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A Specific Mini-Intrabody Mediates Lysosome Degradation

of Mutant Huntingtin

Caijuan Li, Yinggi Lin, Yizhi Chen, Xichen Song, Xiao Zheng, Jiawei Li, Jun He,
Xiusheng Chen, Chunhui Huang, Wei Wang, Jianhao Wu, Jiaxi Wu, Jiale Gao, Zhuchi Tu,

Xiao-Jiang Li,* Sen Yan,* and Shihua Li*

Accumulation of misfolded proteins leads to many neurodegenerative
diseases that can be treated by lowering or removing mutant proteins.
Huntington’s disease (HD) is characterized by the intracellular accumulation
of mutant huntingtin (mHTT) that can be soluble and aggregated in the
central nervous system and causes neuronal damage and death. Here, an
intracellular antibody (intrabody) fragment is generated that can specifically
bind mHTT and link to the lysosome for degradation. It is found that delivery
of this peptide by either brain injection or intravenous administration can
efficiently clear the soluble and aggregated mHTT by activating the lysosomal
degradation pathway, resulting in amelioration of gliosis and dyskinesia in HD
knock-in (KI-140Q) mice. These findings suggest that the small intrabody
peptide linked to lysosomes can effectively lower mutant proteins and provide
a new approach for treating neurodegenerative diseases that are caused by

mutant HTT (mHTT).2l Mutant HTT ac-
cumulates in the central nervous system in
an age-dependent manner and causes neu-
ronal damage and death, leading to the de-
velopment of HD.¥J In the brains of HD pa-
tients, significant neuronal loss was found
in the striatum, with extreme brain atro-
phy in the middle and late stages of the
disease,*l a large number of mHTT ag-
gregates accompanied by dystrophic neu-
rites, which reflects the accumulation of
misfolded mHTT that can affect intracellu-
lar transport, gene transcription, and neu-
ronal survival.l*] Despite considerable ad-
vances in our understanding of the patho-
genesis of HD, there are currently no effec-

the accumulation of mutant proteins.

1. Introduction

Huntington’s disease (HD) is an autosomal-dominant neurode-
generative disease caused by a single gene mutation in the Hunt-
ingtin gene (HTT) on chromosome 4.1 The normal HTThas less
than 36 CAG repeats and encodes a polyglutamine (polyQ) repeat
shorter than 36Q in huntingtin protein (HTT), but more than
36Q can lead to abnormal conformation and misfolding of the

tive treatments for HD.

Lowering the levels of misfolded pro-
teins in neurodegenerative diseases is an
emerging approach for treatment and can

be achieved by using various types of technology such as
RNAi-based microRNA, siRNA, shRNA, and CRISPR/Cas9-
mediated gene inactivation.®’! In addition, some researchers
also designed an amino acid-peptide adapter molecule QBP1-
HSC70bm, which uses chaperone-mediated autophagy to selec-
tively degrade mHTT. It can reduce PolyQ aggregation in stria-
tum of R6/2 mice, improve symptoms, and extend lifespan.[!
Recently, a research group designed an amphiphilic peptide
(8R10Q) that assembles into nanovesicles and targets mutant
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huntingtin (mHtt). 8R10Q can disrupt mHitt oligomer assembly
process and reduce mHtt toxicity.!”!

These treatments have been tried to treat HD and provide
promising therapeutic effects.®] These treatments basically tar-
get mRNA or DNA, and their potential off-targets are still a con-
siderable concern. In addition, when mutant proteins have al-
ready accumulated in the brains, it would be more efficient to
target mutant proteins than the disease gene to alleviate neu-
ropathological toxicity of mutant proteins, which may explain, at
least partly, for recent failures of clinical trials of ASO to treat
HD.P In this regard, it would also be important to find a new
therapeutic method that can efficiently clear or remove mutant
protein that has already accumulated.

Intracellular antibody (intrabody) refers to an engineered anti-
body that is expressed in non-lymphocytes and can be distributed
in subcellular compartments, such as the nucleus and cytoplasm,
to target a specific protein.['%! Intrabody mainly exists in two
forms, scFv (single chain fragment variable) and Fab.!'%] Because
scFv antibody has a simple molecular structure and maintains
the affinity of the antibody to the antigen, it has become the most
used form of intrabody.!'!] In addition, modifications made to the
N- or C-terminus of the scFv protein can lead the scFv to be lo-
calized and expressed in a specific subcellular compartment.['?!

Previous studies have reported intrabodies targeting different
regions of mHTT, including soluble and aggregated mHTT.I"3
The targeting regions include polyQ, polyP, and the N-terminus
17 amino acids in HTT exonl. These intrabodies were found to
be able to block soluble or insoluble mHTT.['**-<1*] However, the
above-mentioned intrabodies are all #20-30 kDa, making them
unable to cross the blood brain barrier, and their efficiency to re-
move mHTT inside neuronal cells needs to be improved.

In our previous study, we found that an intrabody can be ex-
pressed in neurons and reduce the cytotoxicity of N-terminal mu-
tant HTT in HD mice via intra-brain injection.l!*] We recently
identified that the last 23 amino acids of the C-terminus of the
heavy chain of our published intrabody are able to bind mHTT
and we named it smaller intrabody 3 (SM3). Since lysosomes are
more efficient than the proteasome in degrading large proteins
or aggregates, we fused the signal sequence of lysosomal asso-
ciated membrane protein 1 (LAMP1) to the C-terminus of SM3,
which enables the bound mHTT to be carried to and degraded in
the lysosomes.["] To be able to recognize this peptide, we also in
frame fused an HA epitope in the N-terminus of SM3. We further
demonstrated that SM3 selectively binds to mHTT and promotes
the degradation both of soluble and insoluble mHTT and allevi-
ates the abnormal behavior of HD KI-140Q mice by increasing
the lysosomal degradation activity. These findings suggest that
the SM3 has a great potential for treating Huntington’s disease.

2. Results

2.1. SM3 Efficiently Reduces mHTT

Since our generated monoclonal mouse HTT antibody (mEM48)
can preferentially recognize the mHTT protein, we previously
constructed an intrabody that can target mHTT based on the
sequences of mEM48.[1*] By co-transfection of the light chain
(LC) or heavy chain (HC) of scFv with HTT N-171-150Q in 293T
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cells to determine the binding sites of the intrabody, we found
that it was the heavy chain that binds to mHTT. In order to find
the region of this intrabody that can specifically bind to mHTT,
we designed three overlapping peptides from the heavy chain of
mEM48 scFv (70 amino acids), which included peptide 1: amino
acids 1-24, peptide 2: amino acids 21-50, and peptide 3: amino
acids 47-70. The C-terminus of these peptides was linked to
the lysosomal signaling peptide (GYQTI) for targeting mHTT to
the lysosomes for degradation!'®l (Figure 1a). We named these
three peptides as small fragment 1-3, or SM1, SM2, and SM3,
respectively. To examine the ability of SM1, SM2, and SM3 to
degrade mHTT, we co-transfected them with N-terminal mHTT
fragments (N171-150Q) in HEK 293T cells and then examined
HTT expression levels via immunofluorescence (Figure 1b,d)
and western blotting (Figure 1c,e) analyses. The results showed
that SM1, SM2, and SM3 were all able to reduce mHTT and
its aggregates with SM3 being the most effective at reducing
mHTT. At the same time, in order to detect the impact of in-
trabody on cell survival, we tested cell viability, and the results
showed that SM3 had a certain improvement effect on cell viabil-
ity (Figure 1f). Therefore, we chose SM3 for subsequent studies.
To test if SM3 specifically binds and degrades mHTT, we also co-
transfected SM3 with HTT-N171-23Q. The results showed that
SM3 did not alter the protein level of HTT-N171-23Q but signifi-
cantly reduced HTT-N171-150Q (Figure S1a,b, Supporting Infor-
mation). This result gives us confidence that SM3 can specifically
reduce mHTT and we therefore used it for further studies.

