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N-terminal proteolysis of huntingtin is thought to be an
importantmediator ofHDpathogenesis. The formation of short
N-terminal fragments of huntingtin (cp-1/cp-2, cp-A/cp-B) has
been demonstrated in cells and in vivo. We previously mapped
the cp-2 cleavage site bymass spectrometry to positionArg167 of
huntingtin. The proteolytic enzymes generating short N-termi-
nal fragments of huntingtin remain unknown. To search for
such proteases, we conducted a genome-wide screen using an
RNA-silencing approach and an assay for huntingtin proteolysis
based on the detection of cp-1 and cp-2 fragments by Western
blotting. The primary screen was carried out in HEK293 cells,
and the secondary screen was carried out in neuronal HT22
cells, transfected in both cases with a construct encoding the
N-terminal 511 amino acids of mutant huntingtin. For addi-
tional validation of the hits, we employed a complementary
assay for proteolysis of huntingtin involving overexpression of
individual proteases with huntingtin in two cell lines. The
screen identified 11 enzymes, with two major candidates to
carry out the cp-2 cleavage, bleomycin hydrolase (BLMH) and
cathepsin Z, which are both cysteine proteases of a papain-like
structure. Knockdown of either protease reduced cp-2 cleavage,
and ameliorated mutant huntingtin induced toxicity, whereas
their overexpression increased the cp-2 cleavage. Both pro-
teases partially co-localized with Htt in the cytoplasm and
within or in association with early and late endosomes, with
some nuclear co-localization observed for cathepsin Z. BLMH
and cathepsin Z are expressed in the brain and have been asso-
ciated previously with neurodegeneration. Our findings further
validate the cysteine protease family, and BLMH and cathepsin
Z in particular, as potential novel targets for HD therapeutics.

Huntington disease (HD)3 is caused by an expansion of the
CAG repeat coding for polyglutamine (polyQ) within the HD

gene product huntingtin (Htt) (1, 2). It is not clear howmutant
Htt causes neuronal cell death, but evidence is accumulating
that N-terminal fragments of mutant Htt are important medi-
ators of pathogenesis. N-terminal fragments of Htt are found in
human postmortem brain (3–8). In cell model experiments,
shorterN-terminal fragments ofHtt are generallymore toxic to
cells than longer fragments, and mouse HD models expressing
shorter fragments usually develop more severe pathology than
the full-length Htt models (6, 9–19). The proteolytic pathway
formutantHttmay include several cleavage eventsmediated by
different enzymes involved in the generation of toxic fragments
of various lengths. These enzymes may represent potential
novel therapeutic targets for HD.
One example of such an enzyme is caspase-6, which cleaves

mutant Htt at residue 586 from its N terminus and generates a
toxic fragment; YAC128 mice expressing Htt with an altered
caspase-6 site have a substantially ameliorated HD phenotype
(20), whereas transgenic mice expressing a caspase-6 fragment
with an expanded polyQ repeat develop anHDphenotype.4 Htt
can be also cleaved by other caspases and calpains within the
same region (10, 20–29), though their contribution to patho-
genesis is less clear.
Htt is further cleaved into shorter N-terminal fragments

through sequential or independent pathways, details of which
are starting to emerge (8, 13, 30–32). Because the specific size
of the Htt fragment may determine its pathogenic properties
(15, 16, 20, 31, 33), it is important to map the exact location of
the cleavage sites and to identify the proteases involved in spe-
cific proteolytic steps.
Cleavage of Htt near its N terminus produces short and

potentially toxic fragments with expanded polyQ (within
approximately the N-terminal 200 amino acids, numbering
using a normal polyQ length of 23). Two short N-terminal frag-
ments designated cp-A and cp-B had previously been observed
in NG108–15 (neuroblastoma-glioma) cells with proteasomes
inhibition, and the cp-A site was mapped to residues 105–114
(13). In several cell models, we consistently detect two similar
fragments. We designated them as cp-1 and cp-2 because they
appear similar to cp-A and cp-B, however, in our studies, nei-
ther of these fragmentswasmapped to the 105–114 region (32).
Using mass spectrometry, we previously mapped the cp-2

