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Huntington’s disease (HD) is the result of expression of a mutated Huntingtin protein (mtHtt), and is associ-
ated with a variety of cellular dysfunctions including excessive mitochondrial fission. Here, we tested whether 
inhibition of excessive mitochondrial fission prevents mtHtt-induced pathology. We developed a selective 
inhibitor (P110-TAT) of the mitochondrial fission protein dynamin-related protein 1 (DRP1). We found that 
P110-TAT inhibited mtHtt-induced excessive mitochondrial fragmentation, improved mitochondrial func-
tion, and increased cell viability in HD cell culture models. P110-TAT treatment of fibroblasts from patients 
with HD and patients with HD with iPS cell–derived neurons reduced mitochondrial fragmentation and cor-
rected mitochondrial dysfunction. P110-TAT treatment also reduced the extent of neurite shortening and 
cell death in iPS cell–derived neurons in patients with HD. Moreover, treatment of HD transgenic mice with 
P110-TAT reduced mitochondrial dysfunction, motor deficits, neuropathology, and mortality. We found that 
p53, a stress gene involved in HD pathogenesis, binds to DRP1 and mediates DRP1-induced mitochondrial 
and neuronal damage. Furthermore, P110-TAT treatment suppressed mtHtt-induced association of p53 with 
mitochondria in multiple HD models. These data indicate that inhibition of DRP1-dependent excessive mito-
chondrial fission with a P110-TAT–like inhibitor may prevent or slow the progression of HD.

Introduction
Huntington’s disease (HD) is an inherited autosomal dominant 
neurodegenerative disorder characterized by adult onset of motor 
dysfunctions, psychiatric disturbances, and intellectual decline (1).  
HD is caused by abnormal expansion of a CAG trinucleotide 
repeat found in the first exon of the huntingtin gene (Htt), which 
is translated into a long stretch of glutamines in a 348-kDa protein 
with unclear function (2). Although the HD mutation has been 
identified, the molecular and cellular basis of HD is far less known, 
and treatment for this disease remains a challenge.

Some studies suggest that disrupted mitochondrial integ-
rity and function may contribute to the mechanism of progres-
sive neurodegeneration in HD (3–7), and a recent review argues 
for focusing new drug discovery effort for HD that will correct 
mitochondrial structural defects (8). Mitochondria are a highly 
dynamic network whose size is a result of 2 opposing processes 
of fusion and fission. Fusion and fission are regulated by a set of 
conserved GTPases. Optical atrophy 1 (OPA1) with mitofusin 1 
and 2 (MFN1 and -2) regulate fusion, whereas dynamin-related 
protein 1 (Drp1) regulates fission (9, 10).

Drp1 is located mainly in the cytosol. Upon activation, Drp1 
oligomerizes and is recruited to punctuate spots on the mito-
chondrial surface (11–13). Drp1 binds to mitochondrial adaptors, 
such as Fis1, Mff, and MiD49/51, thus assembling future fission 

sites and severing mitochondrial membranes in a GTP hydrolysis-
dependent fission (14–17).

A potential causal role of impaired mitochondrial fission in 
neuronal damage of HD has recently been suggested. 3-Nitropro-
pionic acid (3-NP), an irreversible inhibitor of the mitochondrial 
respiratory complex II and a neurotoxin, causes excessive mito-
chondrial fission, neuronal cell death and HD-like symptoms in 
primates and rodents (18). Cells expressing mutant Htt (mtHtt) 
protein are more sensitive to oxidative stress-induced mitochon-
drial fragmentation (19), fibroblasts harvested from HD patients 
exhibit mitochondrial fragmentation, and neurons with mtHtt 
displayed defects in anterograde and retrograde mitochondrial 
transport along axons and increased cell death (3, 4, 20). These 
defects can be rescued by overexpression of Drp1K38A, a dominant-
negative mutant of Drp1 (3, 4, 20). These lines of evidence suggest 
that the increase in cytotoxicity induced by mtHtt protein contain-
ing expanded polyglutamine tracts is mediated, at least in part, by 
increased mitochondrial fragmentation. Furthermore, mtHtt was 
reported to interact with pro-fission protein Drp1 in HD transgen-
ic mouse models and in brains of HD patients (4, 20). The interac-
tion of mtHtt with Drp1 leads to increased Drp1 GTPase activity 
and results in defective mitochondrial movement and synaptic 
defects (4, 20). Thus, Drp1 hyperactivation might play an impor-
tant role in the progression of HD. However, how Drp1 mediates 
mitochondrial dysfunction in HD and whether pharmacological 
inhibition of Drp1 activation is sufficient to reduce mtHtt-induced 
neurotoxicity and neurodegeneration are not known.

p53 is a central stress sensor responding to a myriad of insults, 
including DNA damage, senescence, and oxidative stress, to orches-
trate apoptosis, autophagy-associated cell death, and necrosis  
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via transcription-dependent and -independent mechanisms (21, 
22). Upon stress, a cytoplasmic pool of p53 mainly translocates 
to the mitochondrial fraction, an event that precedes its effect on 
nuclear functions (23–26). Accumulation of p53 on the mitochon-
dria is observed in animal models of HD and in cell cultures, and is 
associated with mitochondrial depolarization and mitochondrial 
complex IV inactivity (27, 28). Suppression and/or deletion of p53 
prevents mitochondrial dysfunction and reduces neurodegenera-
tion in both Drosophila and transgenic mouse models of HD (27). 
Thus, p53 may be an important mediator in mtHtt-induced mito-
chondrial toxicity and the resulting neurodegeneration.

We recently developed the Drp1-selective peptide inhibitor P110-
TAT, which inhibits excessive mitochondrial fission and dysfunc-
tion without affecting basal mitochondrial structure and func-
tions (29). Here we use P110-TAT to identify the molecular basis 
of mtHtt-induced pathology and to determine whether inhibition 
of excessive mitochondrial fission in several culture models of HD, 
in the R6/2 mouse HD model in vivo and in HD patient-derived 
cells, is sufficient to inhibit the pathology induced by mtHtt.

Results
Inhibition of Drp1 hyperactivation by P110-TAT in HD cell culture mod-
els. We first examined Drp1 association with the mitochondria, an 
essential step in initiating fission (9, 10). We used a striatal cell line 
from HD knock-in mice (HdhQ111), which express a full-length 
mtHtt containing 111 CAG repeats, as a cell culture model of HD 
(28). Relative to striatal cells carrying 7 CAG repeats (HdhQ7; wild-
type), striatal HdhQ111 cells exhibited a 3- to 4-fold increase in 
Drp1 association with the mitochondria (Figure 1A). Treatment 
of HdhQ111 cells with P110-TAT, an inhibitor of Drp1 transloca-
tion to the mitochondria (29), abolished the increased transloca-
tion of Drp1 to the mitochondria relative to that in cells treated 
with the control peptide (TAT, Figure 1A; 1 μM each). A similar 
P110-TAT–induced inhibition of Drp1 association with the mito-
chondria was observed in wild-type striatal cells exposed to 3-NP, 
a neurotoxin that causes HD-like symptoms in vivo (ref. 18 and 
Figure 1B) and in HEK293T cells expressing the fragment of Htt 
gene containing 73 polyglutamine repeats (73Q, mutant, Figure 
1C). A 3- to 4-fold increase in mitochondrial association of Drp1 
was observed also in 2 lines of dermal fibroblasts obtained from 
HD patients relative to fibroblasts from control subjects and this 
increased Drp1 association with the mitochondria was corrected 
by treatment with P110-TAT (Figure 1D). Note that P110-TAT 
treatment in striatal HdhQ7 cells (wild-type), in cells expressing 
a fragment of Htt carrying 23 polyglutamine repeats (23Q, wild-
type), and in fibroblasts from normal subjects had minimal effect 
on mitochondrial Drp1 levels (Figure 1, A, C, and D). These data 
were consistent with our recent findings that P110-TAT treatment 
mainly blocks stress-induced accumulation of Drp1 on the mito-
chondria (29). In addition, P110-TAT treatment had no effect on 
the total protein levels of Drp1 and Htt as well as on components 
of mitochondrial fusion machinery (Mfn1/2 and OPA1) (Supple-
mental Figure 1; supplemental material available online with this 
article; doi:10.1172/JCI70911DS1). Thus, P110-TAT treatment 
suppressed Drp1 accumulation on the mitochondria in response 
to genetic or chemical stresses that model HD.

Drp1 activation is mediated, at least in part, by its polymeriza-
tion (30, 31). In HdhQ111 striatal cells, Drp1 tetramer (~200 kDa) 
levels increased relative to that in HdhQ7 wild-type cells and were 
reduced by P110-TAT treatment, as compared with TAT control 

treatment (Figure 1E). Furthermore, confocal microscopy analysis 
revealed greater localization of Drp1 on mitochondria in 2 lines of 
fibroblasts derived from HD patients as compared with fibroblasts 
obtained from control subjects (Figure 1F, single cell; Supple-
mental Figure 2A, multiple cells). Again, P110-TAT treatment in 
these HD patient–derived fibroblasts dramatically reduced mito-
chondrial localization of Drp1 (from 210% to 125% in fibroblasts 
derived from patient HD1 and from 260% to 120% in fibroblasts 
derived from HD2, relative to fibroblasts of a control subject; Fig-
ure 1F). Taken together, these data demonstrated that treatment 
with peptide P110-TAT inhibited Drp1 hyperactivation induced 
by mtHtt in 3 cell models of HD and in fibroblasts derived from 
HD patients, but not in control cells.