2.2. SM3 Mediates mHTT Reduction via Lysosomal Autophagy
Activation

Previous studies of protein degradation have reported that
lysosome-autophagy is the main protein degradation machin-
ery in the cell.l'’] Because SM3 is linked to the lysosome signal
peptide, we wanted to investigate whether the binding of SM3
to mHTT could activate the lysosomal pathway in cells to re-
move mHTT. Further examination of the SM3-mediated mHTT
degradation by western blotting showed that after transfection of
SM3, both the soluble and aggregated HTT-N171-150Q were re-
duced to a certain extent (Figure 2a—c). Moreover, we performed
enzyme-linked immunosorbent assay (ELISA) experiments to
detect the degradation of mHTT mediated by SM3. The results
indicated that upon transfection with SM3, the level of human
HTT was reduced to a significant extent (Figure 2d). We there-
fore examined the proteins related to the lysosomal function and
found that the expression of LC3 was increased to some extent
after transfection with SM3 (Figure 2ef).

Since transient transfection may be unstable, we also tested the
ability of SM3 to degrade mHTT in 120Q-293 cell line that stably
expresses full-length mHTT with 120Q. Western blotting results
showed that the full-length mHTT was significantly decreased
after transfection with SM3 (Figure S2a—d, Supporting Informa-
tion). ELISA experiment results also indicated that the level of
human HTT was reduced (Figure S2e, Supporting Information).
Further, the lysosomal marker proteins such as LAMP1, LAPM?2,
P62, Beclin 1, and LC3 were significantly increased after SM3
was expressed in the 293-HTT-120Q stable cell line (Figure S2f,g,
Supporting Information). This finding suggests that SM3
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Figure 1. Effects of different intrabody fragments on mHTT. a) Schematics of the intrabody fragments SM1, SM2, and SM3 (24, 29, and 23 amino acids),
and N-terminal mutant HTT fragment (HTT-N171-150Q). The intrabody peptides are overlapping fragments of variable region heavy (VH) chain of the
scFv-mEM48, which is tagged with the HA epitope and linked to a LAMP1 signal. N-terminal mHTT fragment (HTT1-171aa) contains 150 glutamine
repeats (150Q). b) Transfection of SM1, SM2, or SM3 with N171-150Q in HEK 293T cells showed that SM3 can reduce aggregates more efficiently. Scale
bar: 20 pm. c) Western blotting analysis of SM1 or SM3 and mutant HTT transfected HEK293T cells using mEM48 antibody. d) Quantification of the
aggregates in co-transfected HEK 293T cells (n = 8 images per group). Data were analyzed by one-way ANOVA with Dunnett’'s multiple comparisons
test and are presented as mean + SEM. **P = 0.0085 (150Q+HA vs 150Q+SM1); **P = 0.0020(150Q+HA vs 150Q+SM2); *P < 0.0007 (150Q+HA
vs 150Q+SM3). e) Quantification of the ratios of mHTT to vinculin on the western blots. The data were obtained from four independent experiments (n
= 4). Data were analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and presented as mean + SEM. **P = 0.0025; ***P = 0.0003;
**%%P < 0.0001. f) Quantification of HEK293 cell viability using cell counting kit-8 (CCK8). The data were obtained from four independent experiments
(n = 4). Data were analyzed by one-way ANOVA with Dunnett's multiple comparisons test and presented as mean + SEM. *P = 0.031; ***P = 0.0001.
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Figure 2. Western blotting of SM3 and HTT-N171-150Q transfected 293 cells. a) Western blotting analysis of 293T cells transfected with HTT-N171-
150Q or HTT-171-150Q cot-transfected with SM3. b,c) Quantification of the ratios of mHTT recognized by mEM48 or 1C2 to vinculin on the western
blots. The data were obtained from four independent experiments (n = 4). Data were analyzed by two-tailed Student’s t test and presented as mean
+ SEM. *P = 0.0143; ***P = 0.0002. d) Quantification of human HTT using ELISA. n = 4 per group. Data were analyzed by one-way ANOVA with
Dunnett’s multiple comparisons test and presented as mean + SEM. *P = 0.0155; ***P = 0.0005 (150Q+HA vs 150Q+SM3); ***P = 0.0008 (150Q+HA
vs 150Q+SM3+DMSO); ****P <0.0001; ns = 0.2693. e) Western blotting analysis of the transfected 293T cells, probed with LAMP1, LAMP2, P62, Beclin
1, and LC3 antibodies to detect whether the lysosomes-autophagy pathway was activated. Vinculin served as a loading control. f) Quantification of the
ratios of LAMP1, LAMP2, P62, and Beclin 1 to vinculin or LC31I to LC31 on the western blots. The data were obtained from four independent experiments
(n = 4). Data are analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and presented as mean + SEM. Beclin 1: *P = 0.0113; **P =
0.0029. LC3: **P = 0.0018; ***P = 0.0008; ****P <0.0001. WT293 = Untransfected 293 cells.

expression may have induced lysosome-autophagy activation to  transfected with mHTT or mHTT and SM3. We found that cells
promote the degradation of mHTT. transfected with mHTT plus SM3 contained a large amount of
mHTT in the purified lysosome fraction, compared to the cells
transfected with mHTT and a control vector (HA only in the vec-
2.3. SM3 Brings mHTT into the Lysosome for Degradation tor). Consistently, the intracellular mHTT was significantly re-
duced after transfection with SM3 (Figure 3a,b). We also verified
To further verify whether the SM3 can bring mHTT to lysosomes ~ the purity of the lysosome fraction with the lysosomal marker
for degradation, we purified lysosome fraction from 293T cells  proteins (Figure 3a). In addition, we used western blotting to
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Figure 3. Lysosomal fractionation of SM3 and mHTT-transfected 293T cells. a) Western blotting analysis of transfected mHTT and SM3 with mEM48
antibody to detect HTT-N171-150Q. The blots were also probed with LAMP1 and Vinculin antibodies. b) Quantification of the ratios of MHTT to vinculin
(total protein) or LAMP1 (lysosome) on the western blots. The data were obtained from four independent experiments (n = 4). Data were analyzed by
two-tailed Student’s t test and presented as mean + SEM. ***P = 0.0002; ****P <0.0001. c) Western blotting analysis of mHTT, which in transfected 293T
cells with SM3 and added proteasome inhibitor MG 132 or lysosome inhibitor bafA1. HA transfection was used as control for SM3. d) Quantification of
the ratios of mHTT to vinculin on the western blots. The data were obtained from four independent experiments (n = 4). Data were analyzed by one-way
ANOVA with Dunnett’'s multiple comparisons test and presented as mean = SEM. ***P = 0.0001; ****P <0.0001. WT293 = un-transfected 293 cells.

examine (Figure 3c,d) and ELISA (Figure 2d) experiments that
the efficiency of SM3 in degrading mHTT was significantly re-
duced in the presence of the lysosomal inhibitor bafilomycin A1l
(bafA1), while the degradation efficiency of SM3 was only slightly