cleavage site to positionArg 167 ofHtt. Furthermore, alterations
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of this cleavage site resulted in a decrease in toxicity in neuronal
cells (31). Short fragments of mutant Htt also accumulate in
mouse models of HD, in correlation with the disease progres-
sion (15, 18, 34).4 It is not known what proteolytic enzymes
generate any of these short N-terminal fragments and in which
subcellular compartment this cleavage occurs.
To search for the proteases involved in the N-terminal cleav-

age of Htt, we have employed an RNA-silencing screening
approach using the entire collection from ON-TARGETplus
siRNA library to all known human proteases (586 genes), and
we have established an assay for Htt proteolysis, based on the
detection of cp-2/cp-1 fragments byWestern blotting. The pri-
mary screenwas carried out inHEK293 cells, and the secondary
screen was carried out in neuronal HT22 cells, transfected with
the mutant truncated Htt (the N-terminal first 511 amino
acids). As the result of the above screen, we found that two
cysteine proteases of papain-like structure, bleomycin hydro-
lase (BLMH) and cathepsin Z, are likely candidates to carry out
the cp-2 cleavage of Htt in HEK293 and HT22 cells. Both
BLMH and cathepsin Z are expressed in brain and have been
associated previously with neurodegeneration. We found that
siRNA-mediated knockdown of either protease reduced the
cp-2 cleavage and ameliorated mutant Htt-induced toxicity,
whereas co-transfection of HEK293 and HT22 cells with the
Htt and BLMH or cathepsin Z constructs increased the cp-2
cleavage. Both enzymes partially co-localized with Htt in the
cytoplasm and at early and late endosomes. If validated in vivo,
BLMH and cathepsin Z may develop into novel therapeutic
targets for HD.

EXPERIMENTAL PROCEDURES

Plasmids and Mutagenesis—Truncated Htt expression con-
structs N511–8Q/82Q were generated as described previously
(31) from the full-length Htt constructs (HD-FL-23/82Q) by an
introduction of a stop codon after amino acid 511 of Htt. The
length of 511 amino acids was chosen because it is comparable
with but shorter than predicted caspase and calpain cleavage
fragments, so that the construct would not be cleaved by one of
these enzymes. The stop codons and the RLQL (�167–170)
deletion used in this study were introduced by site-directed
mutagenesis using the QuikChange II XL kit (Stratagene)
according to the manufacturer’s protocol. The Htt-N511–52Q
construct was produced from N511–82Q by random contrac-
tions of polyQ repeat in bacterial cells. Htt N586–20Q/128Q
plasmids were a kind gift from Michael Hayden and were
described previously (20, 31). The expression plasmids encod-
ing BLMH, cathepsin Z, and expression clones of 18 other pro-
teases that were tested in the screen were purchased from
ATCC.
Cell Culture and Transfection—Human embryonic kidney

(HEK)293FT cells (Invitrogen) and mouse hippocampal HT22
cells were maintained as described previously (31). All cells
were transfected with constructs encoding Htt or with
selected proteases using Lipofectamine 2000 reagent (Invit-
rogen) according to the manufacturer’s protocol.
siRNA Screen and Western Blotting—For primary screening,

we used the ON-TARGETplus library containing 586 siRNA
pools to all human proteases (Thermo Scientific/Dharmacon).