P110-TAT treatment reduced mitochondrial dysfunction and improved 
cell viability in HD cell culture models. Next we determined the chang-
es in mitochondrial morphology in both cultured HdhQ111 
mouse striatal cells and in fibroblasts derived from HD patients. 
Mitochondria in these cells exhibited dot- or sphere-like clusters, 
indicating mitochondrial fragmentation (Figure 2, A and C, and 
Supplemental Figure 2, B and C, show a large field with multiple 
cells per field). In contrast, treatment with P110-TAT corrected 
mitochondrial morphology; the number of cells with fragmented 
mitochondria was reduced from 45% to 15% in HdhQ111 cells 
relative to that in HdhQ7 cells and from 47% and 51% to 14% and 
15% in 2 fibroblasts derived from patients with HD (see Figure 2,  
B and D, for quantitation). Similar to our recent finding (29), 
P110-TAT treatment in wild-type striatal cells appears to have no 
effect on mitochondrial morphology (e.g., Figure 2A and Supple-
mental Figure 2B). We previously showed that the benefit of P110-
TAT depends on the presence of Drp1 (29); in HdhQ111 cells 
treated with Drp1 silence RNA (Drp1-siRNA), P110-TAT had no 
effect on mitochondrial fragmentation (Supplemental Figure 2D), 
further confirming the specificity of P110-TAT for Drp1.

Drp1-induced excessive mitochondrial fission resulted in mito-
chondrial damage, which has been proposed to be a potential 
mechanism contributing to the pathogenesis of HD (4, 20, 32). 
Thus, we next determined whether inhibition of Drp1 hyperacti-
vation by P110-TAT treatment (Figures 1 And 2A) blocked mito-
chondrial dysfunction induced by mtHtt. We first determined the 
production of mitochondrial superoxide (O2

–), a major source of 
mitochondrial ROS (mitoROS). The levels of mitoROS were sig-
nificantly elevated in HdhQ111 striatal cells, and this increase was 
abolished by treatment with P110-TAT (Figure 2E) when cultured 
in 10% serum (P = 0.05). We also found that HdhQ111 striatal cells 
were much more sensitive to stress when cultured in the absence 
of serum as compared with cells cultured in 10% serum. Again, 
P110-TAT treatment significantly reduced O2

– production (~70% 
reduction; Figure 2E). Further, a decrease in mitochondrial mem-
brane potential (MMP) in HdhQ111 cells cultured under the same 
conditions as above was corrected by treatment with P110-TAT 
(Figure 2F). Finally, P110-TAT treatment increased cell viability 
in these HD mouse striatal cells subjected to serum starvation 
(Figure 2G). Again, P110-TAT treatment had minimal effects on 
mitochondrial function and cell viability in wild-type striatal cells 
under normal cultured conditions (Figure 2, E–G). Thus, inhibi-
tion of Drp1 by P110-TAT treatment reduced mitochondrial dys-
function and cellular damage in a HD rodent cell culture model.

Drp1 and p53 interdependently induce mitochondrial damage in HD 
cell culture model. We next examined further the molecular basis of 
mtHtt-induced mitochondrial dysfunction. A number of studies,  
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Figure 1
Treatment with P110-TAT blocked Drp1 association with the mitochondria in HD cell cultures. (A–D) Drp1 association with the mitochondria and 
the effect of peptide treatment on this association was determined in 4 culture models of HD: (A) cultured mouse striatal cells expressing normal 
(HdhQ7) and mtHtt protein (HdhQ111) treated with peptide P110-TAT (P110, 1 μM) for 3 days; (B) mouse wild-type striatal cells incubated with P110-
TAT (1 μM) for 30 minutes prior to 4-hour 3-NP exposure; (C) HEK293T cells transfected with Htt containing 23Q and 73Q repeats, followed by 2-day 
treatment with P110-TAT (1 μM); and (D) HD patient fibroblasts and normal fibroblasts treated with P110-TAT (1 μM) for 3 days. Western blot analysis 
of mitochondrial fractions was determined with anti-Drp1 antibodies (loading controls, VDAC and HSP60). Data are mean ± SEM, 3 independent 
experiments. (E) Total lysates of HD striatal cells were subjected to Western blot analysis using reducing or non-reducing gels and monomeric  
(~75-kDa) and tetrameric (~200-kDa) Drp1 levels determined; representative of 3 independent experiments. (F) Confocal microscopy of stained nor-
mal and HD patient fibroblasts with anti-Drp1 (1:250) and anti-Tom20 (mitochondria marker; 1:500). Bottom panels show enlargement of the boxed 
areas. Supplemental Figure 2A provides images of multiple cells. Drp1/Tom20 colocalization was determined using confocal microscopy (Pearson’s 
co-efficiency); data are mean ± SEM, 3 independent experiments. At least 100 cells/group were counted by an observer blinded to experimental 
conditions. *P < 0.05 vs. control cells; #P < 0.05 vs. cells treated with TAT.
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Figure 2
P110-TAT treatment reduced mitochondrial fragmentation and corrected mitochondrial dysfunction. (A–D) Cultured HD mouse striatal cells (A and B) 
and human fibroblasts from control and HD patients (C and D) were treated with P110-TAT (1 μM) for 3 days. The cells were then stained with anti-
Tom20 antibody (green) and Hoechst stain (scale bars: 5 μm). Mitochondrial morphology was analyzed using a ×60 oil lens. The boxed area in each 
upper micrograph is enlarged in the panels below. Images of multiple cells are provided in Supplemental Figure 2, B and C. Histogram in B and D 
provides quantitation of the percentage of cells with fragmented mitochondria relative to the total number of cells; data are the mean ± SEM of 3 inde-
pendent experiments, counted by an observer blinded to the experimental conditions. At least 100 cells per group were counted. (E–G) Twenty hours of 
serum starvation was performed. (E) Mitochondrial superoxide production was determined using the mitochondrial superoxide indicator, MitoSOX red, 
in the indicated groups, and red fluorescence from 3 independent experiments was quantified. (F) Mitochondrial membrane potential was determined 
using Tetramethylrhodamine, methyl ester (TMRM). Fluorescence was quantitated using a fluorescence reader. (G) Cell viability was measured using 
an MTT assay. The data are presented as mean ± SEM of percentage relative to control mitochondria from 3 independent experiments. *P < 0.05 vs. 
wild-type cells under normal or serum starvation conditions; #P < 0.05 vs. HD mutant cells under normal or serum starvation conditions.
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including ours, demonstrated that hyper-activation of Drp1 
caused mitochondrial damage and led to increased apoptosis, 
necrosis and autophagy-associated cell death (29, 33–37). How-
ever, the mechanism by which Drp1 mediates mitochondrial dys-
regulation and cell death is poorly understood. The levels of p53, 
a tumor suppressor gene, were elevated in various HD models and 
p53 accumulation on the mitochondria had been suggested to 
play a role in the pathology associated with HD (27, 28). Recent 
studies reported that p53 participates in Drp1-related cell death 
in cardiomyocytes exposed to hydrogen peroxide (H2O2) (38) and 
in neuronal cells in response to camptothecin (CPT), an inducer 
of DNA damage (39). Based on these lines of evidence, we hypoth-
esized that p53 might be involved in Drp1-induced mitochondrial 
dysfunction in HD models. We observed an approximately 3-fold 
increase in p53 association with mitochondria isolated from 
HdhQ111 striatal cells (Figure 3A). Treatment with P110-TAT 
reduced this association as compared with that in HdhQ7 stria-

tal cells treated with the control peptide, TAT (Figure 3A), sug-
gesting that P110-TAT treatment suppresses p53 mitochondrial 
localization in HD cell cultures. P110-TAT treatment had no effect 
on the total protein level of p53 in either HdhQ7 or HdhQ111 
cells (Supplemental Figure 2E). P110-TAT peptide corresponds to 
a short sequence within Drp1 (amino acids 49–55) and is designed 
to block the interaction between Drp1 and its mitochondrial adap-
tor Fis1 (29). We found no sequence similarity between p53 and 
peptide P110-TAT or between p53 and Fis1 (data not shown), rul-
ing out the possibility that P110-TAT directly competes with p53 
binding to 1 of these 2 proteins.

