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An expanded polyglutamine (polyQ) domain in the N-terminal region of huntingtin (htt) causes misfolding
and accumulation of htt in neuronal cells and the subsequent neurodegeneration of Huntington’s disease
(HD). Clearing the misfolded htt is critical for preventing neuropathology, and this process is mediated
primarily by both the ubiquitin–proteasome system (UPS) and autophagy. Although overexpression of
mutant htt can inhibit UPS activity in cultured cells, mutant htt does not inhibit global UPS activity in the
brains of HD transgenic mice. These findings underscore the importance of investigating the function of
the UPS and autophagy in the brain when mutant proteins are not overexpressed. When cultured PC12
cells were treated with either UPS or autophagy inhibitors, more N-terminal mutant htt fragments accumu-
lated via inhibition of the UPS. Furthermore, in HD CAG repeat knock-in mouse brain, inhibiting the UPS
also resulted in a greater accumulation of N-terminal, but not full-length, mutant htt than inhibiting autophagy
did. Our findings suggest that impairment of the UPS may be more important for the accumulation of
N-terminal mutant htt and might therefore make an attractive therapeutic target.

INTRODUCTION

Mounting evidence shows that N-terminal huntingtin (htt)
fragments, which carry an expanded polyglutamine (polyQ)
domain (.37 glutamines), are pathogenic and cause severe
neurologic phenotypes in transgenic mice (1,2). Thus, the
accumulation of degraded N-terminal mutant htt fragments
in the human brain is probably the initial step toward the
late-onset neurodegeneration in Huntington’s disease (HD).
Lending support to this idea, a number of proteolysis cleavage
sites have been identified in the N-terminal region of htt
(1,3,4), which generate small N-terminal htt fragments that
can form aggregates or inclusions in the brain in an age-
dependent manner. Although the role of aggregates remains
controversial, their formation in the brain is correlated with

the age-dependent progress of neurological symptoms (5–8).
This correlation underscores the fact that clearance of toxic
N-terminal htt fragments is critical for reducing or preventing
HD pathology.

Misfolded proteins are primarily cleared in cells by two
systems: the ubiquitin–proteasome system (UPS) and autop-
hagy (9–11). The UPS predominantly degrades short-lived
nuclear and cytosolic proteins by tagging these substrates with
polyubiquitin chains; however, the narrow pore of the protea-
some precludes entry of large aggregated proteins and orga-
nelles. Macroautophagy, generally referred to as autophagy, is
a cellular degradative pathway for long-lived cytoplasmic pro-
teins, protein complexes or damaged organelles. Degradation
via autophagy involves a variety of proteins, including
microtubule-associated protein 1 light chain-3, which has

†X.L. and C.E.W. contributed equally to this work.

∗To whom correspondence should be addressed at: Department of Human Genetics, Emory University School of Medicine, Atlanta, GA 30322, USA.
Email: sli@emory.edu (S.L.) and Division of Histology and Embryology, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, People’s Republic of China. Email: heli@mails.tjmu.edu.cn (H.L.)

# The Author 2010. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

Human Molecular Genetics, 2010, Vol. 19, No. 12 2445–2455
doi:10.1093/hmg/ddq127
Advance Access published on March 30, 2010



two isoforms, microtubule-associated protein 1 light chain-3
(LC3)-I and LC3-II. During autophagy activation, LC3-I is
processed to produce phosphatidylethanolamine-modified
LC3-II, which specially associates with the autophagosome
membrane (12). A growing body of evidence indicates that
autophagy can clear mutant htt and that activation of autophagy
can ameliorate pathology in animal models of HD (13,14).

Since both the UPS and autophagy are found to clear mutant
htt, comparing their capacities to remove misfolded proteins in
the brain is important. This comparison is particularly impor-
tant for understanding the roles of these two systems in clear-
ing polyQ disease-associated proteins, as these proteins often
accumulate in the nucleus that lacks autophagy. Also
because the overexpression of mutant proteins can cause cel-
lular stresses that may alter the function of cellular clearing
systems in cultured cells, whether the UPS and autophagy
function differently when mutant proteins are expressed at
the endogenous level needs to be investigated. Here, we
report that mutant htt does not significantly influence LC3 con-
version in the brains of HD mice that express N-terminal
mutant htt (171 amino acids with 82Q) or full-length mutant
htt, suggesting that other factors that impair the function of
autophagy should be considered for their roles in disease pro-
gression. We also found that inhibiting the UPS preferentially
increases soluble N-terminal mutant htt fragments in the
mouse brain, suggesting that improving UPS function would
be more effective in reducing N-terminal mutant htt and alle-
viating the related neuropathology.