HEK293 cells were plated in antibiotic-free medium in 24-well
plates at density 106 cells/well (two duplicate wells per each
siRNA pool). 24 h later, cells were transfected with amixture of
theHtt-N511–52Qplasmid and individual siRNApool (or con-
trol pool) at a final concentration of 75 nM using Lipofectamine
2000 (Invitrogen). The optimized transfection mixture per 1
well contained 0.5�g of plasmidDNA, 30 pmol of siRNA (1.5�l
of 20 �M stock solution), and 3.7 �l of Lipofectamine 2000 in
OptiMEMmedium (Invitrogen). ForWestern blotting analysis,
HEK293 cellswere lysed 48h after transfection inM-PERbuffer
(Pierce) with protease inhibitors (Protease Inhibitor Mixture
III, Calbiochem), lysates were fractionated onNuPAGE 4–12%
Bis-Tris polyacrylamide gels (Invitrogen), transferred to nitro-
cellulose membranes, and probed with antibodies to FLAG
(M2, Sigma). Immunoblots were developed with peroxidase-
conjugated secondary antibodies (Amersham Biosciences) and
enhanced chemiluminescence (ECL-Plus detection reagent,
Amersham Biosciences). The bands corresponding to N511,
cp-1, and cp-2 fragments of Htt were quantitated usingMolec-
ular Imager Gel Doc XR System and Quantity One software
(Bio-Rad). For a secondary screen in HT22 cells, we have used
ON-TARGETplus siRNA pools to selected mouse proteases
(Thermo Scientific/Dharmacon). Transfection and lysate prep-
aration was carried out asmentioned above. NaCl was added to
final concentration of 150 mM, and Htt-FLAG fusion proteins
were immunoprecipitated using anti-FLAG M2 affinity gel
(Sigma) followed by fractionation on NuPAGE 4–12% Bis-Tris
polyacrylamide gels (Invitrogen), and detection with an anti-
body to Htt exon 1.
In Vitro Cleavage Assay—HEK293 cells were transfected as

above with either normal (N511–8Q) or expanded (N511–
52Q) Htt, or the fragment of Htt with deleted cp-2 site (N511–
52Q-RLQL). Cell lysates were prepared 24 h post transfection
in 150mMNaCl, 50mMTris, pH7.5, 5mMEDTA, 50mMMgCl2
and 0.5%Triton X-100without protease inhibitors. For BLMH,
cleavage lysates (50�g of total protein)were incubated for 1 h at
37 °C with equal volumes of recombinant human BLMH
(0.8 �g/reaction; R&D Systems) prepared in the assay buffer
according to manufacturer’s protocol (50 mM HEPES, 5 mM

EDTA, 10 mM DTT, pH 7.0). For cathepsin Z cleavage, the
recombinant human cathepsin Z (R&D Systems) was first acti-
vated for 5min at room temperature in the activation buffer (25
mM sodium acetate, pH 3.5). Cell lysates (50�g of total protein)
were incubated for 1 h at 37 °C with equal volumes of the
enzyme (0.4 or 0.6 �g/reaction) prepared in the assay buffer
according to manufacturer’s protocol (25 mM sodium acetate,
pH 3.5, 5 mM DTT). The final pH of the cathepsin Z cleavage
reaction was 6. The reactions were stopped by the addition of
SDS sample buffer, and the proteins were analyzed byWestern
blotting as described above.
Antibodies—The rabbit polyclonal antibody toHtt (Htt 1–17

(against residues 1–17)) was described previously (35); the goat
polyclonal antibody, prepared against the N-terminal Htt
exon-1 fragment also was described previously (36); mouse
monoclonal 1–82 antibody to Htt (against residues 1–82 of
Htt) is fromMillipore; antibody to the neoepitope Arg167 of Htt
was described previously (31); mouse antibody to �-actin was
from Sigma; mouse monoclonal antibody to BLMH was from
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Santa Cruz Biotechnology; goat polyclonal antibody to cathep-
sin Z was from R&D Systems; mouse monoclonal antibody to
LAMP1 was from Abcam; mouse monoclonal antibody to
GM130 was from BD Transduction Laboratories; rabbit poly-
clonal antibodies to LC3B, calreticulin, and EEA1 and rabbit
monoclonal antibodies to COX IV, Rab 5, Rab 7, and Rab 11
were from Cell Signaling Technology; rabbit polyclonal anti-
body to active caspase-3 was from Promega.
Immunofluorescence—HT22 cells, expressing indicated con-