Given that Drp1 and p53 translocated to the mitochondria in 
HD cell culture (Figure 1, A–D, and Figure 3A), and that block-
ing Drp1 recruitment to the mitochondria reduced p53 accumu-
lation in this organelle (Figure 3A), we next examined the possi-
bility that Drp1 and p53 form a complex. Analysis of anti-Drp1 
immunoprecipitates by immunoblotting with anti-p53 antibodies 

Figure 3
Drp1 bound to p53. (A) HD striatal cells were treated with P110-TAT or control peptide TAT (1 μM each) for 3 days, and p53 association with the 
mitochondria was determined by Western blot analysis (loading control, HSP60). Histogram: the data represent mean ± SEM of 3–4 independent 
experiments. *P < 0.05 vs. wild-type cell treated with TAT; #P < 0.05 vs. HD striatal cells treated with TAT. (B) Top: Total lysates of HD striatal cells 
were subjected to immunoprecipitation with anti-Drp1 antibody, and immunoprecipitates were analyzed by immunoblotting with anti-p53 and 
anti-Drp1 antibodies. Data are representative of 3 independent experiments. Bottom: Immunoprecipitates obtained using anti-p53 antibodies 
were analyzed by immunoblotting using anti-Drp1 and anti-p53 antibodies. Data are representative of 2 independent experiments. (C) GST-Drp1 
recombinant protein (500 ng) was incubated with p53 recombinant protein (500 ng). Immunoprecipitates with anti-Drp1 antibodies or anti-p53 
antibodies were analyzed by immunoblotting with the indicated antibodies. Data are representative of 2 independent experiments. (D) Mouse 
wild-type striatal cells were transfected with either control vector or Drp1 plasmid (5 μg and 10 μg, respectively) for 36 hours. In the presence 
or absence of P110-TAT (1 μM), protein levels of p53 and Drp1 on the mitochondria were analyzed by Western blotting (loading control, VDAC). 
Quantification of p53 mitochondrial level in cells with Drp1 (10 μg) is presented as mean SEM of 3 independent experiments in the histogram.
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Figure 4
p53 is required for Drp1-induced mitochondrial 
dysfunction in HD striatal cells. HD striatal cells 
were transfected with either control siRNA 
(psiRNA-GFP) or p53 siRNA (psiRNA-mp53-
GFP) for 2 days in the presence or absence of 
P110-TAT (P110, 1 μM). (A) Cells were stained 
with Tom20 antibody (red), and mitochondrial 
morphology was analyzed in GFP-labeled cells 
using a ×40 oil lens. Scale bars: 10 μm. A West-
ern blot shows p53 levels after siRNA treat-
ments. (B) GFP-positive cells with fragmented 
mitochondria as percentage of total number of 
GFP-positive cells. (C) Mitochondrial membrane 
potential was determined using TMRM. The red 
fluorescence was quantitated in GFP-positive 
cells. (D) Mitochondrial superoxide production 
was determined using the mitochondrial super-
oxide indicator, MitoSOX red, in the indicated 
groups. Red fluorescence was quantitated in 
GFP-positive cells. Data are the mean ± SEM 
of 3 independent experiments, counted by an 
observer blinded to the experimental conditions. 
At least 100 cells were counted per treatment 
group. (E) Cell viability was measured using an 
MTT assay after 20 hours of serum starvation. 
Data are presented as mean ± SEM of 3 inde-
pendent experiments. *P < 0.05 vs. HdhQ7 and 
#P < 0.05 vs. HhdQ111 cells with control siRNA 
under normal or serum starvation conditions.
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demonstrated the association of Drp1 with p53 in HD striatal cells 
(Figure 3B, top panel). In reciprocal experiments, immunoblot 
analysis of anti-p53 immunoprecipitates with anti-Drp1 antibod-
ies confirmed the interaction (Figure 3B, bottom panel). In an in 
vitro assay, we further demonstrated that recombinant protein 
Drp1 interacted with recombinant protein p53, suggesting a direct 
interaction of the 2 proteins (Figure 3C).

We expressed Drp1 in wild-type striatal cells and determined p53 
association with the mitochondria. Increase in Drp1 levels caused 
a proportional increase in p53 accumulation in the mitochondrial 
fraction. Importantly, P110-TAT treatment significantly reduced 
p53 mitochondrial association when compared with that in cells 
in the control group (Figure 3D). (Note that Drp1 expression 
had no effect on either p53 total protein or mRNA levels; Supple-
mental Figure 3A). In contrast, expression of p53 in either mouse 
striatal cells or p53-null H1299 cells did not increase Drp1 asso-
ciation with the mitochondria (Supplemental Figure 3B) and had 
no effect on Drp1 cellular levels (Supplemental Figure 3C). These 
data collectively suggest that Drp1 influences p53 mitochon-
drial localization, but that p53 is not necessary for Drp1 associa-
tion with this organelle. In addition, treatment with pifithrin-α 
(PFTα), an inhibitor of p53 transactivation (40), had no effect on 
Drp1 and p53 levels in the mitochondrial fraction isolated from 
mouse HD striatal cells HdhQ111 (Supplemental Figure 3D). 
Taken together, these data indicate that Drp1, and not p53, deter-
mines translocation of the complex to the mitochondria under 
conditions relevant to HD.

To examine the functional importance of p53 in Drp1-mediated 
mitochondrial damage in HD, we determined mitochondrial mor-
phology, function, and cell survival in HdhQ111 mouse striatal 
cells after p53 levels were reduced using p53 siRNA (psiRNA-mp53, 
GFP tagged) (Figure 4A, insert). Silencing p53 in HdhQ111 cells 
(see GFP-labeled cells) reduced the number of cells with fragmented  
mitochondria from 43% to 19% relative to that in HdhQ7 cells 
treated with control siRNA (psiRNA-con, GFP labeling; Figure 4, 
A and B). Silencing p53 in HdhQ111 cells also reduced increased 
mitochondrial ROS production and the loss of MMP and pro-
moted cell viability when compared with those in HdhQ111 cells 
treated with control siRNA (Figure 4, C–E). Note that quantifica-
tion only accounts for GFP-labeled cells, which were those trans-
fected with either p53 siRNA or control siRNA (Figure 4, B–E). 
Importantly, the effects of p53 silencing on mitochondria and cell 
survival are similar to those in HD striatal cells treated with P110-
TAT (see Figure 2). Furthermore, treatment with P110-TAT follow-
ing p53 silencing under the same conditions above had no additive 
improvement on mitochondrial morphology, mitochondrial func-
tion and cell viability (Figure 4, A–E), suggesting that Drp1 and 
p53 are part of the same signaling pathway in HD. Thus, mtHtt-
induced accumulation of p53 on mitochondria may be a key medi-
ator of Drp1 hyperactivation-induced mitochondrial impairment.

P110-TAT treatment reduces mitochondrial dysfunction and neurite 
shortening in neurons derived from HD patient induced pluripotent stem 
cells (iPS cells). iPS cells generated from HD patient fibroblasts 
have been recently used as a model to study the pathology of HD. 
Neurons derived from HD patient iPS cells conserved the same 
number of CAG repeats in patients (41–43) and exhibited some 
HD-associated pathology in neuronal morphology and func-
tion (41–44) as well as sensitivity to stressors (41, 45). Thus, these 
patient-derived neuronal cells represent a unique human disease-
specific cellular system to elucidate disease mechanisms under-

lying HD and provide a platform of patient cells for screening 
therapeutic candidates (46–49). Using the technique as described 
in refs. 50 and 51, we generated iPS cells lines from fibroblasts 
of 2 HD patients (adult patient GM04693 and juvenile patient 
GM05539; 5 lines/patient). We also derived iPS cells from fibro-
blasts of healthy subjects (Con 1 and Con 2; 3 lines/subject). Of 
those, 1 line from normal fibroblast Con 2 (Con-iPS cells) and 1 
line from HD patient GM05539 (HD-iPS cells) were further char-
acterized and were shown to be fully reprogrammed, as judged by 
colony morphology, sustained growth for long-term passaging (30 
passages), and karyotype stability (Supplemental Figure 4). The 
HD-derived iPS cells expressed antigens of embryonic stem cells 
including OCT3/4, SOX2, SSEA-4, TRA1–60, and TRA1–81 and 
were positive in alkaline phosphatase (AP) staining (Supplemental 
Figure 4). After 15 days of spontaneous differentiation, embryonic 
bodies (EB) formed from these lines can give rise to cells immu-
nopositive for 3 main embryo germ layer markers, α-SMA (meso-
derm), β-tubulin (ectoderm), and GATA-4 (endoderm), showing in 
vitro pluripotent differentiation ability (Supplemental Figure 4). 
The expression of mtHtt in patient fibroblasts was conserved in 
HD patient iPS cells (Figure 5A), and total levels of mitochondrial 
dynamic-related proteins, including Drp1, were not significantly 
different between Con-iPS cells and HD-iPS cells (Figure 5A and 
Supplemental Figure 5A).

We first isolated mitochondrial fractions from Con- and HD-iPS 
cells and determined the levels of Drp1 and p53 in the mitochon-
drial fraction. The levels of both mitochondria-associated Drp1 and 
p53 in HD-iPS cells were increased 3- to 4-fold relative to Con-iPS 
cells and these increases were abolished by treatment with P110-TAT 
for 5 days (Figure 5B). Again, P110-TAT had no significant effect 
on the total protein levels of Drp1 and p53 in these experimental 
groups (Supplemental Figure 5B). These data are consistent with 
our above findings (Figures 1 and 3, Supplemental Figure 1). Fur-
thermore, in both the undifferentiated HD-iPS cells (Figure 5C, left 
panel) and the neurons derived from HD-iPS cells (Figure 5C, right 
panel), we observed interaction between Drp1 and p53.

We differentiated Con- and HD-iPS cells into GABAergic neu-
rons and medium spiny neurons (MSNs), which are susceptible 
to degeneration in HD (45, 52, 53), using the protocol described 
in Methods. Generation of these neurons was tested by co-stain-
ing neuronal marker β-tubulin (TUJ1) or MAP2 with GAD67 
(GABAergic neuronal marker), calbindin (striatal neuronal 
marker), and DARPP-32 (MSN neuronal marker), respectively 
(Supplemental Figure 5). Thus, similar to previous studies (41, 
44, 45), both Con- and HD-iPS cells can be differentiated into 
GABAergic striatal neurons.