Adv. Sci. 2023, 10, 2301120

affected in the presence of the proteasome inhibitor MG132.
These results demonstrate that SM3 can specifically bring mHTT
protein into the lysosome and activate the lysosome-autophagy
pathway to promote mHTT degradation.
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2.4. SM3 Reduces Mutant HTT Expression in the Brains of HD
KI-140Q Mice

Although the above results demonstrated that the SM3 can ef-
fectively reduce intracellular mHTT, it remains to be investi-
gated whether it can reduce mHTT protein in the HD KI-140Q
mouse brain. In HD KI-140Q mice, mHTT is first accumulated
in the striatum of the brain and forms noticeable aggregates
at 4 months of age.'®! To express SM3 in HD mouse brains,
we packaged AAV-PHP.eB virus expressing HA-SM3 and stereo-
taxically injected it into the striatal parenchyma of 6-month-old
HD mice bilaterally (Figure 4a), AAV-PHP.eB-GFP was injected
as a control. One month after the injection, mice were eutha-
nized to collect brain tissues for analysis. Western blotting results
showed that both soluble and aggregated mHTT (Figure 4D,c)
were significantly reduced after SM3 injection. The immunoflu-
orescence staining of HA-tagged-SM3 showed that SM3 was ef-
ficiently expressed in the mouse brain (Figure 4d). Also, mEM48
immunofluorescence staining results showed that the level of ag-
gregated mHTT in the brains of HD mice was significantly re-
duced after injection of SM3 (Figure 4d,g). Moreover, the ELISA
results indicated that upon injection of SM3, the level of human
HTT was reduced to a significant extent (Figure 4f).

In HD KI-140Q mice, mHTT accumulation is accompanied
by reactive gliosis.”] Therefore, we examined whether increased
gliosis was improved after SM3 injection. Compared to the con-
trol injection, immunofluorescence staining and western blot-
ting results showed that injection of SM3 in the striatum of HD
KI mice significantly decreased the numbers of reactive astro-
cytes and microglia but did not change the number of NeuN pos-
itive staining cells (Figure 4e,h; Figure S3a,b, Supporting Infor-
mation). These results indicate the numbers of astrocytes and
microglia have been reduced by injecting the SM3. The similar
effects to reduce gliosis by SM3 injection were also verified in
HD KI mice at 6 months of age (Figure S3a,b, Supporting Infor-
mation). Thus, these results indicate that reactive gliosis in HD
KI-140Q mice was effectively alleviated by SM3 treatment.

2.5. SM3 Activates Lysosomes and Amelioration of Dyskinesia in
HD KI-140Q Mice by Stereotaxic Injection

To test whether the reduced mHTT level in HD mouse brain
was due to mHTT degradation by lysosomal-autophagy activation
and since SM3 can bring mHTT to the lysosomes, we examined
if there was any alteration of the lysosomal-autophagy proteins,
including LAMP1, P62, Beclin 1 and LC3. We found that these
proteins were decreased in HD KI-140Q mice and that SM3 in-
jection could reverse this decrease (Figure 5a,b), which suggests
that the lysosomal function may be impaired in HD mice but
SM3 could activate the lysosome function because of its target-
ing to the lysosomes. To confirm this, we examined the lysosome
activity in the brain tissues using ELISA. The results showed that
injection of SM3, indeed improved the acid enzymatic activity of
the lysosome in HD KI-140Q mouse brain tissues to the level
similar to that of WT mouse lysosomes (Figure 5c).

Previous studies indicated that HD KI-140Q mice dis-
played impairment of exercise capacity and reduced muscle
strength.[1822%] Given that SM3 significantly reduced mHTT-
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related pathology, we assessed its beneficial effects on the mo-
tor functions, including endurance exercise, exercise speed, grip
strength, and motor balance, of HD KI-140Q mice using the ro-
tarod test, the catwalk test, the grip strength test, and the balance
beam test, respectively.

In the rotarod experiment, HD KI-140Q mice treated with SM3
ran longer on a rotarod and exhibited better exercise tolerance
than the GFP-injected (control) HD KI-140Q mice (Figure 5d).
The catwalk experiment measures the average speed of mice
through a specific distance. Compared with GFP-injected mice,
HD KI-140Q mice injected with SM3 showed a significant in-
crease in the average speed over a certain distance (Figure 5e). In
the grip strength experiment that evaluated the muscle strength,
the muscle strength of HD KI-140Q mice injected with SM3 was
improved to a certain extent compared with HD mice injected
with GFP (Figure 5f). In the balance beam experiment, HD KI-
140Q mice injected with SM3 took a shorter time to walk across
the beam (Figure 5g). In summary, our results indicated that the
brain injection of SM3 can significantly improve the motor ability
of HD KI-140Q mice.

2.6. Intravenous Injection of SM3 Reduced mHTT and
Neuropathology in HD KI-140Q Mice

Intravenous injection of intrabody will be more acceptable and
convenient for clinical treatment. We sought to use ophthalmic
vein injection of SM3 to test whether this method can also re-
sult in SM3 expression in the animal brain. According to pre-
vious reports, AAV-PHP.eB can efficiently cross the blood-brain
barrier.”!l We packaged SM3 with the PHP.eB serotype package
vector and delivered the AAV(PHP.eB)-GFP or SM3 to HD KI-
140Q mice via superior ophthalmic vein injection (Figure 6a).
Mice were euthanized one month later, and their brains were col-
lected for experimental analysis. SM3 was widely distribute in the
whole brain of 6-month-old HD KI-140Q mice (Figure S4, Sup-
porting Information). Compared with the control HD KI-140Q
mice injected with GFP, HD KI-140Q mice injected with SM3
showed that full-length mHTT protein and aggregated mHTT
were significantly reduced (Figure 6b,c). Immunofluorescence
staining of the mouse brain showed that the striatum of mice in-
jected with expressed the HA-tagged SM3 (Figure 6d; Figure S4,
Supporting Information). The ELISA results showed that the
level of human HTT was reduced to a significant extent after vein
injection of SM3 (Figure 6e). Consistently, immunofluorescent
staining with anti-HTT (mEM48) showed that the aggregates pro-
duced by mHTT were significantly reduced in the whole brain,
especially in the striatum (Figure 6f,g). Thus, intravenous deliv-
ery of SM3 was also able to effectively reduce mHTT in the brain.

We then explored whether intravenous delivery of SM3 into
the brain could reduce neuropathology in HD KI-140Q mice. Al-
though the NeuN protein level in the striatum of HD KI-140Q
mice was not changed by intravenous administration of SM3
(Figure S5d,e, Supporting Information), the intensity of GFAP
(Figure S5d,e, Supporting Information) and Ibal (Figure S5d.e,
Supporting Information) labeling on western blots was signifi-
cantly reduced in HD mice after intravenous injection of SM3.
Immunofluorescent staining experiments also showed simi-
lar alleviation effect of reactive gliosis by SM3 (Figure S5b,c.f,
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Supporting Information). These results suggest that reactive glio-
sis in HD KI-140Q mice was significantly reduced after intra-
venous injection of SM3.