RESULTS

The conversion of LC3 in HEK293 cells transfected
with htt

The conversion of LC3-I to LC3-II represents autophagy acti-
vation and has been used to study the relationship between
autophagy and htt toxicity in a variety of cellular models.
To investigate the effect of N-terminal htt fragments on LC3
conversion, we transiently transfected HEK293 cells with
0.75 or 1.0 mg pEGFP vector expressing GFP-exon 1 htt
with 20Q or 130Q and examined the expression level of
endogenous LC3. Mutant htt with the larger repeat (130Q)
migrated slowly in sodium dodecyl sulfate (SDS) gel and
also formed aggregates that stayed in the stacking gel
(Fig. 1A). There are ways of measuring autophagy activity
by detecting the ratio of LC3-II to LC3-I (15,16) or the ratio
of LC3-II to tubulin or actin (17). Because the sensitivity for
detecting LC3-II by most anti-LC3 antibodies is much
higher than that for LC3-I, and because LC3-II is reliably
associated with completed autophagosomes, the recommen-
dation is that the best measure is the ratio of the relative
levels of LC3-II, rather than LC3-I that is more sensitive to
degradation in SDS sample buffer (18,19). Thus, we assessed
the levels of LC3-II relative to tubulin by measuring the ratio
of LC3-II to tubulin. There was no significant difference in
this ratio between the cells that transfected with htt-20Q and
htt-130Q at a dose of 0.75 mg (Fig. 1A). When a larger
amount (1.0 mg) of plasmids was used for transfection, the
ratio of LC3-II to tubulin seems to be reduced compared
with htt-20Q, although the expression level of mutant htt is

slightly lower than with the smaller dose (0.75 mg) htt-130Q
(Fig. 1A). This result suggests that the expression of mutant
htt did not alter autophagy activity in HEK293 cells, but a
higher dose of plasmid DNA could inhibit the LC3 conversion.

We also performed western blots to reveal both the soluble
and aggregated forms of mutant htt in HEK293 cells after
treatments with drugs that alter the activity of the UPS or
autophagy. Soluble mutant htt-130Q was apparently increased
by MG132. Importantly, aggregated htt in the stacking gel was
also obviously increased by MG132 (Fig. 1B). Rapamycin, a
drug that activates autophagy (13), did not reduce either
soluble or aggregated htt compared with htt in cells without
drug treatment, although it increased the levels of LC3 when
compared with the controls without rapamycin. Brefeldin A
(BFA) inhibited the production of LC3. However, it also
inhibited the soluble mutant htt and aggregated htt, perhaps
because the dose we used in the experiment inhibited the
expression of transfected proteins. The same blots were
probed with antibodies to LC3 and g-tubulin to obtain the
ratios of LC3-II to tubulin. The ratios confirmed that rapamy-
cin can increase the LC3 levels, whereas BFA inhibited the
LC3 levels compared with control LC3 levels. MG132 could
also increase LC3 levels, perhaps because inhibiting the
UPS can up-regulate autophagy activity (20,21).

Mutant htt does not alter LC3 levels in the mouse brain

Earlier studies have shown that overexpression of mutant htt can
increase autophagosome-like vacuoles in different types of cul-
tured cells (22,23). Because overexpressed proteins can cause
endoplasmic reticulum stress, which can enhance autophagy
activity (24,25), cell-type-specific effects and the amounts of
overexpressed proteins may account for the different results
seen in our studies versus other findings. Thus, it is important
to examine whether autophagy activity is altered in the mouse
brain when mutant htt is not transiently overexpressed. In
N171-82Q mice that express the N-terminal htt (171 amino
acids) with 82Q (Fig. 2A) and show severe neurological symp-
toms at the age of 3–5 months, mutant htt is abundant in the
cortex and displays as the soluble and aggregated forms
(Fig. 2A, 26). We examined the LC3 levels (LC3-II/tubulin)
and the ratio of LC3-I to LC3-II in the brain cortex tissues
from multiple wild-type (WT, n ¼ 7) and N171-82Q mice
(TG, n ¼ 11) at the age of 3–4 months. We did not see any sig-
nificant difference in the conversion of LC3-I to LC3-II (LC3-I/
LC3-II ratio) or the relative levels of LC3-II (LC3-II/tubulin
ratio) between WT and TG mice (Fig. 2B and C).