Next we determined the benefit of P110-TAT treatment on this 
human-derived cultured neuronal model of HD. Twenty days after 
differentiation, we started to treat neuronal cells derived from 
Con-iPS or HD-iPS cells with the Drp1 peptide inhibitor, P110-
TAT (1 μM/day for 5 consecutive days). In HD patient–derived 
cells immunopositive for anti-GAD67 (a GABAergic neuronal 
marker), we observed that the mitochondria (green) were exten-
sively fragmented along the neurites, when compared with those 
in cells derived from Con-iPS cells (Figure 5D; compare middle 
and top panels). This fragmented mitochondrial morphology was 
corrected by P110-TAT treatment (Figure 5D, bottom; see Figure 
5E for quantification by an observer blinded to the experimental 
conditions). We also measured the length of the neurites of the 
GABAergic neurons. The analyses showed significantly longer 
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neurites in GABAergic neurons from Con-iPS cells as compared 
with neurons derived from HD-iPS cells (Figure 5D; see Figure 
5F for quantitation by an observer blinded to the experimental 
conditions). Importantly, P110-TAT treatment improved the mor-
phology of GABAergic neurons derived from HD-iPS cells; the 
neurite length increased from 37% to 84% relative to that in neu-
rons derived from Con-iPS cells (Figure 5F). Further, downregulat-
ing p53 by p53 shRNA (EGFP tagged) also increased the neurite 
length of GABAergic neurons (Figure 5G); the effect was similar 
to that in neurons treated with either P110-TAT alone (Figure 5, 
D and F) or P110-TAT in the presence of p53 shRNA (Figure 5G).

Among GABAergic striatal neurons, medium spiny neurons 
(MSNs) are the most affected in HD patients and are largely 
degenerated in the late stage of the disease (54–57). MSNs derived 
from HD-iPS cells exhibited morphological abnormalities, includ-
ing fewer and shorter neurites as compared with those from Con-
iPS–derived MSNs (Figure 6A; see Figure 6B for quantification 
by an observer blinded to the experimental conditions). Impor-
tantly, P110-TAT treatment of HD-derived MSNs doubled neu-
rite length, from 34% to 70%, relative to that in neurons derived 
from Con-iPS–derived MSNs (Figure 6, A and B). Moreover, in 
these HD patient–derived neurons, a loss of MMP, an increase in 
mitochondrial ROS formation and decreased ATP levels were also 
observed (Figure 6, C–E), which were greatly corrected by 5 days 
of treatment with P110-TAT. Further, consistent with a previous 
study (41), increased cell death was observed in HD patient iPS 
cell–derived neurons by removing the growth factor, BDNF, and 
P110-TAT treatment reduced cell death by 60% (Figure 6F). In par-
allel, reducing the levels of p53 by p53 shRNA suppressed mito-
chondrial ROS production and the loss of MMP as well as reduced 
cell death in HD patient–derived neurons, which was not further 
affected by P110-TAT treatment, suggesting that p53 and Drp1 
affect the same molecular event (Figure 6, G and H). Collectively, 
these data above demonstrate that P110-TAT treatment corrected 

the neuronal structure abnormalities of 2 types of neurons as well 
as the mitochondrial structure and function abnormalities seen in 
human cells derived from HD patients.

P110-TAT treatment reduced neurological defects in R6/2 HD transgenic 
mice. We next asked whether treatment with P110-TAT is protec-
tive in in vivo HD animal model. R6/2 mice, expressing exon 1 of 
the human HD gene carrying more than 120 CAG repeats, exhibit 
progressive neurological phenotype that mimics the features of HD 
in humans. The mice develop progressive neurological phenotypes 
gradually with mild phenotype (e.g., resting tremor) as early as  
5 weeks of age and severe symptoms (including reduced mobility 
and seizures) at 9–11 weeks, with many of the mice dying by 14 weeks 
(58). To determine whether treatment of mtHtt-induced neurologi-
cal deficits is due to Drp1 activation, R6/2 HD transgenic mice were 
treated with the Drp1 inhibitor, P110-TAT, using Alzet osmotic 
mini-pumps (delivering 3 mg/kg/day) from age 5 weeks to 13 weeks 
(the pumps were replaced once, after 28 days). Note that the peptide 
was stable in the pump used in vivo during the 28 days of deliv-
ery, as determined by an analytical HPLC with UV detection using 
a RP-C18 column (Supplemental Figure 6B). Moreover, a FITC-
positive signal was observed in neurons of mouse brain after 1 and  
14 days of continual systemic delivery of FITC-conjugated P110-
TAT peptide (Supplemental Figure 6A). Combined with the efficacy 
studies, these data confirm that the P110-TAT peptide is delivered 
to the neurons in vivo. In addition, 8-week treatment with P110-
TAT at 3 mg/kg/day is well-tolerated in naive wild-type mice (see 
information in the figure legend of Supplemental Figure 6C). As 
shown in Figure 7A, R6/2 HD transgenic mice exhibited 2-fold and 
4-fold increase in Drp1 and p53 association with brain mitochon-
dria, respectively, as compared with mitochondria isolated from 
wild-type littermates, and treatment with P110-TAT for 8 weeks 
(using Alzet pumps; 3 mg/kg/day; from age 5 to 13 weeks) reduced 
mitochondrial association of both Drp1 and p53 to wild-type levels. 
Moreover, the interaction between Drp1 and p53 was confirmed in 
brains of the HD R6/2 mice by co-immunoprecipitation (Figure 7B).

We next measured the respiratory control rate (RCR; the ratio 
between the state 3 respiratory rate and state 4 respiratory rate, 
which is an indicator of the integrity of the inner mitochondrial 
membrane and a sensitive indicator of oxidative phosphorylation 
defects in isolated mitochondria. RCR is considered to be a use-
ful general measure of function in isolated mitochondria (59–61). 
This ratio, which indicates oxygen consumption, was reduced in 
brain mitochondria isolated from HD R6/2 mice relative to wild-
type littermates (Figure 7C). In vivo treatment with P110-TAT cor-
rected this mitochondrial dysfunction (Figure 7C).

Deterioration in motor and cognitive function is the first mani-
festation of HD progression. We first set up a number of behav-
ioral assessments to study motor and cognitive function in these 
mice. Rotor-rod and mobility in an activity chamber were used 
for assessment of motor function, and the Y-maze was used for 
assessment of working memory. As seen in Supplemental Fig-
ure 7, there was an apparent functional deficit in vehicle-treated 
mice, and P110-TAT treatment led to improvement in this deficit. 
In cohorts A and B tested at different experimental periods, P110-
TAT increased the total distance moved in 10 weeks old R6/2 
mice (motor activity) and ameliorated the cognitive deficits at  
9 weeks of age in the Y-maze test (methods previously described 
in refs. 62, 63; Supplemental Figure 7).

We also noted that, independent of the treatment, the animals 
were very fragile, and stress mediated by repetitive testing and 