2.7. Intravenous Injection of SM3 Promoted mHTT Degradation
and Alleviated HD KI Mouse Behavior Deficits

Since brain injection of SM3 resulted in lysosome-autophagy ac-
tivation in the HD KI-140Q mouse brain, we also examined the
lysosome-autophagy related proteins in HD KI-140Q mice one
month after the injection. Similar to the brain-injected KI-140Q
mice, intravenous SM3-injected mouse brain tissues also showed
the restoration of the LAMP1, P62, Beclin 1, and LC3 protein lev-
els (Figure 7a,b). Western blot results showed that the amount
of mHTT in the purified lysosomes from HD KI-140Q mice in-
jected with SM3 was increased when compared to that in the con-
trol HD KI-140Q mice injected with GFP (Figure 7c,d). ELISA
assay demonstrated that the lysosomal enzyme activity was in-
creased in the brain tissues of SM3-injected HD KI-140Q mice
(Figure 7e), also supporting the idea that intravenous injection
of the SM3 can induce lysosomal activation and mHTT degrada-
tion in the brain.

We also performed behavior tests such as muscle strength and
exercise capacity in mice following intravenous injection of SM3.
In the forelimb grip strength test, HD KI-140Q mice treated with
SM3 showed a certain degree of enhancement (Figure 7f). HD
KI-140Q mice also had significantly increased muscle strength
as shown on the grip strength test results (Figure 7g). Also, SM3-
treated mice took less time to cross the balance beam (Figure 7h)
and stayed longer on the rotarod (Figure 7i). These results indi-
cate that SM3 can be delivered via intravenous injection to the
HD KI-140Q mice to effectively improve the motor functions.

2.8. SM3 Mitigated mHTT-Mediated Gene Transcription
Dysregulation

HD knock-in mice show gene transcriptional dysregulation that
can be related to immune and inflammatory response.[??l We
wondered whether reducing mHTT expression via SM3 could
ameliorate such molecular defects. Because the striatum is the
most affected brain region in HD, we analyzed gene expression
profiling in the mouse striatum. Thus, the mice of WT injected
with GFP, HD KI-140Q injected with GFP, and HD KI-140Q in-
jected with SM3 (n = 3 per group) were chosen for investigation.

www.advancedscience.com

Their brain striatal tissues were then isolated for bulk RNA-seq
analysis, which showed differentially expressed genes (DEGs)
in these three groups of mice (Figure 8a,b). HD-KI 140Q mice
with GFP had many abnormally overexpressed genes, while SM3
treatment could correct some of those aberrantly overexpressed
genes (Figure 8b). GO enrichment analysis showed that the im-
mune and inflammatory related-pathways are highly enriched in
GFP treated HD-KI mice, but not in SM3 treated HD-KI mice
(Figure 8c).

Those immune and inflammatory responses caused by mHTT
were suppressed in the SM3-treated HD mice (Figure 8c;
Figure S6, Supporting Information). Taken together, these results
indicated that SM3 treatment could mitigate gene transcription
dysregulation resulted from mHTT expression, consistent with
the reduction of mHTT by SM3 in the HD mouse brain.

3. Discussion

In this study, we created a small intrabody peptide (SM3) that
can efficiently reduce mHTT protein by bringing mHTT to the
lysosome for degradation. Moreover, both brain stereotaxic injec-
tion and intravenous administration of SM3 effectively reduced
soluble and insoluble mHTT in the brains of HD KI-140Q mice
and ameliorated HD-related neuropathology and motor function
deficits. Furthermore, delivering SM3 into the brains of HD KI
mice can also mitigate gene transcriptional dysregulation that is
related to abnormal immune and inflammatory responses. Over-
all, the SM3 offers a new therapeutic strategy to treat HD.
Previously characterized intrabodies were 150-250 amino
acids (20-30 kDa) in size, depending on whether the light chain
or heavy chain or both are used (26-33), making them difficult
to cross the blood-brain barrier and to enter the nucleus. In our
study, we narrowed down the binding region of the previously
developed intrabody from mEM48, a monoclonal antibody that
selectively binds mHTT but not WT HTT.[**] Therefore, we were
able to generate SM3 (23 amino acids), a much smaller intra-
body fragment (2.7 kDa) that maintains the property to selec-
tively bind mHTT. With the lysosome signal peptide and the HA
tag together, the combined peptide is ~5 kDa. The small size
of this peptide would allow for its easy access to the brain with
widespread expression in different brain regions. Since wild type
HTT is an indispensable scaffolding protein that plays an impor-
tant role in normal physiological functions,!?! the selective bind-
ing of SM3 to mHTT is the key to effective and safe treatment of