structs, were fixed (24 h after transfection) with 4% paraform-
aldehyde for 15 min, permeabilized with 0.5% Triton X-100
(Sigma) for 10 min, blocked in 10% normal donkey serum
(Sigma) for 30 min, and incubated (1 h, room temperature or
overnight at 4 °C) with the following antibodies. For Htt and
BLMHco-localization studies, we used a polyclonal antibody to
Htt epitope 1–17 and mouse monoclonal antibody to BLMH,
followed by donkey anti-rabbit Alexa Fluor 555 and donkey
anti-mouse Alexa Fluor 488. For Htt and cathepsin Z co-local-
ization, we used rabbit polyclonal antibody to Htt epitope 1–17
and goat polyclonal antibody to cathepsin Z, followed by don-
key anti-rabbit Alexa Fluor 555 or donkey anti-goat Alexa Fluor
488. For Htt localization, we used mouse monoclonal 1–82
antibody to Htt and rabbit antibodies to organelles, followed by
donkey anti-mouse Alexa Fluor 488 and donkey anti-rabbit
Alexa Fluor 555. For BLMH localization, we usedmousemono-
clonal antibody to BLMH and rabbit antibodies to organelles,
followed by donkey anti-rabbit Alexa Fluor 555 and donkey
anti-mouse Alexa Fluor 488. For cathepsin Z localization stud-
ies, we used goat polyclonal antibody to cathepsin Z andmouse
monoclonal antibody to LAMP1 ormouse antibody to GM130,
followed by donkey anti-goat Alexa Fluor 555 and donkey anti-
mouse Alexa Fluor 488 or rabbit antibodies to organelles with
donkey anti-goat Alexa Fluor 488 and donkey anti-rabbit Alexa
Fluor 555. Nuclei were stained with DAPI (Vector Laborato-
ries). For triple staining of Htt, BLMH, and cellular organelles,
we used goat polyclonal antibody to exon 1 of Htt, mouse
monoclonal antibody to BLMH, and rabbit antibodies to organ-
elles, followed by donkey anti-goat Alexa Fluor 350, donkey
anti-mouse Alexa Fluor 488, and donkey anti-rabbit Alexa
Fluor 555. For triple staining of Htt, cathepsin Z, and cellular
organelles, we used mouse monoclonal 1–82 antibody to Htt,
goat polyclonal antibody to cathepsin Z, and rabbit antibodies
to organelles, followed by goat anti-mouse Alexa Fluor 350,
donkey anti-goatAlexa Fluor 488, and donkey anti-rabbitAlexa
Fluor 555. All Alexa Fluor antibodies were from Invitrogen.
Confocalmicroscopywas performed using a Zeiss Axiovert 200
inverted microscope with 510-Meta confocal module and a
100� objective.
Caspase-3 Activation Cytotoxicity Assay—HT22 cells were

plated in chamber slides and co-transfected with indicated Htt
constructs and siRNA pools to BLMH or cathepsin Z as
described above. 24 h post-transfection, immunofluorescence
of Htt and active caspase-3 was performed as described above.
Htt expression was detected using a monoclonal antibody to
residues 1–82 of Htt (followed by anti-mouse Alexa Fluor 350),
active caspase-3 was detected using anti-active caspase-3 anti-
body (followed by anti-rabbit Cy3). Microscopy was performed
on Zeiss Axiovert 200 M microscope equipped with a 40�

objective. In total, �200–400 transfected cells were counted
per condition, and the number of cells expressing both Htt and
active caspase-3 were presented as a percentage of the total
number of Htt-positive cells.