Figure 5
P110-TAT treatment normalized mitochondrial and neurite length in 
GABAergic neuronal cells derived from HD patient-iPScells. (A) Left: 
Expression of polyglutamine-expansion disease marker (PolyQ) was 
determined using Western blot of total lysates in fibroblasts or Con-
iPS or HD-iPS human cells. Right: Htt protein levels and Drp1 were 
determined using Western blot (loading control, actin). Data repre-
sent 2 independent experiments. (B) Con-iPS and HD-iPS cells were 
treated with P110-TAT (1 μM) for 3 days, and mitochondrial levels of 
Drp1 and p53 were determined with Western blot (loading control, 
VDAC). Data represent mean ± SEM, 3 independent experiments. 
(C) Immunoprecipitation analysis at the indicated groups confirmed 
the interaction between Drp1 and p53. Data represent 2 independent 
experiments. (D) GABAergic neurons were derived from Con-iPS or 
HD-iPS human cells and then stained with anti-Tom20 and anti-GAD67. 
Right panels show enlargements of boxed areas. (E and F) Quanti-
tation of mitochondrial length along neurites of GABAergic neurons 
(E) and neurite length of GABAergic neurons (F). Data represent 3 
independent experiments. (G) Neurons were transduced by lentiviral 
particles containing p53 shRNA or control vector (EGFP-tagged), then 
cells were stained with anti-GAD67 antibodies (red). Neurite length of 
GABAergic neurons with EGFP labeling is quantified, representative 
of 3 independent experiments. Western blot confirmed p53 silencing 
in HD neurons (actin, loading control). In F and G, quantification was 
performed by an observer blinded to experimental conditions. At least 
30 neurons/group were analyzed. Data are mean ± SEM. *P < 0.05 vs. 
Con; #P < 0.05 vs. HD.
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Figure 6
P110-TAT treatment reduced neurite shortening of MSNs from HD-iPS cells and corrected mitochondrial damage and cell death in patient neu-
rons. (A) Representative imaging on MSNs derived from Con- and HD-iPS cells. Top: A single neuron from each experimental group (original mag-
nification, ×40). Bottom: A cluster of neurons at lower magnification (original magnification, ×20). (B) Data represent 3 independent experiments. 
At least 50 neurons/group were analyzed by an observed blinded to the experimental conditions. (C) Neuronal cells were labeled with TMRM 
fluorescence dye to indicate MMP. Density of TMRM red fluorescence only in cells with a neuronal-like morphology (multipolar cell bodies with at 
least 2 processes) was further quantitated as described in ref. 91. (D) Neuronal cells were stained with MitoSOX red, and density was analyzed in 
cells immunopositive for anti–DARPP-32. (E) Total ATP levels were measured using total lysates of mixed neuronal cells. Data represent 3 inde-
pendent experiments. At least 50 neurons per group were analyzed. (F) After removal of BDNF for 48 hours, neuronal cell death was determined 
by the release of lactate dehydrogenase (LDH). Data represent 3 independent experiments. (G) Fluorescence density of EGFP-positive cells 
from neurons transduced by lentiviral particles containing p53 shRNA or control vector. Data represent 3 independent experiments. At least 50 
EGFP-positive neurons per group were analyzed. (H) Neuronal cell death was determined by LDH release 2 days after removal of BNDF. Data 
are mean ± SEM. *P < 0.05 vs. Con; #P < 0.05 vs. HD.
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handling led to seizure and death. We therefore assessed behav-
ioral function in an independent cohort of mice at a single time 
point (13 weeks old) using a simple home-cage assessment test, 
to minimize handling and stress (see Methods). In a double-blind 
behavior analysis, we found that R6/2 mice treated with the con-
trol peptide TAT were much less active overall (Figure 7D); their 
period of immobility lasted almost twice as long as that of wild-
type littermates. The R6/2 mice treated with TAT also exhibited 
a 5-fold reduction in their ability to stand on their rear limbs 
(Figure 7E) and a 10-fold reduction in rearing frequency (Figure 
7F), all indicative of major motor deficits. In contrast, the group 
of R6/2 mice treated with P110-TAT for 8 weeks did not display 
the above motor deficits compared to wild-type mice, suggesting 
that P110-TAT can prevent the progression of disease: R6/2 mice 
treated with P110-TAT displayed inactivity levels (Figure 7D) and 
rearing time (Figure 7E) comparable to those of wild-type mice 
and showed greatly increased rearing frequency compared with 
the mice treated with TAT (Figure 7F). P110-TAT treatment in 
wild-type littermates had no significant effects on any of these 
behaviors (Figure 7). Thus, P110-TAT treatment reduced the pro-
gression of motor deficits in R6/2 mice. Furthermore, we found 
that P110-TAT treatment increased survival of R6/2 mice (Figure 
7G). By the age of 13 weeks (before brain samples were collected 
for biochemical and immunohistochemical analyses), 6 of the 12 
mice treated with TAT died, whereas only 1 of the 12 mice treated 
with P110-TAT died. Again, P110-TAT had no effect on mortality 
of wild-type littermates.

P110-TAT treatment reduced neuropathology in R6/2 HD transgenic 
mice. We next determined the effects of P110-TAT on striatal 
neuronal damage in R6/2 mice, measured by the loss of DARPP-
32 immunoreactivity. DARPP-32 is expressed in 96% of the stria-
tal medium-sized spiny neurons and is substantially reduced in 
HD transgenic mice (64–67). Consistent with previous reports 
(64, 67), DARPP-32 immunostaining was 33% lower in striatum 
of 13-week-old R6/2 mice as compared with their WT littermates 
(Figure 8, A and B). P110-TAT treatment of R6/2 mice increased 
the immunodensity of DARPP-32 from 67% to 90% relative to TAT-
treated WT littermates. Thus, P110-TAT treatment suppresses  
striatal neuronal loss in HD R6/2 mice.

Intraneuronal Htt aggregates are a hallmark pathology of HD 
(68, 69), although their role in disease progression is not clear 
(70–72). Previous studies showed that Htt aggregates are not 
present in wild-type mice but are prominent features of the R6/2 
striatum (58, 68). Using EM48 antibodies, which specifically rec-
ognize the aggregated form of Htt (69), we assessed the effect 
of P110-TAT treatment. Striatum of R6/2 mice showed exten-
sive EM48-positive aggregates (Figure 8C). Fewer and smaller 
Htt aggregates were observed in striatum of R6/2 mice treated 
with P110-TAT; there was a 60% reduction in the number of Htt 
aggregates relative to R6/2 mice treated with TAT (Figure 8, C 
and D). Increased oxidative stress in HD brains has been associ-
ated with formation of Htt aggregates (5, 73). Thus, it is possible 
that P110-TAT treatment inhibits Drp1 hyperactivation-induced 
mitochondrial oxidative stress which, in turn, reduces formation 
of Htt aggregates in R6/2 mice.

Consistent with previous studies showing mitochondrial cristae 
disorganization in models of HD (3, 4), electron microscopy analy-
sis showed a 50% reduction in cristae in brains of HD R6/2 mice, 
relative to that in wild-type mice (Figure 8, E and F). P110-TAT 
treatment corrected the disruption in mitochondrial morphology 

(Figure 8, E and F). Cristae disruption is downstream of mitochon-
drial fragmentation (3, 4, 74). Thus, the data suggest that inhi-
bition of Drp1 association with the mitochondria by P110-TAT, 
which reduced mitochondrial fragmentation, may have caused the 
improved organization of the mitochondrial cristae.

Taken together, the above data in cell culture models of HD and 
in a transgenic mouse HD model demonstrated that mtHtt-induced 
pathology can be greatly reduced by inhibition of Drp1 hyperactiva-
tion using P110-TAT treatment. Importantly, P110-TAT treatment 
greatly improved the motor activity and survival of HD mice and 
reduced neuropathology induced by mtHtt in these animals. There-
fore, our data suggest that excessive mitochondrial fission might 
be the main cause of mtHtt-induced pathologies in these models.

Discussion
Increased mitochondrial fragmentation in HD cell cultures and 
HD animal models was recently documented (3, 4, 18, 20, 32). Two 
recent studies demonstrated that inhibition of Drp1 by a Drp1-
dominant negative mutant, Drp1K38A, reduced mitochondrial 
fragmentation and cristae disorganization, which in turn led to a 
reduction of mitochondrial dysfunction and cell death in a num-
ber of HD cell culture models (3, 4). These studies highlighted a 
critical role of Drp1 dysfunction in the pathogenesis of HD. In 
this study we used 6 models of HD to determine whether inhibi-
tion of Drp1-induced excessive mitochondrial fission is sufficient 
to inhibit mtHtt-induced pathology. These include mouse striatal 
cell cultures expressing a full-length mtHtt, mice expressing mtHtt 
(R6/2), cultured HD patient–derived primary fibroblasts, iPS cells, 
and 2 different types of neurons derived from these patients. In all 
these models, consistent with previous studies (3, 4), Drp1 associa-
tion with the mitochondria was much greater relative to cells that 
do not express mtHtt. Importantly, the Drp1 inhibitor, P110-TAT, 
which inhibits only excessive mitochondrial fission (29), inhibit-
ed mtHtt-induced Drp1 association with the mitochondria, and 
inhibited the increase in mitochondrial fragmentation, dysfunc-
tion, and cell damage in all these HD models. Thus, these results 
demonstrate that inhibiting Drp1 hyperactivation is sufficient to 
inhibit HD-related neuropathology (see schematic in Figure 8G).

Mitochondrial fragmentation is caused by either excessive mito-
chondrial fission or by a defect in mitochondrial fusion. Over-
expression of OPA1, a mitochondrial fusion-related protein, has 
similar effects on correcting mitochondrial fragmentation and 
cristae disruption as Drp1 inhibition by Drp1K38A in cultured HD 
cells derived from either HD mice or HD patients (3). In our study, 
P110-TAT treatment had no effect on OPA1 protein levels in vari-
ous HD cell culture models (Supplemental Figures 1 and 5). Thus, 
P110-TAT treatment likely has a protective role distinct from that 
of OPA1 in these HD model cells.

We found that Drp1 and p53 physically interact, as evidenced 
by in vivo and in vitro co-immunoprecipitation studies, and that 
Drp1 is required for p53 translocation to the mitochondria; block-
ing Drp1 association with the mitochondria by P110-TAT inhibits 
this event. Thus, translocation of p53 to the mitochondria may 
reflect the translocation of Drp1/p53 complex to this compart-
ment, which is likely an initiating event in the subsequent mito-
chondrial damage and cell death in the context of HD. Mutant Htt 
has been shown to interact with and activate Drp1 (4, 20) and p53 
(27). Thus, it is possible that mtHtt forms complexes with both 
Drp1 and p53 on the mitochondria in a process that leads to mito-
chondrial pathology in HD.
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Mitochondria-associated p53 induces multiple types of dam-
age to this organelle. For example, p53 can induce the expression 
of some downstream targets, such as Bax and Puma, which lead 
to apoptosis in HD cell models (75). p53 can also enter the mito-
chondrial matrix to induce oxidative stress through interaction 
with p66SHC and MnSOD (76, 77). Further, p53 activation inhib-
its mitochondrial complex IV activity by suppression of SCO2 
(synthesis of cytochrome c oxidase isoform 2, a core component 
of complex IV), which in turn disrupts the integrity of the mito-
chondrial respiratory chain and suppresses ATP production (78). 
In addition, p53 can be imported into the mitochondrial inner 
membrane compartment, where it interacts with cyclophilin D to 
induce necrosis in response to oxidative stress (79). Together, these 
disturbances of mitochondrial integrity caused by p53 are poten-
tial mechanisms of mtHtt-induced Drp1/p53 complex–mediated 
mitochondrial dysfunction in models of HD. Indeed, in this study, 

we found that either inhibition of Drp1 by P110-TAT treatment or 
silencing p53 by siRNA or shRNA has similar effects on mitochon-
drial morphology and function and on cell viability in both HD 
mouse striatal cells and in neurons derived from HD patient-iPS 
cells. Interestingly, the protective effect of P110-TAT was abolished 
when p53 was knocked down, further supporting our hypothesis 
that Drp1 and p53 form a complex and interdependently induce 
mitochondrial damage in HD.