Figure 4. Analysis of HD KI-140Q mice after stereotaxic injection with SM3. a) Schematic diagram of AAV-PHP.eB-HA-SM3 viral vector for the brain
injection, which expresses HA-tagged SM3 under the control of the UBC promoter. b) Western blotting analysis of the striatum of HD KI-140Q and wild
type (WT) mice one month after stereotaxic injection with GFP (control) or SM3. Western blots were probed with 1C2 or mEM48 antibody to detect
mHTT and its aggregates. Representative western blots show samples from two animals in each group. mHTT aggregates are in the stacking gel, the
full-length mutant HTT is indicated by an arrowhead. c) Quantification of the ratios of mMHTT to vinculin on the western blots. The data were obtained
from four independent experiments (n = 4). Data were analyzed by two-tailed Student’s t test and are presented as mean + SEM. **P = 0.001 (1C2);
**P = 0.002. d) Immunofluorescent images of brain sections stained with antibodies mEM48, GFP, and HA (SM3). DAPI is used for nuclear staining.
Scale bars: 20 um. e) Representative immunofluorescent fluorescent images of the striatum from GFP or SM3 injected HD KI-140Q mice. Antibodies
for NeuN, GFAP, and Iba1 were used. Scale bars: 40 um. f) ELISA assay of human HTT. n = 4 mice per group. Data were analyzed by one-way ANOVA
with Dunnett’s multiple comparisons test and presented as mean + SEM. **P = 0.0011; ****P < 0.0001. g) Quantification of mHTT aggregates in
SM3-injected mice. Cells expressing mHTT aggregates were counted per 0.1mm?, n = 8 mice per group. Data are analyzed by two-tailed Student’s t test
and presented as mean & SEM. **P = 0.0056. h) Quantification of the NeuN, GFAP, Ibal immunostaining. Data are analyzed by one-way ANOVA with
Dunnett’s multiple comparisons test and presented as mean &+ SEM. n = 8 mice per group; GFAP: *P = 0.0262 (WT GFP verses HD KI-140Q+SM3);
#*P =0.0056 (WT GFP verses HD KI-140Q). Iba1: *P = 0.0448 (WT GFP verses HD KI-140Q +SM3); **P = 0.0071 (WT GFP verses HD KI-140Q). Note
that the numbers of NeuN-positive cells were not changed in all scenarios but injection of SM3 decreased the GFAP or Iba1 positive cells.
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Figure 5. Western blotting and behavior examination of HD KI-140Q mice injected with SM3. a) Western blotting analysis of the striatum of HD KI-140Q,
injected with GFP (Control) or SM3, and wild type (WT) mice injected with GFP at 7 months of age. Antibodies to LAMP1, P62, Beclin 1, and LC3 were
used. Vinculin served as a loading control. b) Quantification of the ratios of LAMP1, P62, and Beclin 1 to vinculin or LC31l to LC3I on the western blots.
The data were obtained from four independent experiments (n = 4). Data were analyzed by one-way ANOVA with Dunnett’s multiple comparisons test
and presented as mean = SEM. LAMP1: ***P = 0.0003; **P = 0.0021. P62: *P = 0.0266 (WT-GFP vs KI-140Q-GFP); *P = 0.0169 (KI-140Q-GFP vs
KI-140Q-SM3). Beclin 1: *P = 0.0215; ***P = 0.0001. LC3: *P = 0.0203; ***P = 0.0009. c) Quantification of lysosomal enzyme activity using ELISA. n
= 4 mice per group. Data were analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and presented as mean + SEM. **P = 0.0093;
*P =0.0241. d-g) Motor functions of HD KI-140Q mice injected with GFP (KI-140Q-GFP) as control or with SM3 (KI-140Q-SM3). Mice were injected at
6 months of age and examined one month later. Mice were examined by rotarod, catwalk, grip strength, and balance beam tests one month after brain
injection (n = 12 mice per group). Data were analyzed with two-tailed Student’s t test and presented as mean + SEM. *P=0.0211 (rotarod); *P = 0.0405
(catwalk); *P = 0.0232 (balance beam).
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Figure 6. Analysis of the brains of HD KI-140Q mice after intravenous injection of SM3. a) Diagram of GFP or SM3 virus for intravenous injection. b)
Western blotting analysis of mHTT in the HD KI-140Q and WT mice injected with GFP or SM3 one month after injection, 1C2 antibody was used to
detect full-length mHTT, and mEM48 antibody to detect aggregates (stacking gel) and full-length mHTT (arrowhead). c) Quantification of the ratios of
mHTT to vinculin on the western blots. The data were obtained from four independent experiments (n = 4). Data were analyzed by two-tailed Student’s
t test and presented as mean + SEM. **P = 0.0059 (1C2); **P = 0.0089 (mEM48). d) Immunofluorescent staining using antibodies to GFP, mHTT
(mEM48), and HA (HA-SM3) in the striatum of HD K| mice one month after the injection. Scale bars: 20 um. e) ELISA assay of human HTT. n = 4 mice
per group. Data were analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and presented as mean + SEM. ***P = 0.0004; P <
0.0001. f) Representative whole brain sagittal images of mEM48 staining in the HD KI-140Q mice injected with GFP or SM3. ctx: cortex; str: striatum;
hip: hippocampus; LV: lateral ventricle. Scale bars: T mm. g) Representative images of aggregate (mEM48) staining in the HD KI-140Q mouse striatum
and quantification of aggregates. Scale bars: 10 um. Data were analyzed by two-tailed Student’s t test and presented as mean = SEM. n = 8 mice per
group; **P = 0.005.
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Figure 7. Western blotting and behavior analysis of HD KI-140Q mice intravenously injected with SM3. a) Western blotting analysis of HD KI-140Q and
WT mice injected with GFP or SM3 using antibodies to LAMP1, P62, Beclin 1, and LC3. Vinculin served as a loading control. b) Quantification of the
ratios of LAMP1, P62, Beclin 1, and LC3II to vinculin on the western blots. The data were obtained from four independent experiments (n = 4). Data were
analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and presented as mean = SEM. LAMP1: **P = 0.0040; *P = 0.0359. P62: **P =
0.0038. Beclin 1: **P = 0.0011; *P = 0.0302. LC3: **P = 0.0020; *P = 0.0481. c) Western blotting analysis of the HD KI-140Q mouse striatum to detect
mHTT in the purified lysosome fraction. Full-length mHTT was detected by 1C2 antibody and indicated by an arrow. The blots were also probed with
LAMP1 and vinculin antibodies. d) Quantification of the ratios of mHTT to vinculin (total protein) or LAMP1 (lysosome) on the western blots. The data
were obtained from four independent experiments (n = 4). Data were analyzed by two-tailed Student’s t test and presented as mean + SEM. *P = 0.0174;
***P = 0.0006. e) ELISA assay of lysosomal enzyme activity. n = 4 mice per group. Data were analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test and presented as mean + SEM. *P = 0.0424 (WT-GFP vs KI-140Q-GFP); *P = 0.0358 (KI-140Q-GFP vs KI-140Q-SM3). f—i) Evaluation
of motor functions of HD KI-140Q mice one month after intravenous injection of GFP (KI-140Q-GFP) or SM3 (KI-140Q-SM3) using f) forelimbs grip,
g) fore and hind limbs grip, h) balance beam, and i) rotarod tests. Data were analyzed by two-tailed Student’s t test and presented as mean + SEM. **P
= 0.005 (fore and hind limbs grip); *P = 0.0279 (balance beam); *P = 0.0105 (rotarod). n = 12 mice per group.

Adv. Sci. 2023, 10, 2301120 2301120 (11 of 16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

&
g
<
a
w
9
%
o
T
s
0
@
2
2
o
=
0.0 2.5 5.0 7.5 10.0
Mean expression WT-GFP (Log2)
7
2 |9
10. 0: e« up g
]
=
©
=
2
<
a
T
c
-
@
]
g
o
c
@
L}
=
0.0 2.5 5.0 7.5 10.0
Mean expression WT-GFP (Log2)
HD-KI-GFP vs WT-GFP Go Enrichment
protein heterodimerization activity L ]
ublquitin-like protein ligase binding L]
antigen binding -
MHC protein bindingy ®
immune receptor activity{  ® Class
MHC class | protein binding{  ® ®  Biological process
TAP binding{ @ : e
T cell receptor binding{ =
vesicle membrane A
Gene Number
lysosome 4 A &%
‘endocytic vesicle membrane 4 A @«
A
5 phagocytic vesicle @«
3 phagocytic vesicle membrane{ & @
lysosomal membrane{ &
MHC protein complexd & -'0910( )
inflammasome complexq « 30
immune system process: . 25
defense response 1 . 20
immune response: (0] 15
response 1o cytokine: [ ] 10
innate immune response [ ]
immune effector process L ]
Cytokine-mediated signaling pathway ®
inflammatory response L ]
01 02 03 04 05

GeneRatio

SIS

binding

protein binding

identical protein binding

mRNA binding

mRNA 3-UTR binding

transforming growth factor beta receptor binding
pre-mRNA binding

receptor serine/threonine kinase binding:
receptor protein

kinase binding
BMP receptor binding:
intracellular anatomical structure
obsolete intracellular part
ribonucieoprotein complex:
spliceosomal complex

Go Term

catalytic step 2 spliceosome {
regulation of MRNA processing{

alternative mRNA splicing, via spliceosome §

negative regulation of DNA biosynthetic process:

regulation of alternative mRNA splicing, via spliceosome {
regulation of glial cell differentiation {

SMAD protein signal transduction

negative regulation of glial cell differentiation §

regulation of SMAD protein signal transduction{

positive regulation of SMAD protein signal transduction {

ST

HD-KI-SM3 vs WT-GFP Go Enrichment

www.advancedscience.com

3.00
2.00
1.00
0.00
-1.00
-2.00
-3.00

Class

* Biological process
4 Cellular component
®  Molecular function

Gene Number
® 2

@

>p

025

050
GeneRatio

075 1.00

Figure 8. RNA-seq analysis of HD K| mice injected with SM3 or GFP. a) Scatter plots of differentially expressed genes (DEGs). The striatal mRNA
expression of HD-KI mice treated with SM3 is compared with those of the HD-KI or WT mice treated with GFP (padj < 0.05; fold change > + 2.0, n =
3). b) Heat map of DEGs expression in the striatum of wild type, HD KI-140Q, and the SM3-treated HD KI-140Q mice. c) GO enrichment analysis of
differentially expressed genes in the SM3-treated and control HD KI-140Q mice (padj < 0.01).