RESULTS

Screen for Proteases Generating Short N-terminal Fragments
of Htt—To search for enzymes that cleave Htt near its N
terminus, we conducted a genome-wide screen using an
RNA-silencing approach with the entire collection from the
ON-TARGETplus siRNA library to all known human pro-
teases. This library is composed of 586 siRNAs pools (four
duplexes each) and is designed to reduce possible off-target
effects. We developed a direct assay for Htt proteolysis based
on the detection of cp-1 and cp-2 fragments, generated from
a portion of expanded Htt (N511–52Q, Fig. 1A). The N511
fragment of Htt is comparable in length with Htt caspase
fragments but does not contain any known caspase cleavage
sites, which facilitated the focus of the screen on the proteo-
lytic enzymes generating cp-1 and cp-2 fragments. The assay
was based on our earlier studies in HEK293 and stable PC12
(pheochromocytoma) cells demonstrating the formation of
two closely migrating N-terminal fragments (cp-1 and cp-2)
of Htt in both cell systems (31, 32). In the primary screen, we
used highly transfectable HEK293 cells, which allowed a reli-
able detection of both cp-1 and cp-2 fragments with an anti-
body to FLAG without proteasome inhibition.
Co-transfection conditions were first optimized for maxi-

mum knockdown efficiency with minimal cell toxicity using
siRNA toHtt as a control (Fig. 1B). Based on these experiments,
the final siRNA concentration of 75 nM, was chosen for the
primary screen, which was carried out as follows; each of
586 siRNA pools was co-transfected with Htt-N511–52Q in
HEK293 cells, in duplicate, in 24-well format; cell lysates were
prepared 48 h later, and Htt proteins were detected using an
antibody to FLAG epitope (Fig. 1 C). The change in cp-1/cp-2
cleavage efficiency induced by the knockdown of a specific pro-
tease was estimated bymeasuring the ratio of the cp-1 and cp-2
bands to the corresponding N511 bands (detected by Western
blot, Fig. 1, C and D). Each ratio was normalized to the control
cleavage efficiency of Htt co-transfected with the nontargeting
siRNA. This control was included with every experimental set
to reduce the assay variability due to variations in transfection
efficiency and protein transfer.
At the next step, siRNA pools, which reduced the levels of

cp-1 or cp-2 fragments (71 initial hits), were retested using the
same assay (Fig. 2), resulting in 48 confirmed hits, which con-
sistently decreased the production of either fragment at least
50% compared with control. These confirmed hits were
rescreened using a lower concentration of siRNAs to reduce
possible off-target effects. An example of this assay is shown on
Fig. 1E, which demonstrates decreased cp1 and cp-2 upon
cathepsin Z knockdown.
We have selected 20 proteases (12 highly ranked hits plus

eight potentially relevant confirmed hits, Fig. 2) for a secondary
assay in neuronal HT22 cells. Because these cells have lower
transfection efficiency than HEK293 cells, there were lower
levels of cp-1 and cp-2 in these cells, so immunoprecipitation
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with an antibody to FLAG tag was used for fragment de-
tection. We employed two complementary approaches: co-
transfection of Htt with siRNA pools to confirm the decrease
in cp-1/cp-2 levels and co-transfection of Htt with expres-
sion constructs encoding selected proteases, expecting an
increase in the fragments. Fig. 3 demonstrates both
approaches. We observed some decline in the cp-1/cp-2
fragments upon cathepsin Z, and more so upon BLMH and
elastase 2A (ELA2A) knockdown (Fig. 3A), and an increase in
the fragments was induced by overexpression of cathepsin Z
and BLMH (Fig. 3B). We also found some increase in the
production of cp-1 upon co-expression with thrombin (F2)
and calpain 10 (CAPN10), but these findings were not pur-
sued any further in this study.
Upon completion of all the above steps of the screen, we have

identified 11 enzymes, potentially involved in the cleavage of
Htt yielding cp-1 and cp-2 fragments (Table 1). The five top
proteases listed in Table 1 belong to the cysteine protease fam-
ilywith a papain-like active site structure, three are serine endo-
peptidases of chymotrypsin family, and two are metallopepti-
dases. The enzymeswith papain-like active center (calpains and
cathepsins) have been implicated previously in Htt proteolysis.
Therefore, we have focused on two of these, BLMHand cathep-
sin Z, for further functional studies.