A more important question is whether there is any altered
autophagy function in HD mice that express full-length
mutant htt at the endogenous level. Thus, we further examined
the LC3 levels in HD CAG150 knock-in (KI) mice that
express full-length mutant htt with 150Q under the control
of the endogenous mouse htt gene promoter and display
mild neurological phenotypes (27). We did not find any
noticeable changes in LC3 levels in the cerebellum between
2, 4 and 24 months or between WT and KI mice at 24
months (Fig. 3A). Similarly, in the striatum and cortex of
mice at the age of 3–4 months (data not shown) and 24
months, we could not find any significant difference in LC3
levels between WT and KI mice (Fig. 3B). Since these mice
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express an expanded polyQ domain in endogenous mouse htt,
which cannot be detected by our monoclonal anti-htt antibody
mEM48 (8), we used 1C2, which reacts with an expanded
polyQ domain, to confirm the expression of mutant htt in KI
mouse brain (middle panel in Fig. 3B). Quantitation of the
ratios of LC3-I/LC3-II and LC3-II/tubulin did not reveal any
significant difference in the conversion of LC3-I to LC3-II
between WT and KI mice (Fig. 3C).

UPS inhibition causes a greater accumulation of mutant
htt than autophagy inhibition does

Several groups found that there is no inhibition of the global
UPS activity in the HD and polyQ disease mouse brains
(28–31). As other factors, such as aging, may impair the
activities of the UPS and autophagy (30,32), we compared
the changes in mutant htt levels after cells were treated with
UPS and autophagy inhibitors. There were two important
issues we wanted to address. One is whether UPS and autop-

hagy inhibitions have different effects on the clearance of
normal and mutant htt fragments; the second is whether full-
length and N-terminal mutant htt fragments are differentially
affected by these inhibitors.

To address the first issue, we established stably transfected
PC12 cells that co-express GFP-exon1 htt-20Q and
RFP-exon1 htt-76Q. Tagging fluorescent proteins to htt
would allow us to examine the expression of normal and
mutant htt in living cells and to ensure that both normal and
mutant htt fragments are expressed in the same cells. For the
control, we also established PC12 cells that coexpress GFP-
exon1 htt-20Q and RFP-exon1 htt-20Q (Fig. 4A and B).
Because these cells express both normal and mutant htt
fragments, the changes in these two proteins after drug treat-
ments can rigorously be compared in the same cells under
the same conditions. Transfection of htt into PC12 cells and
selection of stably transfected cells did not cause significant
differences in LC3 levels between these cell lines (Supplemen-
tary Material, Fig. S1). Treating these cells with lactacystin

Figure 1. LC3 conversion in cultured HEK293 cells transfected with htt. (A) HEK293 cells were transfected with PRK-GFP-exon1 htt containing 20Q or 130Q
at 0.75 or 1.0 mg. Total cell lysates were collected after 24 h transfection for western blotting with antibodies to htt (mEM48), LC3 (NB100-2331) and tubulin.
Representative western blots are presented and the ratios of LC3-II to tubulin are shown below the blots. (B) HEK293 cells transfected with GFP-htt exon 1-20Q
or GFP-exon1 htt-130Q were treated with the UPS inhibitor MG132 (10 mM) or the autophagy inhibitor brefeldin A (BFA) (100 nM) for 15 h. The cell lysates of
the above drug-treated cells were analyzed by western blotting with anti-htt (mEM48) (upper panel). The same blot was then probed with anti-LC3 to reveal LC3
conversion by the above drugs (middle panel). The blot was also probed with anti-tubulin (bottom panel), and the ratios of LC3-II to tubulin are indicated under
the blot. Note that MG132 increased the level of soluble mutant htt (130Q) and aggregated htt. The autophagy activator rapamycin (Rap) did not alter the extent
of htt aggregation, although the treatment increases the ratio of LC3-II to tubulin. BFA appeared to reduce the expression of LC3 and mutant htt as well as its
aggregation.
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(5 mM) for 15 h revealed that lactacystin stimulated neurites
of htt-20Q cells (Fig. 4C), a phenomenon that has been
reported in normal PC12 cells (33). However, lactacystin
failed to elongate the neurites of cells (GFP-20Q/RFP-76Q
or htt-76Q-E12) expressing htt-76Q (Fig. 4C). Two other inde-
pendent cell lines expressing GFP-20Q/RFP-76Q (htt-76Q-A9

Figure 2. LC3 conversion is not altered in the brain of N171-82Q mice. (A)
Western blot analysis of the brain cortex of wild-type (WT) and N171-82Q
(TG) mice at the age of 3–4 months. The samples were probed with mEM48
to verify the expression of mutant htt in HD transgenic mice. Arrow indicates
soluble mutant htt and bracket indicates aggregated htt. Arrowhead indicates
nonspecific bands. (B) Western blot analysis of LC3-I and LC3-II levels in
the brain cortex of 7 wild-type (WT) and 11 N171-82Q (TG) mice at 3–4
months of age (upper panel). The blots were also probed with the antibody to
tubulin (middle panel). The same samples were also probed with the 1C2 anti-
body to reveal the expression of transgenic htt (low panel). (C) The ratios of
LC3-I to LC3-II and LC3-II to tubulin are shown. There is no statistical signifi-
cance (P . 0.19) between WT and TG mice.