In addition to rodent cell culture models of HD, we also com-
pared neurons derived from HD patient iPS cells to those from 
normal subjects. In agreement with previous studies (41, 44, 45), 
the HD patient neurons exhibited morphological abnormalities, 
thus providing a unique model to study HD neuropathology in 
the context of patient genotype. Treatment with peptide inhibi-
tor P110-TAT improved neuronal morphology as evidenced by 
increased neurite length of patient GABAergic striatal neurons. 

Figure 7
P110-TAT treatment reduced neurological defects and improved mitochondria function in HD R6/2 mice. (A) Mitochondria were isolated from 
brains of R6/2 mice after 8 weeks of TAT or P110-TAT treatment (3 mg/kg/day). Drp1 and p53 levels in the mitochondrial fraction were determined 
using Western blot analysis (loading control, VDAC). Data represent 3 mice. (B) Immunoprecipitates obtained from HD R6/2 mice brains using 
anti-Drp1 antibodies were analyzed by immunoblotting using anti-Drp1 and anti-p53. (C) Mitochondrial oxygen consumption of brain mito-
chondria from wild-type and R6/2 mice was analyzed after 8 weeks of TAT or P110-TAT treatment, and the RCR was calculated. *P < 0.05 vs. 
wild-type; #P < 0.01 vs. R6/2; n = 7/group). (D) P110-TAT treatment improved the mobility of R6/2 mice relative to TAT-treated R6/2 mice, to levels 
similar to wild-type mice treated with either peptide (R6/2 TAT, n = 9; R6/2 P110-TAT, n = 11; WT TAT, n = 12; WT P110-TAT, n = 12; *P < 0.05).  
(E and F) Rearing time (E) and frequency (F) were significantly lower in R6/2 mice treated with TAT, compared with R6/2 mice treated with 
P110-TAT and wild-type mice treated with either peptide (**P < 0.01). (G) Survival of R6/2 mice treated with TAT was significantly lower than for 
R6/2 mice treated with P110-TAT or wild-type mice (Mantel Cox log-rank test, χ2 = 17.27; 3 degrees of freedom; ***P = 0.0006; n = 12 per group). 
Data represent mean ± SEM.
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Many of the mitochondrial dysfunctions were also corrected in 
HD patient–derived neurons. These mitochondrial dysfunctions 
were associated with the Drp1/p53 interaction, which is also 
found in neurons derived from HD patient iPS cells, relative to 
neurons derived from control subjects. This p53/Drp1 association 
may provide further explanation of mitochondrial dysfunction-
associated mtHtt-induced neurodegeneration in HD.

The use of the R6/2 mouse model of HD allowed us to further 
determine the benefit of treatment with P110-TAT in vivo. We first 
confirmed that P110-TAT is well tolerated in normal mice; there 
was no change in body weight or gross pathological changes (see 
information in the figure legend of Supplemental Figure 6C), and 
there was no change in mitochondrial functions or behaviors in 
wild-type mice treated with P110-TAT for 8 weeks, as compared 
with control mice or mice treated with the control peptide car-
rier, TAT. We found that the motor activity (as measured by 
exploration of the home cage and spontaneous rearing activity) 
was greatly impaired in the HD mouse model relative to wild-type 
littermates. Importantly, sustained treatment of these HD mice 
with P110-TAT using an Alzet pump implanted subcutaneously, 
resulted in a significant improvement in these mice and reduced 
overall mortality during the treatment period. Moreover, P110-
TAT treatment reduced neuropathology in R6/2 mice as demon-
strated by an increase in the density of medium spiny neurons and 
a reduction of Htt aggregate formation. Thus, our finding in R6/2 
mice provides the first evidence of preclinical usefulness of P110-
TAT for treatment of HD. R6/2 HD mice expressing a fragment of 
mHtt exhibit early-onset and rapidly progressing behavioral and 
neuropathological phenotypes associated with early death. This 
model is a suitable first screening model of drug candidates for 
HD and has already been used to make significant contributions 
in identifying promising preclinical leads in HD (80–82). However, 
this model does not replicate the development of chronic patholo-
gy seen in human HD (80–82). Further studies using mice express-
ing full-length mtHtt, such as YAC128 mice (83), may help address 
that aspect of the disease.

Together, our studies in HD cell cultures, including patient neu-
rons derived from HD-iPS cell lines, and in an in vivo mouse model 
of HD provide new insight into the mechanism of Drp1 hyperac-
tivation-induced mitochondrial impairment and neurodegenera-
tion in HD. It suggests that inhibiting Drp1 hyperactivation may 
be sufficient to inhibit mtHtt-induced pathologies. We propose 
that a Drp1 inhibitor, such as P110-TAT, may be useful in prevent-
ing or slowing the progression of HD in humans.

Methods
Antibodies and reagents. 3-NP and protease inhibitor cocktail were purchased 
from Sigma-Aldrich. PFTα was from Tocris Bioscience. Recombinant 
protein Drp1 was from Abnova, and p53 recombinant protein was from 
ProSpec. Antibodies for Tom20, p53, and HSP60 were from Santa Cruz Bio-
technology, Inc., Drp1 (DLP1) and OPA1 were from BD Biosciences. Anti-
body for Fis1 was from Proteintech, VDAC from MitoScience, full-length 
Htt (MAB2166) and anti-PolyQ (MAB1574) from Millipore, pan-actin from 
Sigma-Aldrich, and Mfn1 from Abcam. Anti-mouse IgG and anti-rabbit 
IgG, peroxidase-linked, species-specific antibodies were from Thermo- 
Scientific and Abcam (only recognize light chain for immunoprecipitation 
in Figure 3B, Figure 5C, and Figure 7B). The Drp1/Fis1 peptides were 
synthesized in the lab of Daria Mochly-Rosen at Stanford University and 
conjugated to TAT-carrier peptide (amino acids 47–57) for transmembrane 
delivery. Note that TAT47–57–based delivery was used in culture and in vivo 

and was found to be safe and efficacious in delivery peptide cargoes to all 
cells and also across the blood-brain barrier (84–86).

Constructs and transfection. Full-length Drp1 and p53 plasmids were 
obtained from Addgene. Httex1Q23 and Q73 constructs were obtained 
from the CHDI Foundation. Cells were transfected with Lipofectamine 
2000 (Invitrogen) following the manufacturer’s protocol.

Cell culture. Immortalized striatal cell lines HdhQ111 mutant and 
HdhQ7 wild-type that were derived from striatal cells from HdhQ111/111 
and HdhQ7/Q7 knock-in transgenic mice (expressing 111 and 7 glutamine 
repeats, respectively) were obtained from the CHDI Foundation. Cells were 
cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin,  
100 μg/ml streptomycin, and 400 μg/ml G418. Cells were grown at 33°C in 
a 5% CO2 incubator. Cells with fewer than 14 passages than 14 were used in 
all experiments. TAT or P110-TAT peptides were added once daily for the 
duration of the experiment at 1 μM final concentration.

HD patient fibroblasts (HD1: GM04693 from a 33-year-old male 
patient; HD2: GM05539 from a 10-year-old male patient; purchased from 
Coriell Institute, USA) and normal fibroblasts (Con 1, fibroblasts from 
adult, HDFa; Con 2, fibroblasts from juvenile, HDFn; purchased from 
Invitrogen) were maintained in MEM supplemented with 15% (vol/vol) 
heat-inactivated fetal calf serum and 1% (vol/vol) penicillin/streptomycin. 
All of the above cells were maintained at 37°C in 5% CO2-95% air. TAT or 
P110-TAT peptides were added once daily for the duration of the experi-
ment at 1 μM final concentration.

RNA interference. For silencing p53 in HD striatal cells, mouse p53 siRNA 
(psiRNA-mp53, GFP conjugated) and control psiRNA plasmid were pur-
chased from InvivoGen. HdhQ7 and HdhQ111 cells were transfected either 
with psiRNA-mp53 or control psiRNA using TransIT-2020 Transfection 
Reagent (Mirus Bio LLC), according to the manufacturer’s instructions.