HD, as wild type HTT would not bind the SM3 so that its normal
function would not be interfered. Thus, the use of a small peptide
derived from the intrabody that can selectively bind mutant pro-
teins is an obvious advantage over the gene targeting approach

Adv. Sci. 2023, 10, 2301120

alleles.

that may not unambiguously distinguish the normal and mutant

We used HD KI mice at the age of 6 months to examine
whether SM3 can reduce mHTT. When HD KI mice are at the
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age of 6 months, there is no obvious alteration in NeuN, GFAP,
and Ibal. Especially, no obvious loss of NeuN has been reported
in the HD mouse brain even at old ages (> 1 year).l’) However,
the reduction of mutant HTT is key to the treatment of HD. Us-
ing HD KI mice, we can test whether intrabody can reduce mu-
tant HTT at the presymptomatic stage, which is critical for future
clinical treatment of HD.

From a broader perspective, we have demonstrated the concept
of targeting mutant protein (mHTT) for the lysosome-mediated
degradation via SM3, a small peptide derived from intrabody.
Early studies have also tried to direct the intrabodies into au-
tophagic/lysosomal pathway to degrade the bound and misfolded
proteins.[®?*] However, these treatments were delivered by di-
rect brain injection, and whether these intrabodies can be used
for systemic administration via intravenous injection remains
unknown. Previous studies have developed a similar strategy
by identifying small compounds that interact with both the au-
tophagosome protein and mutant HTT for efficient autophagic
clearance of polyQ proteins.[?®] Based on the idea that small
molecules can more readily cross the blood brain barrier and dis-
tribute widely in the brain, we generated a small peptide from
the HTT-binding region in an intrabody and demonstrated that
tagging this small peptide with the lysosomal recognition signal
LAMP1 would also allow the effective clearance of mutant HTT
in the brain when it was delivered through ophthalmic vein injec-
tion. We also found that this targeting could stimulate the activity
of the lysosome, a benefit for rapid removal of mutant proteins.

Previous studies have designed Lysosome-Targeting Chimeras
(LYTACs) that can simultaneously bind to the extracellular do-
main of membrane proteins, or extracellular proteins, as well as
the lysosome-targeting receptors (LT'Rs) located on the cell sur-
face, inducing the internalization and lysosomal degradation of
target proteins and promoting the targeted degradation of extra-
cellular and membrane-associated proteins.?®! This LYTAC strat-
egy has shown great potential for degrading various target pro-
teins. However, in the case of mHTT protein and aggregates,
which are mainly located intracellularly, the lysosome-targeting
signal carried by SM3 can specifically recognize Lysosome-
Associated Membrane Protein 1 (LAMP1), allowing it to function
intracellularly and achieve targeted lysosomal degradation of in-
tracellular mutant proteins.

Many neurodegenerative diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotrophic lateral sclero-
sis (ALS) are caused by protein misfolding, which results in cy-
totoxic misfolded proteins or insoluble aggregates in the brain.
These misfolded proteins cause neuronal cell death in an age-
dependent manner. Although blocking or lowering the expres-
sion of mutant genes is widely accepted as an effective gene
therapy for treating neurodegenerative diseases, the majority of
neurodegenerative diseases are sporadic and only a small frac-
tion of them carried genetic mutations that may be effectively
treated with gene therapy. In addition, recent clinical failures of
antisense oligonucleotide treatment of HD highlight the need to
use alternative strategy for treatment.’] Thus, clearance of mis-
folded proteins should be an effective means to treat neurodegen-
erative diseases. An intrabody small peptide that can specifically
bind mutant or misfolded proteins would be a valuable tool for
achieving the selective removal of mutant proteins. By developing
a small intrabody fragment with the lysosomal targeting signal,

Adv. Sci. 2023, 10, 2301120
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our findings suggest that intrabodies can be modified to effec-
tively treat neurodegeneration and other diseases that are caused
by misfolded proteins.

4. Experimental Section

Study Design:  The objective of this study is to design a small intracellu-
lar peptide (SM3) to bind mHTT, which can specifically recognize and bind
soluble mHTT protein and insoluble aggregates, and bring them into lyso-
somes for degradation, which in turn improves neuropathological features
and motor impairment in Huntington’s disease mice.

This study first validated the efficacy of the constructed plasmids with
transient expression of mHTT and SM3 in 293T cells and 120Q-293T cell
lines. The subsequent in vivo experiments used HD KI-140Q mice to ex-
plore its therapeutic effects, which resulted in pathological and behavioral
improvement. All mouse experiments were approved by the Institutional
Animal Care and Use Committee of Jinan University.

Antibodies used in the Study: The following primary antibodies
were used: anti-HTT (mEMA48) antibody (1:50, MAB5374, Millipore);
anti-polyglutamine antibody (1C2) (1:2000, MAB1574, Millipore); anti-
Huntingtin antibody(EPR5526)(1:5000, ab271195, Abcam); anti-vinculin
antibody (1:1000; MAB3574, Millipore); anti-NeuN antibody (1:1000,
ab177487, Abcam); anti-GFAP antibody (1:5000, ab7260, Abcam); and
anti-Iba1 antibody (1:1000, 019-19741, Wako); anti-P62 antibody (1:1000,
ab56416, Abcam); anti-LAMP1 antibody (1:1000, ab24170, Abcam); anti-
LAMP2 antibody (1:1000; 49067S, Cell Signaling Technology); anti-LC3A/B
antibody (1:1000; 4108S, Cell Signaling Technology); Anti-GFP antibody
(1:1000, A11122, Invitrogen); anti-HA tag antibody (1:100; 3724S, Cell Sig-
naling Technology); anti-Beclin 1 antibody (1:1000; 3738S, Cell Signaling
Technology)

Plasmid Construction: The small intrabody fragments (SM) DNAs en-
coding SM1 (24 aa), SM2 (29 aa), and SM3 (23 aa) were chemically synthe-
sized by IGE Biotechenology (Guangzhou China) and were cloned in the
PRKS vector with the CMV promoter to drive its expression, and control
plasmid only expresses HA. The plasmids express HTT-N171-23Q/150Q
are also in the PRK vector. Huntingtin N-terminal 1-171 amino acid se-
quences, including 23/150 polyglutamine repeats, were cloned by am-
plification of HTT with respective polyCAG DNA as template with the
primers: forward, 5'- GGATCCGCCATGGCTACGTTAGAGAAATTAATG-3’
and reverse, 5'- GGATTCTAAT CTTCCAAGGTTACAGCTCTAGGAATTC-3".
The PCR condition was as following: 96 °C for 3 min to denature the tem-
plates, 80 °C for 30 s for the addition of Taq polymerase (Roche, Expand
High Fidelity PCR) and the primers, then 96 °Cfor 45 s, 60 °C for 45 s, 72 °C
for 1 min and the process was repeated for 35 times with 7 min final exten-
sion. PCR products were gel purified and ligated with the linearized PRK
vector with T4 ligase (Invitrogen) at Bam H1 and EcoR1 cleavage sites.

Lysosomal Fraction Analysis and Western Blot Analysis:  Lysosomal frac-
tion was purified with a commercial kit from BestBio (BB-3603, Shanghai,
China) by following the manufacturer’s instructions. The harvested cells
and mouse brain tissues were resuspended in cold lysosomal extraction
buffer A, and the tissue or cells were grinded using a glass Dounce homog-
enizer (Sigma-Aldrich). The lysates were centrifuged at 1000 x g, 3000 X g,
and 5000 X g each time for 10 min at 4 °C, respectively. The precipitates
were discarded after each span. The supernatant from 5000 X g span was
centrifuged at 20 000-30 000 X g again at 4 °C for 20 min in a Beckman high
speed centrifuge (Beckman-Coulter Avanti JXN-30), and the pellet was col-
lected and resuspended in the lysosome extraction buffer B. The suspen-
sion was centrifuged one more time at 20 000-30 000 x g for 20 min at
4 °C. After careful removal of the supernatant, the final pellet was used
as the lysosome fraction for western blotting. An equal amount of protein
from each sample was loaded on to the acrylamide gel for western blotting
analysis.