Figure 3. LC3 conversion is not altered in the brain of HD knock-in mice.
(A–B) Representative western blots showing the expression of LC3 in the cer-
ebellum (A), cortex and striatum (B) of wild-type (WT) and HD CAG150
knock-in (KI) mice at the age of 2, 4 and 24 months. 1C2 was also used to
verify the expression of mutant htt (arrow) in KI mice (middle panel in B).
(C) The ratios of LC3-I to LC3-II and LC3-II to tubulin are shown. The
data were obtained from three to four mice per group. Cereb., cerebellum;
Str., striatum; Ctx, cortex.
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and htt-76Q-E10) also show defective neurite extension fol-
lowing the lactacystin treatment (Supplementary Material,
Fig. S2). These results support the previous findings that
mutant htt can cause a neurite outgrowth defect (34,35).
Cells treated with 3-methyladenine (3-MA, 5 mM) for 15 h
showed no obvious morphological changes or degeneration.
Thus, these drug treatments allowed us to examine the
changes in the expression levels of transfected htt that were
not due to cell degeneration.

Next, we compared the levels of normal and mutant htt via
western blotting after inhibiting either the UPS or autophagy
to assess the changes in htt levels relative to its levels before
drug treatment or to the loading control proteins. mEM48
western blots clearly show that UPS inhibition by lactacystin
dramatically increased the levels of htt fragments in the cells
expressing htt-76Q when compared with other drug treatments
(Fig. 5A). However, htt-20Q also appeared to be increased by
lactacystin. To quantify the changes in transfected htt, we

Figure 4. Coexpression of exon1 htt with a normal (20Q) or expanded (76Q) polyQ domain in stably transfected PC12 cells. (A) DNA structures of GFP- or
RFP-fused exon1 htt that contains either 20Q or 76Q. (B) Fluorescent microscopy showing the expression of both GFP- and RFP-htt corresponding to htt con-
structs in (A) in the same PC12 cells. (C) Cell morphology of stably transfected PC12 cells showing that cells expressing RFP-htt-76Q (E12 line) failed to
respond to lactacystin treatment to extend long neurites, compared with the control cells expressing GFP-htt-20Q.
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probed the blots separately with antibodies to GFP, which reacts
with GFP-htt-20Q, and 1C2 antibody, which specifically reacts
with mutant htt (RFP-htt-76Q). As shown in Figure 5B, the
htt-76Q level was much higher after lactacystin treatment
than after treatment with the autophagy inhibitors BFA or
3-MA. The blots were also probed with the antibody to
tubulin to normalize the loading protein amount in each lane.
The changes in transfected htt after drug treatments were
measured as the fold change of htt in control cells without
drug treatments. This quantification revealed that inhibiting
the UPS could increase the levels of htt-20Q and htt-76Q
with a slightly greater increase of htt-76Q (Fig. 5C), which is
consistent with an earlier finding that the UPS can cleave
expanded polyQ peptides completely and efficiently as for
normal polyQ peptides (36). Inhibiting autophagy by BFA
and 3-MA also increased the levels of htt fragments to some
extent. However, the UPS inhibitor lactacystin caused a
greater increase in htt fragments than BFA and 3-MA did.

UPS inhibition preferentially increased the accumulation
of N-terminal mutant htt fragments compared with
full-length mutant htt

Although mutant htt may not affect the UPS and autophagy in
the brain, the function of these two systems may decline with
age or is affected by other cellular factors. To compare the
effects of inhibiting the UPS or autophagy on the endogenous
levels of full-length and truncated fragments of mutant htt in
the mouse brain, we analyzed the expression of mutant htt
in another HD KI mouse model that expresses human exon1
htt with 140Q in endogenous mouse htt (7,37). We chose
4- and 12-month-old HD KI mice for examination, as HD
KI mice show more htt aggregation and obvious behavioral
phenotypes at 12 months of age than 4-month-old mice. The
expression of human exon1 htt sequences allows for the detec-
tion of both soluble and aggregated forms of transgenic htt via
the monoclonal antibody mEM48. Microinjection of MG132
and 3-MA into mouse brains is known to inhibit UPS and
autophagy function, respectively (38,39). Thus, we delivered
the UPS inhibitor MG132 and the autophagy inhibitor 3-MA
via stereotaxic injection into the striatum of HD KI mice.
After 24 h, we isolated the striatum and performed western
blotting with mEM48, which selectively reacts with
polyQ-expanded human htt but cannot detect normal mouse
htt (8). In the striatum of HD KI mice at 4 months of age,
we saw a drastic increase in multiple soluble htt fragments
after inhibiting the UPS by MG132, but not after inhibiting
autophagy by 3-MA. However, full-length mutant htt levels
were not different in the control (DMSO, dimethyl sulfoxide)-,
MG132- and 3-MA-injected striatum (Fig. 6A). In old HD
mice at the age of 12 months, mEM48 detected more aggre-
gated htt, which was evident in the stacking gel, than
soluble htt fragments (Fig. 6B), suggesting that the majority
of mEM48 immunoreactive products are the aggregated
form of htt in aged mouse brain or the oligomerized htt that
may be less sensitive to mEM48. To verify this, we re-probed
the same blot with 1C2 that reacts much stronger with soluble
and oligomerized mutant htt than with aggregated htt (8). The
majority of degraded htt products that reacted with 1C2