Co-transfection of Htt with BLMH or Cathepsin Z Increases
cp-2 Cleavage in HEK293 and HT22 Cells—To quantify an
increase in normal and expanded Htt cleavage, induced by
either protease, we conducted further experiments in HEK293
and HT22 cells (Fig. 4). We found that cleavage of both normal
and expanded Htt was dramatically induced in HEK293 cells
upon co-transfectionwith either BLMHor cathepsin Z expres-
sion plasmids together with Htt constructs. This increase
was specific to the cp-2 fragment, whereas the levels of cp-1
were almost unchanged (Fig. 4, A and B). Furthermore, we
did not observe an increase in fragments derived from the
construct with deleted cp-2 site (N511–52Q-RLQL). In addi-
tion, the increased fragment was detected with specific anti-
body to Arg167 neoepitope (Fig. 4C). The elevated levels of
BLMH and cathepsin Z upon co-transfection are shown on
Fig. 4D. Notably co-transfection of both proteases has an
additive effect on cp-2 cleavage of Htt in HEK293 cells (Fig.
4E). Thus, it appears that both BLMH and cathepsin Z are
involved in a specific cleavage step at cp-2 site of Htt in
HEK293 cells. Similar experiments were conducted in neu-
ronal HT22 cells, with a dramatic increase in cp-2 fragment
(Fig. 4F). Both cell lines were able to process cathepsin Z to
its mature-active form, migrating slightly faster than the
proform (Fig. 4, D and G).

FIGURE 1. Screen for proteases involved in the N-terminal cleavage of Htt. A, Htt construct used in the screen, comprising the first 511 amino acids
of Htt with 52 polyQ and the N-terminal FLAG tag for detection. B, optimization of the transfection conditions with siRNA to Htt. HEK293 cells were
transfected with indicated constructs and siRNAs. NT, nontransfected cells. C, example of a direct assay for Htt proteolysis. HEK293 cells were co-
transfected with Htt N511–52Q and siRNA pools to proteases; the cp-1/cp-2 fragments were detected by Western blot using an antibody to FLAG. Lanes
B2–B8, siRNA pools of indicated wells of plate two of the ON-TARGETplus library were co-transfected; lane C, co-transfection with nontargeting siRNA
pool. NT, non-transfected cells. D, quantitation of the cp-2 cleavage efficiency upon co-transfection with protease siRNAs compared with nontargeting
siRNA (cont), presented as a ratio (%) of the cp-2 bands to the corresponding N511 bands, shown in C. E, example of retesting of confirmed hits with lower
concentration (25 nM) of siRNA.
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BLMH and Cathepsin Z Can Cleave Htt in Vitro—To
establish whether BLMH and cathepsin Z can directly cleave
Htt, we carried out the in vitro cleavage reactions using
recombinant proteases.
Cell lysates were prepared 24 h post transfection from

HEK293 cells expressing either normal (N511–8Q) or
expanded (N511–52Q)Htt, or the fragment of Htt with deleted
cp-2 site (N511–52Q-RLQL). At this time point, we observed
little or no accumulation of the short Htt fragments in the cell
culture (Fig. 5, control groups). An increase in both cp-1 and
cp-2 cleavage products was detected upon incubation of the
lysates with recombinant BLMH (Fig. 5A). Notably, there was
no build up in the fragments produced fromN511–52Q-RLQL
construct with deleted cp-2 site. Incubation with increasing
amounts of cathepsin Z at slightly acidic pH 6.0 also led to an
increase in the levels of cp-1/cp-2-like fragments; however,
cleavage of Htt by this protease seem to be less specific and
produce multiple Htt fragments of various length (Fig. 5B).
Again, less induction of the cleavage was observed with the
construct lacking cp-2 site (N511–52Q-RLQL).
BLMH and Cathepsin Z Partially Co-localize with Htt in

Cytoplasmandat Early andLate Endosomes ofHT22Cells—To
investigate whether Htt co-localizes with either protease in
cells, we used immunofluorescent confocal microscopy. HT22
cells, co-transfected with normal or expanded Htt-N511 con-
structs and each protease, were co-stained with antibodies to
Htt and BLMH or cathepsin Z.We found that both BLMH and
cathepsin Z partially co-localized with normal or expanded Htt
in living cells (Fig. 6 and data not shown). To pinpoint the sub-
cellular compartment where Htt and the above enzymes might

co-localize, we used an antibody panel to organelle markers.
Htt have been previously found to associate with multiple
membranous organelles, including clathrin-coated and not
coated endosomal vesicles (35, 37–40). Consistentwith this, we
found that transfected Htt partially co-localizes with early
(EEA1 and Rab 5) and late (Rab 7) endosomal markers (supple-
mental Fig. S1A and data not shown).