In neurons derived from HD patient iPS cells, we used lentiviral 
transduction to downregulate p53. Briefly, 1 day prior to transfection, 
confluent 10-cm plates of 293T cells were seeded at 2 × 106 cells/plate. 
The expression plasmid pLVUHshp53 (p53 shRNA, EGFP tagged) and 
psPAX2 (packaging vector) and pMD2.G (enveloping vector) were obtained 
from Addgene. For each 10-cm dish, 6 μg expression vector, 6 μg psPAX2, 
and 0.75 μg pMD2.G (8:8:1) were transfected using TransIT-2020 Trans-
fection Reagent (Mirus Bio, LLC). A day after transfection, the medium 
was replaced with fresh neuronal culture media. Culture media was sub-
sequently collected 48 and 72 hours after transfection. Virus-containing 
medium was filtered through 0.45-μm pore filters, and 4 μg/ml polybrene 
was then added. Transduction of neurons was conducted by incubating 
the cells with the virus-containing media overnight at 37°C, in 5% CO2. 
Cultured neurons were then washed, fresh neuronal medium was added 
and neurons were cultured for an additional 5 days.

Isolation of mitochondrial-enriched fraction and lysate preparation. Cells were 
washed with cold PBS and incubated on ice in lysis buffer (250 mM sucrose, 
20 mM HEPES-NaOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 
protease inhibitor cocktail, phosphatase inhibitor cocktail) for 30 minutes 
on ice. Cells were scraped and then disrupted 10 times by repeated aspi-
ration through a 25-gauge needle, followed by a 30-gauge needle. Mice 
brains were minced and homogenized in isolation buffer (300 mM sucrose,  
10 mM HEPES, 2 mM EGTA, pH 7.2, at 4°C) containing 0.1 mg/ml of  
type I protease (bovine pancreas) to release mitochondria and later washed 
in the same buffer in the presence of 1 mg/ml bovine serum albumin. The 
homogenates were spun at 800 g for 10 minutes at 4°C, and the resulting 
supernatants were spun at 10,000 g for 20 minutes at 4°C. The pellets were 
washed with lysis buffer and spun at 10,000 g again for 20 minutes at 4°C. 
The final pellets were suspended in lysis buffer containing 1% Triton X-100 
and were mitochondrial-rich lysate fractions. The mitochondrial membrane 
protein VDAC or HSP60 was used as a marker and loading control.
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MTT-based kit (Sigma-Aldrich), according to the manufacturer’s instruc-
tions. Neurons derived from iPS cells were subjected to withdrawal of the 
growth factor BDNF for 48 hours. Cell death was determined by measuring 
LDH release to the culture medium, as described previously (87).

Generation of iPS cell lines. HD iPS cell lines were generated in the Case 
Western Reserve University (CWRU) Pluripotent Stem Cell Facility. In 
brief, fibroblasts were plated at 1 × 104 cells/cm2 and infected with VSV-g 
pseudotyped hSTEMCCA lentivirus containing a polycistronic coding 
sequence for the human genes OCT3/4, SOX2, KLF4, and MYC (50). 
Cells were transitioned to human pluripotent stem cell media consist-
ing of DMEM-F12 supplemented with 20% knockout serum replacement 
(KSR), 20 ng/ml FGF2, 2 mM Glutamax, 1× non-essential amino acids, 
and 0.1 mM 2-mercaptoethanol. Nascent iPS cell colonies were individu-
ally picked and expanded around day 30. Established lines were passaged 
as small clusters every 4–5 days with enzymes (1 mg/ml collagenase type 
IV and 1 mg/ml dispase). Irradiated mouse embryonic fibroblasts (MEFs) 
served as a feeder layer for iPS cell derivation and subsequent expansion. 
iPS cell lines were plated on Matrigel-coated (BD Bioscience) 6-well plates 
in feeder-free medium (Applied Stem Cells Inc.). For characterization of 
validated iPS cells, alkaline phosphatase staining was carried out using 
the stem cell characterization kit (Millipore). Immunostaining was per-
formed to immunolabel nuclear, cytoplasmic, and surface markers of stem 
cells, including Oct3/4 (1:500; Santa Cruz Biotechnology), SOX2 (1:200; 
Abgent), SSEA4 (1:50), TRA1–60 (1:50), and TRA1–81 (1:50) (Millipore). 
DNA fingerprinting and karyotyping were performed by Cell Line Genet-
ics. The HD-derived iPS cells expressed antigens of embryonic stem cells 
including OCT3/4, SOX2, SSEA-4, TRA1–60, and TRA1–81 and were posi-
tive in alkaline phosphatase (AP) staining (Supplemental Figure 4).

Neuronal differentiation. We followed the differentiation protocols as 
shown in (41, 45, 51) with some modifications. Briefly, iPS cells were dis-
sociated with Accutase (Invitrogen), plated onto 6-well plates precoated 
with 2.5% Matrigel and allowed to reach 90% confluence in feeder-free 
medium. For the first 10 days, cells were treated with SB431542 (10 μM; 
Tocris Bioscience) and Noggin (100 ng/ml) in neural medium (NM) with 
FGF2 (20 ng/μl) and EGF (20 ng/μl). NM contained neurobasal and 
DMEM (1:1), B-27 supplement minus vitamin A (×50; Invitrogen), N2 
supplement (×100; Invitrogen), GlutaMax (×100; Invitrogen), 100 U/ml 
penicillin, and 100 μg/ml streptomycin (Fisher Scientific). For the next  
10 days, cells were treated with human recombinant Sonic hedgehog (SHH, 
200 ng/ml), DKK1 (100 ng/ml), BDNF (20 ng/ml), and 10 μM Y27632 
(Sigma-Aldrich) in neuronal differentiation medium. Neuronal differen-
tiation medium contained Neurobasal and DMEM (1:3), B27, N2, Gluta-
Max, and PS. Cells were then switched to treatment with BDNF (20 ng/ml), 
ascorbic acid (200 μM, Sigma-Aldrich), cAMP (0.5 mM; Sigma-Aldrich), 
and Y27632 (10 μM) in neuronal differentiation medium for the following 
5 days. The medium was changed every other day. All growth factors were 
purchased from PeproTech. After 20-day differentiation, cells were treated 
with P110-TAT (1 μM/day for 5 days). GABAergic neuron was confirmed 
by staining with anti-GAD67 antibody (a GABAergic neuronal marker). 
Medium spiny neuron (MSN) identity was confirmed by co-staining with 
anti-Tuj-1 antibody (a neuronal marker, red) and anti-DARPP-32 antibody 
(a marker of MSN, green).

Consistent with previous reports on differentiation to other neuronal 
lineages (44, 87), we observed the variability in the numbers of GABA-
ergic striatal neurons between batches of differentiation. Then, we stained 
cells with both markers of mitochondria (anti-TOM20) and markers for  
GABAergic striatal neurons (GAD67 or DARPP-32) to ensure the observa-
tion of mitochondria in these neurons.

For spontaneous embryoid body (EB) differentiation, iPS cells were seeded  
into ultra low attachment hydrogel (Corning) plates containing DMEM: 

Immunoprecipitation. Cells were lysed in total cell lysate buffer (50 mM 
Tris-HCl, pH 7.5, containing 150 mM NaCl, 1% Triton X-100, and protease 
inhibitor). Soluble protein was incubated with the indicated antibody over-
night at 4°C and protein A/G beads for 1 hour. Immunoprecipitates were 
washed 3 times with cell lysate buffer and were analyzed by SDS-PAGE and 
immunoblotting with antibodies.

Immunocytochemistry. Cells cultured on coverslips were washed with cold 
PBS, fixed in 4% formaldehyde, and permeabilized with 0.1% Triton X-100. 
After incubation with 2% normal goat serum (to block nonspecific stain-
ing), fixed cells were incubated overnight at 4°C with indicated antibod-
ies. Cells were washed with PBS and incubated for 60 minutes with FITC- 
conjugated or rhodamine-conjugated secondary antibody, followed by 
incubation with Hoechst dye (1:10,000; Invitrogen) for 10 minutes. Cov-
erslips were mounted, and slides were imaged by confocal microscopy 
(Fluoview FV100; Olympus). To determine mitochondrial superoxide pro-
duction in cultures, cells were incubated with 5 μM MitoSOX red mito-
chondrial superoxide indicator (Invitrogen) for 10 minutes at 37°C. To 
measure the membrane potential of mitochondria in cultures, cells were 
incubated with 0.25 μM tetra-methyl rhodamine (TMRM) (Invitrogen) 
for 20 minutes at 37°C. Neurons were transduced by lentiviral particles 
containing p53 shRNA or control vector (both EGFP-tagged) for 5 days in 
the presence or absence of P110-TAT (1 μM/day for 5 days), then cells were 
stained with fluorescence probes of TMRM to indicate MMP  or with mito-
SOX to indicate mitoROS . Fluorescence density was quantitated in EGFP 
positive cells. The images were visualized by microscope and quantification 
was carried out using NIH ImageJ software.

Determination of total ATP level. The cellular ATP concentration was 
measured using an ATP Colorimetric/Fluorometric Assay Kit (Bio-
Vision). Cells were lysed in 50 μl of ATP assay buffer, and total ATP level 
was determined at 570 nm using a microplate reader, according to the 
manufacturer’s instructions.