Figure 5. UPS inhibition leads to a greater increase of transfected htt than
autophagy inhibition does. (A) Western blot analysis of the levels of transfected
htt after various drug treatments for 15 h. Mutant htt (76Q) and normal htt (20Q)
are indicated. Note that lactacystin caused more transfected htt to accumulate
than other drugs. (B) The cell lysates of stably transfected cells were probed
by anti-GFP to reveal the level of normal htt (20Q) or probed by 1C2 to
reveal mutant htt (76Q). The same samples were also probed with antibody to
tubulin. (C) The changes in the levels of transfected htt in PC12 cells after
drug treatments. The control is cells treated with the drug vehicle DMSO. Den-
sitometry analysis of the htt levels was used to obtain the fold of control for htt
levels in cells that were treated with drugs, as indicated.
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appeared as smear on the blot, reflecting the oligomerization
of htt fragments (Fig. 6C). The levels of oligomerized htt,
except for small htt bands (double arrows in Fig. 6C), were
not significantly increased by MG132, suggesting that the oli-
gomerized htt fragments are less stable or can form aggregates
more quickly in the older mouse brain. In support of this possi-
bility, aggregated htt is significantly increased by MG132, but
not DMSO or 3-MA (Fig. 6B). Importantly, mEM48 and 1C2
western blots show that the full-length mutant htt did not sig-
nificantly increase in the striatum of old mice after the treat-
ment with MG132 or 3-MA (Fig. 6B and C). We also
performed immunohistochemical analysis of the injected
brain regions with the antibody to htt (mEM48). Because
nuclear inclusions are easily identified, we quantified the
density of nuclear inclusions and found that MG132 injection
significantly (P , 0.01) increased the relative numbers
(134.7+ 19.5) of nuclear inclusions per image field (by 20
times) when compared with those of DMSO (67.4+ 16.3)
or BFA (59.8+ 12.9) injection.

These results also show that MG132, but not 3-MA, was
able to increase the density of htt aggregates in the striatum
of HD KI mouse brains (Fig. 7). Although 3-MA injection
could reduce LC3 puncta in the injected site when compared

with the control, htt aggregates were not increased by the
3-MA injection (Supplementary Material, Fig. S3). Taken
together, impaired UPS activity can preferentially increase
the accumulation of toxic N-terminal htt fragments and aggre-
gated htt, but not full-length mutant htt.

DISCUSSION

Although both the UPS and autophagy clear mutant htt, it
remains unknown whether the activity of autophagy in the
brain can be affected by mutant htt. Here we did not find
that transgenic mutant htt can alter the conversion of LC3-I
to LC3-II, suggesting that the brain autophagy function may
not be particularly affected by the expression of mutant htt.
In addition, our findings suggest that the UPS is more impor-
tant than autophagy for removing toxic N-terminal mutant htt
fragments, which could have implications for the development
of a more effective treatment.

HD is one among a family of age-dependent neurological
disorders that includes eight other polyQ diseases (1), Alzhei-
mer’s disease, Parkinson’s disease and amyotrophic lateral
sclerosis. All these diseases share the phenomena of late-onset
accumulation of toxic proteins and selective neurodegenera-

Figure 6. The UPS inhibitor MG132 selectively increases the levels of degraded htt products in the striatum of HD CAG140 knock-in mice. One microliter of
vehicle DMSO, MG132 (100 mM) or 3-MA (100 mM) was microinjected into the striatum of wild-type (WT) or HD CAG140 knock-in (KI) mice at 4 or 12
months of age. After 24 h, the striatum was isolated for western blotting with mEM48 (A–B), which reacts with polyQ-expanded human htt and its aggregates
but is unable to detect normal mouse htt. The blot of 12-month mouse brain samples was also probed by 1C2 (C), which selectively reacts with expanded polyQ
and detected soluble (double arrows) and oligomerized, but not aggregated, mutant htt on the blot. Full-length mutant htt was also detected by the mouse anti-
body 2166 or 1C2 and is indicated by arrows. Endogenous mouse htt is indicated by arrowheads. Aggregated htt is indicated by the bracket. An increased amount
of degraded htt fragments was seen in the striatum of 4-month-old HD KI mice after MG132 injection (A). Note that in old HD KI mice at 12 months of age (B),
aggregated htt is predominantly seen and also increased by MG132. Two male mice of each group were examined.

