motif’ YQQYQDATADEQG was mutated
to YYQAQAATADAQG (Fig. 1D). The western blot results showed
that the ‘Tau-CPP’ and ‘HyT-MTau-CPP’ didn't have the ability
to induce the degradation of Tau (Fig. 3E). To further conrm
the degradation effect of HyT-Tau-CPP, we observed the Tau
level by the laser scanning confocal microscope. The EGFP
uorescence intensity decreased signicantly (Fig. 3F). Again,
the results revealed the efficient degradation effect of HyT-Tau-
CPP. Together, these data provide experimental evidence that
HyT-Tau-CPP is able to dose- and time-dependently down-
regulate the Tau level in cell culture.

To conrm that HyT-Tau-CPP-mediated Tau degradation
was the proteasome dependent, we incubated the Tau-EGFP
overexpressed cells with 150 mM HyT-Tau-CPP for 18 h. The
cells were also treated with 10 mM proteasome inhibitor MG132
for 6 h before harvest. Tau levels were analyzed by western blot
assay. The results showed that the proteasome inhibitors
MG132 blocked HyT-Tau-CPP-mediated degradation, which
indicated that HyT-Tau-CPP-mediated Tau degradation depen-
ded on the proteasome (Fig. 4A and ESI Fig. S5E–I†).

To evaluate the degree of HyT-Tau-CPP-mediated cytotox-
icity, a 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl tetrazolium
induce the degradation of Tau. The gray horizontal line in flow
cytometry is on behalf of the fluorescence positive signal threshold. (F)
Confocal microscopic images analysis showed the level of Tau-EGFP
in the same cell line treated with 100 mM, 150 mM or without HyT-Tau-
CPP for 24 h. Blue, DAPI-stained nucleus; green, EGFP-Tau; scale bar,
10 mm. Full blot images for C and D are shown in ESI Fig. S5.†

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 HyT-Tau-CPP-induced degradation is mediated by the pro-
teasome with slight cytotoxicity. (A) Representative western blot
results for Tau and b-actin of the Tau-EGFP overexpressed cells with
the treatment of 10 mM MG132 as indicated. b-actin acted as a loading
control. Values for all Tau and b-actin are mean � SD (n ¼ 3 inde-
pendent experiments). The level of Tau is measured by densitometry
and normalized with b-actin level. Statistical significance was analyzed
by one-way ANOVA, *P < 0.05. **P < 0.01. (B) Cell viability results of
the wild type N2a cells treated with 0 mM, 20 mM 40 mM, 80 mM,
100 mM, 120 mM, 150 mM HyT-Tau-CPP. Data are detected by MTT
assay. Vales are means � SD, n ¼ 5. (C) Cell viability results of the
Tau-EGFP overexpressed cells treated with 0 mM, 25 mM, 50 mM, 75 mM,
100 mM, 125 mM, 150 mM, 200 mM HyT-Tau-CPP. Data are detected by
MTT assay. Vales are means � SD, n ¼ 5.

Fig. 5 HyT-Tau-CPP can reduce the Tau level in AD model mice. (A)
Representative western blot results of Tau in the brain cerebral cortex
in transgenic mice with the treatment of HyT-Tau-CPP (B6, 3xTg-AD
mice, 5 to 6 months old, 129-Psen1tm1Mpm Tg [APPSwe, Tau P301L]
1Lfa/Mmjax). B6129SF2/J mice were used as the controls. Values for all
Tau and b-actin are mean � SD (n ¼ 3 independent experiments). The
level of Tau is measured by densitometry and normalized with b-actin
level. Statistical significance was analyzed by one-way ANOVA, *P <
0.05. **P < 0.01. (B) Representative western blot results of Tau level of
the brain hippocampus in the same transgenic mice as (A). Values for
all Tau and b-actin are mean � SD (n ¼ 3 independent experiments).
The level of Tau is measured by densitometry and normalized with b-
actin level. Statistical significance was analyzed by one-way ANOVA,
*P < 0.05. (C) Immunohistochemistry results of Tau level of the brain
cerebral cortex and hippocampus in transgenic mice with the treat-
ment of HyT-Tau-CPP in the same animal model. Tau was probedwith
anti-tau antibody and the secondary antibody is donkey anti-rabbit IgG
(H + G) antibody conjugated with Alexa Fluor 488. Scale bar, 50 mm.
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bromide (MTT) assay was applied to measure the cell survival.
Wild type N2a cells were treated with different concentration of
HyT-Tau-CPP for 24 h. The quantication of cell survival
showed that the cell survival was about 80% when the cells were
incubated with 150 mM HyT-Tau-CPP. A relatively small cellular
toxicity was observed below the concentration of 200 mM
(Fig. 4B). Furthermore, the overexpressed cells were also treated
with different concentration of HyT-Tau-CPP for 24 h. Similarly,
HyT-Tau-CPP also had a little cytotoxicity to the overexpressed
cells (Fig. 4C).

We further veried the degradation effect of HyT-Tau-CPP in
vivo. An AD mouse model (B6, 3xTg-AD mice, 5 to 6 months old,
129-Psen1tm1Mpm Tg [APPSwe, Tau P301L]1Lfa/Mmjax)15d was
treated with HyT-Tau-CPP (18 mg kg�1 body weight, n ¼ 4 for
each group) with intravenous injection, each mouse was treated
with HyT-Tau-CPP for 8 days. The western blot data showed that
HyT-Tau-CPP could reduce the level of Tau in the hippocampus
and cerebral cortex regions of AD mouse models signicantly
This journal is © The Royal Society of Chemistry 2017
(Fig. 5A and B and ESI Fig. S6†). In addition, immunohisto-
chemistry results were similar to the western blot results
(Fig. 5C).

Recently, it was also reported that Tau reduction could
rescue Ab-induced damages in axonal transport by gene
knockout. Therefore, Tau reduction may become a potential
strategy for AD treatment. However, Tau protein also played
a key role in brain, and tau deciency was previously showed to
cause neurodegeneration.19a–e Here, we just supplied a novel
chemical method to regulate total Tau levels and our results
provided a good basis for further research. For clinical appli-
cation, there is still much work to do due to potential caveats of
using Tau reduction strategy.

In this work, we designed and synthesized a bifunctional
peptide HyT-Tau-CPP based on the HyT method. We found that
HyT-Tau-CPP was highly specic for Tau in vitro and could get
into cells in a short time. HyT-Tau-CPP could also lead to
signicant degradation of endogenous Tau with slight cellular
toxicity. Furthermore, it could lower the Tau level in 3xTg-AD
Full blot images for A and B are shown in ESI Fig. S6.†

RSC Adv., 2017, 7, 40362–40366 | 40365
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mice. We also conrmed that HyT-Tau-CPP-mediated Tau
degradation was proteasome dependent. In summary, we
applied the HyT strategy to induce the degradation of AD related
Tau both in vitro and in vivo for the rst time. Importantly, HyT-
Tau-CPP may become a potential therapeutic strategy in the
treatment of AD.
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