Measurement of cell viability. Striatal cell lines from HD knock-in mice were 
treated with the Drp1 peptide inhibitor P110-TAT or a control peptide, 
TAT (at 1 μM each) in FBS-free DMEM medium or in 10% serum for  
24 hours. Cell viability was measured using an in vitro toxicology assay, 

Figure 8
P110-TAT reduces neuropathology in HD R6/2 mice. (A and C) Coro-
nal sections of mouse brains were stained with anti-DARPP-32 Abs 
(A) or anti-EM48 Abs (C). Photomicrographs of DARPP-32 or EM-48 
immunostaining were obtained of the dorsolateral striatum of TAT-
treated or P110-TAT-treated mice. Bottom panels show magnifica-
tion of boxed areas. (B) Quantification of DARPP-32 immunodensity 
(see Methods) by an observer blinded to the experimental conditions.  
(D) Quantification of the number (left) and average size (right) of Htt 
aggregates recognized by anti-EM48 by an observer blinded to the 
experimental conditions. Data represent 3 mice. (E) Transmission elec-
tron microscopy images of striatum samples from 13-week-old wild-
type and R6/2 mice. Arrows indicate mitochondria with a loss of cristae. 
Original magnification, ×6,000. Top and middle panels show different 
section orientations; bottom panels show magnification of boxed areas. 
Representative images are shown. (F) Quantification of ratio between 
cristae surface area and mitochondrial surface area. At least 40 mito-
chondria were analyzed in each group by an observer blinded to the 
experimental conditions. (G) Drp1 and p53 interact in the cytoplasm 
and translocate together to the mitochondria in a Drp1-dependent man-
ner in the presence of mtHtt. P110-TAT, a selective peptide inhibitor of 
Drp1, blocked Drp1 association with the mitochondria, which in turn 
inhibited Drp1/p53 accumulation on the mitochondria and suppressed 
the subsequent p53-induced mitochondrial and neuronal damage 
incurred under conditions relevant to HD. *P < 0.05 vs. wild-type mice 
treated with TAT; #P < 0.05 vs. R6/2 mice treated with TAT.
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localization of DARPP-32 (1:500; Epitomics) or Htt protein (1:200; clone 
EM48; Millipore) using the IHC Select HRP/DAB kit (Millipore).

For quantification of DARPP-32 immunostaining, striatal sections  
(2 sections per mouse in each hemisphere; therefore, 4 sections per mouse) 
were viewed and digitized using a Nikon microscope (magnification, ×20). 
Within the striatum, images of the 0.58 × 0.44 mm2 sample field (3 images/
field for a total of 12 images per mouse) were collected from rostral to 
mid-striatal levels and dorsal striatum for all animals, since HD pathol-
ogy progresses from dorsal to ventral, anterior to posterior, and medial to 
lateral within this brain area (88). The immunodensity was quantitated 
using NIH ImageJ software with plug-ins of color deconvolution, with the 
method described in ref. 89.

To quantify Htt aggregates, we followed the method as described in (90) 
with some modification. Briefly, color digital images of Htt aggregates 
were obtained with a ×40 objective lens from the dorsal lateral striatum 
and converted to grayscale images using the ImageJ software. The thresh-
old of the grayscale images were then adjusted until staining of soluble 
Htt disappeared. The same parameters were used to take and adjust all 
images. We used the particle analysis function of ImageJ to measure the 
number and size of Htt aggregates larger than 0.1 μm2. Five images from 
each mouse were analyzed.

The same image exposure times and threshold settings were used for 
sections from all treatment groups. Quantification was conducted by an 
observer blinded to the study conditions.

Electron microscopy. Thin sections of respective brain tissue were fixed in 
2.5% glutaraldehyde in 0.1 mol/l cacodylate buffer, pH 7.4. The fixed mate-
rial was sectioned at the Stanford Electron Microscopy Facility. Sections 
of 75 to 80 nm were taken, picked up on Formvar/carbon-coated 75 mesh 
Ni grids and stained for 20 seconds in 1:1 saturated Uranyl acetate (~7.7%) 
in acetone followed by staining in 0.2% lead citrate for 3 to 4 minutes for 
contrast. Mitochondrial samples were observed in a JEOL 1230 transmis-
sion electron microscope at 80 kV and photos were taken using a Gatan 
Multiscan 791 digital camera.

Western blot analysis. Protein concentrations were determined by Bradford 
assay. Then, protein was resuspended in Laemmli buffer, loaded on SDS-
PAGE and transferred onto nitrocellulose membranes. Membranes were 
probed with the indicated antibody, followed by visualization with ECL.

Statistics. Data are expressed as means ± SEM. Statistical analysis was 
assessed by unpaired Student’s t test and 1-way or 2-way ANOVA. When-
ever significant F values were obtained, Tukey adjustment was used for 
multiple comparison purposes. The standard Mantel Cox log-rank test was 
used to assess survival. Significance of changes in neurological symptoms 
was analyzed with the Fisher’s exact test. Statistical significance was con-
sidered achieved when the P value was less than 0.05.

Study approval. All experiments in animals were in accordance with protocols 
approved by the Institutional Animal Care and Use Committee of Stanford 
University and were performed based on the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. Sufficient actions were 
considered for reducing pain or discomfort of subjects during the experiments.
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F12 supplemented with 20% FBS, 2 mM L-glutamine, 0.1 mM non-essential 
amino acids, and 0.1 mM 2-mercaptoethanol differentiation medium. After 
8 days of growth in the suspension, the EBs were transferred to gelatin-coated  
dishes containing the same medium to allow the cells to expand. Seven days 
later, the cells were fixed and stained with α-SMA (1:500; Santa Cruz Bio-
technology), GATA-4 (1:200; Millipore), and TUJ1 (1:500; Covance).

For immunostaining, neurons were passed onto 12-mm poly-L-ornithine/ 
laminin-coated coverslips (Fisher) and grown in 24-well plates. Cells were 
fixed with 4% formaldehyde in PBS for 20 minutes at room temperature. 
The coverslips were washed twice in PBS and incubated in 0.1% Triton 
solution followed by blocking solution (0.05% Triton, 2% normal goat 
serum). The samples were incubated with the indicated primary antibod-
ies overnight at 4°C and then washed 3 times in PBS at room temperature 
before incubation with secondary antibodies (Alexa Fluor 488–conjugated 
anti-mouse/rabbit IgG [1:500] and/or Alexa Fluor 586–conjugated anti-
mouse/rabbit IgG [1:500]) for 1 hour at room temperature in blocking 
solution. The samples were then washed 5 times with PBS and incubated 
for 10 minutes with Hoechst 33258 (1:10,000; Invitrogen). The coverslips 
were mounted with AquaMount on glass microscope slides and imaged by 
microscopy. The following primary antibodies were used: Tom20 (1:500; 
Santa Cruz Biotechnology), Tuj1 (1:500; Covance), MAP2 (1:200; Cell Sig-
naling), GAD67 (1:200; Millipore), Calbindin (1:100; R&D Systems) and 
DARPP-32 (1:100; Epitomics). The imaging was observed using an Olym-
pus Fluoview FV100 microscope.

Animal model of HD. Male R6/2 mice and their wild-type littermates were 
purchased from the Jackson Laboratory [B6CBA-TgN (HD exon 1)62; JAX 
stock number: 006494]. These mice are transgenic for the 5′ end of the human 
HD gene carrying 100–150 glutamine (CAG) repeats. R6/2 mice used in this 
study had an average of 131 ± 2.3 (mean ± SD) CAG repeats. Mice were main-
tained with a 12-hour light/12-hour dark cycle (on at 6:00 am, off at 6:00 pm).

Measurement of mitochondrial oxygen consumption in R6/2 HD mice. Mito-
chondrial O2 consumption was monitored in 125 mM sucrose, 65 mM 
KCl, 10 mM HEPES, 2 mM KH2PO4, 100 mMEGTA, and 2 mM MgCl2 in 
the presence of 0.01% BSA at pH 7.2 containing 0.1 mg mitochondrial pro-
tein/ml using a computer-interfaced Clark-type electrode (OROBOROS  
Oxygraph-2k) operating with continuous stirring at 37°C. Succinate, 
malate, and glutamate (2 mM of each) were used as substrates, and ADP  
(1 mM) was added to induce state 3 respiratory rate. A subsequent addition 
of oligomycin (1 μg/ml) was used to determine the state 4 respiratory rate. 
RCR was calculated by dividing state 3 by state 4 oxygen consumption rates, 
which demonstrates the tightness of the coupling between mitochondrial 
respiration and phosphorylation.

Peptide treatment and behavior tests in R6/2 HD mice. Hemizygous R6/2 mice 
(Tg) and their wild-type littermates were implanted with a 28-day osmotic 
pump (Alzet) containing TAT control peptide or P110-TAT peptide, which 
delivered peptides to the mice at a rate of 3 mg/kg/day. The first pump was 
implanted subcutaneously in the backs of 5-week-old mice between the 
shoulders and replaced once, after 4 weeks. At the end of the treatment, 
the 13-week-old mice were tested to assess motor function. The mice were 
placed in a clean cage with clean bedding for 5 minutes and were recorded  
using a Sony HandyCam full HD camcorder (model HDR-CX220/R). 
Distance traveled and behaviors including grooming, rearing, digging, 
and seizures were analyzed. The overall survival during the study period 
was recorded and the remaining mice were sacrificed at 13 weeks of age 
for sample harvest. All behavior and survival tests and analyses were con-
ducted by an experimenter who was blind to genotypes and drug groups.

Immunohistochemistry in HD R6/2 mice. Mice were deeply anesthetized and 
transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buf-
fer (PB; pH 7.4) at 13 weeks of age. Brains were processed for paraffin embed-
ment. Brain sections (7 μm, coronal) were used for immunohistochemical 
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