Human Molecular Genetics, 2010, Vol. 19, No. 12 2451

http://hmg.oxfordjournals.org/cgi/content/full/ddq127/DC1


tion. Because these disease proteins are cleared largely by the
UPS and autophagy, considerable effort has been put forth to
investigate the relationship between the misfolded disease pro-
teins and the function of the UPS or autophagy. Early studies
using cellular models of polyQ diseases or in vitro systems
showed that expanded polyQ proteins can impair UPS func-
tion (40–42); however, in vivo studies of polyQ disease
mouse models revealed no global impairment of the UPS in
the mouse brains (28–31). Instead, an age-dependent decline
in UPS activity is found to correlate with the age-related
accumulation and aggregation of mutant htt in HD mouse
brains (30,32). Thus, overexpressed mutant protein in the
in vitro system may undermine the capacities of the UPS,
whereas transgenic mutant proteins in the brain are unlikely
to have a significant impact on the global UPS activity
because of their slow accumulation over time. These studies
underscore the importance of investigating the cellular autop-
hagy function when mutant proteins are not overexpressed. By
examining LC3 conversion, which results from autophagy
activation, we saw no obvious difference in LC3 conversion
in the brains of WT versus HD mice. Thus, as with the
UPS, autophagy may not be affected significantly by the
expression of mutant htt in the brain. This possibility also

stresses the need to compare the relative abilities of the UPS
and autophagy to clear misfolded proteins in the brain,
especially for mutant polyQ proteins, which often accumulate
in the nucleus, where autophagy is absent.

Autophagy inhibitors are known to increase the accumu-
lation of transfected htt in different types of cultured cells.
For example, inhibition of autophagy in COS-7 and PC12
cells by 3-MA can raise the level of mutant htt (43). By compar-
ing the effects of commonly used inhibitors of the UPS and
autophagy, we found that inhibiting UPS function leads to
more accumulation of mutant htt in transfected HEK293 cells
than autophagy inhibition does. Since the intracellular autop-
hagy degradative capacity varies with cell type, age, transform-
ation and/or disease (44), we must compare the consequences of
inhibiting the UPS versus autophagy in mouse brains expres-
sing mutant htt at the endogenous level. Our finding indicates
that inhibiting brain UPS also causes more mutant htt to
accumulate in the brain than inhibiting autophagy.

Although the drugs we used are well-established tools in
various systems to alter UPS and autophagy function, these
drugs may also have off-target effects or affect multiple path-
ways. For example, rapamycin is found to inhibit protein syn-
thesis to alleviate the accumulation of misfolded proteins (45).

Figure 7. Immunofluorescent staining of the striatal sections of the 12-month-old HD KI mouse brain. The striatum of HD KI mice was injected with DMSO, the
UPS inhibitor MG132, or the autophagy inhibitor 3-MA. After 24 h, the striatal sections were isolated and fixed for immunofluorescent staining with the antibody
to htt (mEM48) and Hoechst dye to label nucleus (blue). Note that mutant htt forms nuclear inclusions and neuropil aggregates that are small and outside the
nucleus. MG132, but not 3-MA, increased the density of htt aggregates seen in the low (A) and high (B) magnification images. Scale bars: 20 mm in (A) and
10 mm in (B). Two female mice each group were examined.
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However, many groups have provided strong evidence that
autophagy plays an important role in removing aggregate-
prone forms of mutant htt or other mutant proteins in the cyto-
plasm. There is compelling evidence that loss of autophagy
can increase the accumulation of misfolded proteins in the
cytoplasm and lead to neurodegeneration (46,47). Further,
we also know that the UPS and autophagy interact with
each other to regulate the cellular clearance function
(48,49). Thus, loss of one of these two systems would lead
to severe cellular dysfunction and alter the bulk degradation
of proteins or degenerated organelles. Since most
polyQ-expanded proteins, unlike other disease proteins, can
accumulate in the nucleus in which autophagy is absent, the
UPS and autophagy are likely to have different effects on
polyQ disease proteins. Also, because mutant htt does not
affect the global activity of the UPS (29–31) and LC3 conver-
sion in HD mouse brains, we need to distinguish which system
plays a more important role in removing soluble toxic htt frag-
ments that can initiate early neuropathological events. Inter-
estingly, our examination of HD mouse brains revealed that
inhibiting the UPS increased the aggregation of mutant htt
to a much greater extent than autophagy inhibition did. This
is perhaps because, unlike transfected proteins that are
largely expressed in the cytoplasm, transgenic htt in the
mouse brain can accumulate in the nucleus in which the
UPS is the major degradation pathway to remove misfolded
proteins. It is possible that aggregation of mutant htt is dyna-
mically mediated by soluble mutant htt, which is more effi-
ciently removed by the UPS whereas autophagy is more
important for clearing aggregate-prone forms of mutant htt
in the cytoplasm.