For western blotting, the harvested cells and mouse brain tissues were
grinded by Luka Grinding instrument (LUKYM-II, China) and lysed in ice-
cold RIPA buffer (50 mm Tris, pH 8.0, 150 mm NaCl, T mm EDTA pH 8.0,
1 mm EGTA pH 8.0, 0.1% SDS, 0.5% DOC, and 1% Triton X-100)
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containing Halt Protease Inhibitor cocktail (Thermo Scientific),
50 mmol L~ NaF and PMSF. The cell and tissue lysates were incu-
bated at 4 °C for 30 min with rocking, and samples were sonicated and
span at 12 000 rpm for 10 min. An equal amount of supernatant protein
was loaded to SDS-PAGE gel and transferred to a nitrocellulose (NC)
membrane. The membrane was blocked with 5% milk/TBST (50 mm
Tris-HCl, pH 7.4 with 20 mm Tween 20) for 1 h at room temperature.
Primary antibodies were diluted in 3% BSA/TBST and incubated with the
NC membrane overnight at 4 °C. The blotted membrane was washed
in TBST three times (each time 10 min), followed by incubation with
HRP-conjugated secondary antibodies in 5% milk/TBST for 1 h at room
temperature. Western blot images were developed with ECL and acquired
with a ChemiScop 6000 (CLiNginxiang, Shanghai, China). Images were
quantified with densitometric quantitation and analyzed using Image|
software.

Lysosome  Activity Assay: The lysosomal activity was assayed
with a commercial enzyme-linked immunosorbent assay kit
(https://shjingk.biomart.cn/, Shanghai, China, JLC21595 and JLC1595)
by following the manufacturer’s directions. Cells and mouse brain tissues
were homogenized in NP40 buffer (50 mwm Tris, pH7.4, 150 mm NaCl, 1%
NP-40, and protease and phosphatase inhibitors) at 0.5 ug mL~", and 50
uL of the protein samples were added in triplicate into each well coated
with the primary mouse anti-lysosome enzyme antibody. The plate was
incubated at 37 °C for 30 min and was washed 5 times with washing buffer.
Ready-to-use HRP-labeled secondary anti-Lysosome enzyme antibody (50
uL) was added into each well, and the plate was incubated at 37°C for
30 min. The plate was washed five times, and 50 pL of the developing
solution A containing the 3,3',5,5'-Tetramethylbenzidine (TMB) was
added into each well for incubation at 37 °C for 10 min, followed by
adding 50 pL of the stopping solution. The plate was read at ODys¢,,, in
the H1 Biotek plate reader, and the lysosome activity was calculated based
on the standard curve that was generated according to the manufacture
instruction.

Human Huntingtin ELISA Analysis: For the quantitative detection
of human HTT, we utilized a human Huntington’s enzyme-linked
immunosorbent assay (ELISA) kit (CSB-ELO10905HU) from Cusabio
(Wuhan, China). The detection of human HTT in cells and mouse tis-
sues was performed following the manufacturer’s instructions. Cells and
mouse brain tissues were homogenized in NP40 buffer (50 mm Tris, pH
7.4, 150 mm NaCl, 1% NP-40, and protease and phosphatase inhibitors)
ata concentration of 0.5 mg mL~". Then, 100 pL of standards and samples
were added to each well of the ELISA plate. The plate was incubated for 2 h
at 37 °C. After removing the liquid from each well, 100 uL of Biotin-antibody
was added to each well, and the plate was incubated for 1 h at 37 °C. The
plate was washed three times, and then 100 pL of HRP-avidin was added
to each well. The plate was incubated for 1h at 37 °C and washed five times
with washing buffer. Next, 90 uL of TMB Substrate was added to each well
and incubated for 15-30 min at 37 °C, protected from light. Finally, 50 uL
of Stop Solution was added to each well, and the plate was gently tapped
to ensure thorough mixing. The plate was read at OD450nm using the H1
Biotek plate reader. The quantification of human huntingtin was calculated
based on the standard curve generated according to the manufacturer’s
instructions.

Cell Viability Analysis: For the detection of cell viability, we utilized
the Cell Counting Kit-8 (CCK-8) assay (GK10001) from GLP Bio (https:
//www.glpbio.cn/). The assay was performed following the manufacturer’s
instructions. Transfected cells were cultured in 96-well plates with 100 L
of culture medium and incubated at 37 °C in a CO, incubator for 24 h.
Subsequently, 10 uL of CCK-8 solution was added to each well using a
multichannel pipette, and the plates were further incubated for 1-4 h in
the incubator. The absorbance of the plate was measured at OD450nm
using the H1 Biotek plate reader. Cell viability (%) was calculated using
the following formula: Cell viability (%) = [(As-Ab) / (Ac-Ab)] x 100, where
As represents the absorbance of the experimental wells containing cells,
culture medium, CCK-8, and the tested compound; Ab represents the ab-
sorbance of the blank wells containing culture medium and CCK-8; and
Ac represents the absorbance of the control wells containing cells, culture
medium, and CCK-8.
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Immunofluorescent Staining: Mice were anesthetized with isoflurane
1 ml L~7 space and transcardially perfused with 0.9% saline, then brain
were dissected. The dissected half brain was fixed with 10 mL of 4%
paraformaldehyde for 24 h, and then dehydrate with 30% sucrose for 48 h
at 4 °C. After embedding with tissue cryoprotectant (OCT), brains were
sectioned into 20 pum slices using a cryostat (Leica CM1950).

For immunofluorescent staining, brain slices mounted on a pre-coated
glass slide were prefixed with 4% paraformaldehyde for 10 min, then
blocked with 2% goat serum and 0.1% TrionX-100 in 3% BSA for 1 h at
room temperature. The samples were then incubated with primary anti-
bodies in the blocking buffer in a staining tray (Thermo-fisher) overnight
at 4 °C. After removing primary antibodies, samples were washed three
times with PBS and were incubated with respective fluorescent labeled sec-
ondary antibodies (anti-rabbit, anti-mouse, or anti-rat Alexa Fluor 488, 555,
or 647; Themo-Fisher Scientific) for 60 min at room temperature. Imag-
ing acquisition was done by using a confocal imaging system (Olympus
FV3000 Microscope, Japan) or TissueFAXS PLUS (TissueGnostics, Vienna,
AUT).

Cultured cells were fixed with 4% paraformaldehyde for 10 min, and
then blocked with 2% goat serum and 0.1% TrionX-100in 3% BSA for Th at
room temperature, and then incubated with primary antibodies overnight
at 4 °C. After removing primary antibodies, cells were washed three times
with PBS and incubated with secondary antibodies for 60 min at room tem-
perature. Fluorescent images were obtained using a Zeiss microscope (Ax-
iovert 200 MOT) with a digital camera (Hamamatsu Orca-100) and Open-
lab software (Improvision Inc.) or a confocal imaging system (Olympus
FV3000 Microscope) and a TissueFAXS PLUS (TissueGnostics, Vienna,
AUT).