Our findings suggest that impaired UPS activity can prefer-
entially increase soluble N-terminal fragments of mutant htt.
This conclusion is supported by the fact that there is selective
accumulation of degraded htt fragments, but not full-length
htt, after the brain UPS is inhibited by MG132. Since truncated
N-terminal mutant htt fragments are prone to misfolding, the
UPS may target these misfolded proteins more efficiently for
degradation. Although mutant htt does not seem to affect the
function of the UPS and the conversion of LC3-I to LC3-II,
the age-dependent decline of UPS function in the brain
could contribute to the late-onset accumulation of proteolytic
mutant htt fragments and the formation of htt aggregates. It
remains to be investigated whether age-related alteration of
autophagy function also contributes to the accumulation of
mutant proteins or their aggregates in the brain. Since the
aggregation of disease proteins may confer protection
against their toxicity by reducing their interactions with
other cellular proteins or subcellular compartments, it would
be more important to prevent the accumulation of the
soluble form of disease proteins, such that early pathological
events can be inhibited.

MATERIALS AND METHODS

Mice

Hdh (CAG)150 (27) or 140 (7), KI mice and N171-82Q mice
(26) were bred and maintained in the animal facility at Emory
University in accordance with institutional guidelines.

Plasmids, antibodies and reagents

GFP-LC3 was provided by Dr. Zhenyu Yue at Rockefeller
University (50). PRK-exon1 htt with 20Q and 150Q
plasmid, PRK-RFP-exon1 htt with 20Q, 76Q or 150Q
plasmid, and pEGFP-exon1 htt-20Q or 130Q were produced
in our earlier studies (30,32). The rabbit polyclonal anti-LC3
antibodies (NB100-2331, NB600-1384, Novus Biologicals,
Littleton, CO, USA) and L7543 (Sigma-Aldrich, St. Louis,
MO, USA) were used at 1:1000 for western blotting. The
mouse anti-htt antibody (mEM48) was previously produced
in our laboratory (8,32). The mouse anti-htt 1C2 and 2166
antibodies were purchased from Millipore (Temecula, CA,
USA). The mouse anti-gamma-tubulin antibody was pur-
chased from Sigma-Aldrich and used at 1:50 000 dilution.
Secondary antibodies were peroxidase-conjugated donkey
anti-mouse or donkey anti-rabbit IgG (H + L) from Jackson
ImmunoResearch (West Grove, PA, USA). Drugs [MG132,
lactacystin, bafilomycin A1 (BFA), rapamycin and 3-methyl-
adenine (3-MA)] were obtained from Sigma-Aldrich.

PC12 cell lines stably transfected with htt

PC12 cells were stably transfected with EGFP-exon-1 htt-20Q
and RFP-exon1 htt-130Q constructs. Due to the instability of
the CAG repeat, the cloned PC12 cells expressed mutant htt
with a reduced number (76 CAGs or RFP-exon1 htt-76Q) of
the repeat. The control cells expressed EGFP-exon-1 htt-20Q
and RFP-exon1 htt-20Q constructs. Positive cells were
selected under fluorescent microscopy to ensure that the
cells expressed both GFP and RFP signals. Western blotting
was performed to verify the expression of transfected htt in
the selected cell lines. Of three cell lines (htt-76Q-A9,
htt-76Q-E12 and htt-76Q-E10) that express mutant htt at
similar levels, htt-76Q-E12 cells were focused for further
analysis. The positive PC12 cell lines were maintained in
DMEM/F12 medium with 10% fetal bovine serum and 5%
horse serum, 100 U/ml penicillin and 100 mg/ml streptomycin
sulfate at 378C in an atmosphere of 5% CO2 and 95% humid-
ity. All the drug treatments were performed in 6-well plates
with a density of 1 × 106 cells/well.

Cell culture, transfection and drug treatment

Human embryonic kidney (HEK) 293 cells were maintained in
DMEM/F12 (Invitrogen, Carlsbad, CA, USA) medium with
10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml
streptomycin sulfate at 378C in an atmosphere of 5% CO2 and
95% humidity. Cells seeded at an 80% confluent onto 6-well
plates were transiently transfected with htt or GFP-LC3 plas-
mids using lipofectamine reagent (Invitrogen). After 48 h
of culture, cells were treated with 200 ng/ml of rapamycin,
5–10 mM MG132, 2–5 mM lactacystin, 50–100 nM BFA or
1–10 mM 3-MA in the fresh medium for 15 h before fluor-
escence microscopy and western blot analyses.

Western blotting and immunofluorescent microcopy

Cultured cells were rinsed with phosphate-buffered saline
(PBS) three times at room temperature and 250 ml 1× SDS
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loading buffer were added immediately to the cell pellet, soni-
cated for 5–8 s, and heated at 1008C for 5 min before western
blot analysis. The striatum, cortex and cerebellum of WT and
HD mice were dissected and immediately homogenized in the
homogenization buffer (50 mM Tris, pH 8.8,100 mM NaCl,
5 mM MgCl2, 1 mM ethylene-diamine-tetraacetic acid, pH 8,
0.5% NP40, 2 mM Na3VO4, 5 mM NaF) with 1 × protease
inhibitor cocktails, Pierce 78430 (Rockford, IL, USA) and
0.1 mM phenylmethanesulfonyl fluoride (Sigma-Aldrich).
Samples were diluted to 5 mg/ml of protein concentrations.
Protein samples were boiled for 5 min in 1× gel-loading
buffer containing 2% SDS for western blot analysis. The
samples (75–100 mg of protein) were separated on a 4–12%
(for htt and other proteins) or 18% (for LC3) Tris–glycine
SDS–polyacrylamide gel (Invitrogen). Proteins were trans-
ferred to a nitrocellulose membrane (Amersham, Piscataway,
NJ, USA). The nitrocellulose membranes were blocked with
5% non-fat dry milk/phosphate buffered saline with 0.1%
Tween-20 (PBST) for 30 min, and the blots were rinsed with
1× PBST and incubated with primary antibodies 24–72 h at
48C. Secondary HRP-conjugated anti-rabbit or -mouse IgGs
were incubated with the blot in 5% milk/PBS for 1 h at
room temperature. ECL-plus was then used to reveal immuno-
reactive bands on the blots. To verify protein loading amounts,
blots were also re-probed with mouse anti-gamma-tubulin
antibody.

For immunofluorescent microscopy, Htt-transfected
HEK293 cells were fixed for 7 min with 4% paraformalde-
hyde/PBS and then subjected to immunofluorescent
microscopy examination. Immunofluorescent staining of
mouse brain sections was performed using the method
described previously (8). After mice were anesthetized,
brains were removed and sectioned at 20 mm using a freezing
microtome. Free-floating sections were fixed in 4% parafor-
maldehyde in 0.1 M phosphate buffer for 10 min and pre-
blocked in 4% normal goat serum in PBS, 0.1% Triton-X,
then incubated with mEM48 antibody for immunohistochem-
ical analysis. Light micrographs were taken using a micro-
scope (Axiovert 200 MOT; Carl Zeiss, Inc.) equipped with a
digital camera (Orca-100; Hamamatsu) and the image acqui-
sition software OpenLAB (Improvision).

Stereotaxic injection of the UPS or autophagy inhibitors
into mouse brain

We anesthetized mice with intraperitoneal injections of 2.5%
Avertin (0.012 ml/g body weight) and performed lateral
stereotaxic injections of the UPS inhibitor MG132 and the
autophagy inhibitor 3-MA into the striatum. Using a 5 ml
Hamilton syringe, we injected 1.0 ml of DMSO, MG132 at
100 mM in DMSO or 3-MA dissolved at 100 mM in saline
into the striatum at the following coordinates: 0.8 mm rostral
to bregma, 2.0 mm lateral to the midline and 3.5 mm ventral
to the dural surface. The injection rate was 0.5 ml/2 min, and
the needle was left in place for an additional 5 min before
being removed. After 24 h, the injected animals were sacri-
ficed, and the striatum was isolated for western blotting analy-
sis. We used the same gender of mice for each experiment and
at least two mice of each group were examined.

Statistical analysis

All data were expressed as mean+SEM. Statistical results
were analyzed by GraphPad Prism (Version 5) software,
and statistical significance (P , 0.05) was assessed using
Student’s t-test or one-way analysis of variance, followed
when appropriate by a post-hoc analysis using Dunnett’s test.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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