Mice:  All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee of Jinan University (Approval No.:|ACUC-
20221117-03). HTT knock-in (140Q) mice expressing full length mHTT
containing human exon 1 with 140 CAGs were from JacksonlLab
(*027409). Mice were housed in the Division of Animal Resources at i-
nan University on a 12-h light/dark cycle. Heterozygous 140Q K| mice were
then produced by mating male heterozygous mice with female wild-type
C57BL/6) mice. All procedures and husbandry were in accordance with the
NIH Guideline for the Care and Use of Laboratory Animals.

Brain Stereotaxic and Intravenous Injection of AAV: For AAV used in
brain stereotaxic and intravenous injections, AAV-PHP. eB: SM3 and con-
trol virus AAV-PHP. eB: GFP were packaged and purified by PackGene
Biotech (PackGene, Guangzhou, China). For brain stereotaxic injection, 6-
month-old HTT 140Q KI mice and controls were anesthetized with isoflu-
rane inhalation, and 1 x 10" genome copies (GC) virus per mouse (1
pL of 10" GC mL™") were injected. Stereotaxic injection of AAV into
mouse brains was performed using the method described in our previous
studies.[?’] In brief, the head of mouse was placed in a Kopf stereotaxic
frame (Model 1900) equipped with a digital manipulator, a UMP3-1 Ul-
tra pump, and a 10 pL Hamilton microsyringe (Hamilton Co., Reno, NV,
USA), and a 33G needle was inserted through a 1 mm drilled hole through
the scalp. The following coordinates (relative to the bregma) were used to
target the striatum region of the brain: anteroposterior (AP), +0.55 mm;
mediolateral (ML), +£2 mm; dorsoventral (DV), —3.5 mm. The mice were
euthanized 1 month after virus injection.

For intravenous delivery, HD KI-140Q and control mice at 6 months of
age were anaesthetized and injected with virus retro-orbitally at a dose of
5x10'"" genome copies (GC) virus per mouse (50 pL of 10'* GC mL™").
Mice were euthanized at 7 months of age to analyze HD pathologies. All
surgical procedures were performed in a designated procedure room and
in accordance with the Guidelines for the Care and Use of Laboratory An-
imals and biosafety procedures at Jinan University.

Cell Culture: Human embryonic kidney (HEK) 293T (293T) cells and
HTT-120Q stably transfected HEK293 cell line were maintained in growth
medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum and 1% penicillin/ streptomycin
solution. Cells were incubated at 37 °C in 5% CO,. For in vitro testing
of the ability of SM3 to clear mutant huntingtin, 293T cells were divided
into three groups, control, mHTT only and mHTT + SM3 groups. The
control group was transfected with plasmid expressing the HA epitope
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only, the mHTT group was co-transfected with HTT N171-150Q, and the
mHTT+SM3 group was co-transfected with HTT N-171-150Q and SM3.
The HTT-120Q stably transfected HEK293 cell lines were also divided into
these three groups transfected with the same plasmids. Transfection con-
centrations are N171-150Q plasmid 5 pg per dish, SM3 plasmid 12 ug per
dish in 10 cm cell culture dish. At 48 h after transfection, cells were har-
vested for western blotting and immunofluorescence analysis.

To determine the mHTT degradation pathway, we used the proteasome
inhibitor MG132 and the lysosome inhibitor bafilomycin A1 (bafAT). The
mHTT+SM3 group was divided into three groups. After transfection for
5 h, the culture medium was replaced with medium containing 1/1000
DMSO (control group), 10 um MG132, or 200 nm bafAl. The culture
dishes were then incubated at 37 °C in a CO, incubator for 48 h, cells
were harvested for western blotting and immunofluorescence analysis.

Mouse Behavioral Tests: All animal tests were performed in accor-
dance with the Guidelines for the Care and Use of Laboratory Animals and
biosafety procedures at Jinan University. Animal behavior tests were per-
formed using at least 12 mice per group and both male and female mice
were included. Mouse rotarod behavior was assessed using a rotarod ap-
paratus (Rotamex 4/8, Columbus Instruments International). Mice were
trained on the rotarod at 20 RPM for 5 min for three consecutive days. For
testing, the rotarod was gradually accelerated to 40 RPM over a 5-min pe-
riod. Latency to fall was recorded for each trial. Each mouse went through
three trials, and the average data of each group was analyzed (n = 12 mice
per group). The balance beam apparatus consists of 1m beams with a flat
surface of 6 mm width resting 50 cm above the top of the bench on two
poles. A black box at the end of the beam is the finish point. The total run-
ning distance was roughly 0.8 m. Prior to data collection, each mouse was
trained for 3 consecutive days with 3 runs per day.*8l For the grip strength
test, Mice were allowed to grip the metal grids of a grip meter (Ametek
Chatillon) with all their limbs, and they were gently pulled backwards by
the tail until they could no longer hold the grids. The peak grip strength
observed in 5 trials was recorded and averaged.[zsl For Catwalk, we used
a small animal gait analyzer (CatWalk XT, Noldus, Netherlands) for detec-
tion, and the mice were trained for 3 days before the experiment. The time
required for the mouse to freely pass through the set length of the detec-
tion channel during detection, and its average speed were calculated to
evaluate the movement of the mouse under the condition of natural walk-
ing. This process was all completed in a dark room environment, and each
mouse was tested at least three times.

RNA-Seq and Data Analysis: The total RNA of the striatum in GFP-
injected WT or HD KI-140Q mice or SM3-injected HD KI-140Q mice was
isolated using RNAiso Plus (TaKaRa, Japan). The RNAs were sent to HeQin
Biotechnology Corporation in Guangzhou, China, for RNA-seq analysis
and database construction. A total of 2 ug of RNA per sample was used for
analysis. NEBNext Ultra RNA Library Prep Kit for lllumina (E7530L; NEB)
was used for sequencing following the manufacturer’s recommendations.
After cluster generation, the libraries were sequenced and 150-bp paired-
end reads were generated using Illumina platform. After obtaining the raw
sequencing data, Trimmomatic software was used to control the quality of
raw RNA-seq data and trim the sequencing adapter.!?’! Then STAR soft-
ware was used to map the clean data to the mouse genome, which was
downloaded from the Ensembl website, to obtain the sam files.[30] The
samtools was used to convert sam files into bam files, sort and build
index files.37] Stringtie and its script “prepDE.py” was used to quantify
genes and convert them into read counts matrix.[3?] Finally, the R package
DESeq2 was used for gene differential expression analysis, and the read
counts matrix was used as the input file.*3] Genes with adjusted P-value
< 0.07 and an absolute fold change > 2 were considered as DEGs. GO en-
richment analysis for DEGs in a group was carried out using TBtools.[34]
GO terms with a P value < 0.07 and a hit rate > 0.05 were considered
significantly enriched.

Statistical Analysis:  When two groups were compared, a two-tailed
Student’s t-test was used to assess the statistical significance. One-way
ANOVA with Dunnett’s multiple comparisons test was used to assess
the statistical significance when analyzing multiple groups. Data are pre-
sented as mean + SEM. For biochemical and histological studies, we used
at least three mice per group. For animal behavioral studies, 12 mice per
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genotype were used. More than three independent experiments were done
to obtain the blots or micrographic results that were used for figure presen-
tations, and the representative results were shown in figures. The quantifi-
cation of Western blots was performed by Image |. Calculations were per-
formed with GraphPad Prism8 software. A p-value < 0.05 was considered
significant.

Study Approval:  All experimental procedures on mice were approved
by the Institutional Animal Care and Use Committee of Jinan University
(Approval No.:IACUC-20221117-03).
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