BLMH, a cytoplasmic protease, also co-localized with EEA1,
Rab5, Rab7, and recycling endosomal marker Rab11, but not
with the endoplasmic reticulum marker calreticulin. Co-local-
ization of endogenous BLMH with Rab7 was also detected.
(supplemental Fig. S1B and data not shown). Cathepsins are
primarily lysosomal proteases involved in terminal protein deg-
radation. Consistent with this, we found cathepsin Z mostly
co-localizing with lysosomal marker LAMP1 (supplemental
Fig. S1C). However, confocal microscopy revealed a substantial
overlap of transfected and endogenous cathepsin Z expression
with early and late endosomal markers as well (supplemental
Fig. S1C). Interestingly, confocal microscopy revealed some
nuclear localization of transfected cathepsin Z in HT22 cells
(Fig. 6B). No co-localization ofHtt or either proteasewithmito-
chondrial marker COX IV or with LC3- positive puncta was
detected (data not shown).
Because we foundHtt, BLMH, and cathepsin Z expression in

the proximity of endosomes, a triple staining using antibodies
to Htt (blue), to either protease (green), and to endosomal
markers (red) was performedwith the goal to establish whether
Htt and either enzyme co-localize at the endosomes (supple-
mental Fig. S1, D and E). Partial co-localization of Htt with
either BLMH or cathepsin Z and early and late endosomal
markers is evidenced by the appearance of white dots in the
cytoplasmofHT22 cells. Co-localization ofHtt with either pro-
tease elsewhere in the cytoplasm was also detected. These data
are consistent with Htt proteolysis by BLMH and cathepsin Z
occurring in the cytoplasm and within or in association with
early and late endosomes; cleavage in the nucleus (by cathepsin
Z) may also occur.
Knockdown of BLMHorCathepsinZAmelioratesMutantHtt

Toxicity in HT22 Cells—We have shown previously that alter-
ation of the cp-2 site withinHttN511–52Q results in a decrease
in Htt toxicity in HT22 cells (31). Thus, the knockdown of
BLMH and cathepsin Z, enzymes involved in generating toxic
cp-2 fragment, might diminish the pathogenic properties of
expanded Htt. To test this hypothesis, we co-transfected HT22
cells with either normal (N586–20Q) or polyQ expanded
(N586–128Q) Htt constructs together with siRNA pools to
BLMH or cathepsin Z (Fig. 7A). In this assay, we used Htt con-
structs, encoding the pathogenic caspase-6 fragment of Htt
with a longer glutamine stretch (N586–128Q) to achieve more
cell toxicity as demonstrated by caspase-3 activation. We
showed that BLMH and cathepsin Z are expressed and effi-
ciently knocked down (�60%) in this cell line (Fig. 7B).
Caspase-3 activation was evaluated 48 h later on a cell-by-cell
basis by co-staining of the cells with antibodies to active
caspase-3 and Htt (Fig. 7C). To evaluate the effect of the prote-
ase knockdownonmutantHtt-mediated toxicity, we calculated
the percentage of cells with activated caspase-3 among trans-
fected cells co-stained with an Htt-specific antibody. At least

FIGURE 2. The flow-chart of screening steps.
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200–300 cells were counted for each condition in one experi-
ment, and the experiment was repeated three times. As shown
in Fig. 7D, siRNA-mediated knockdown of either BLMH or
cathepsin Z resulted in significant reduction of expanded Htt
toxicity in neuronal HT22 cells.

DISCUSSION

The nature of proteolytic enzymes generating the short
N-terminal fragments ofHtt observed inmany systems remains
unknown. In this study, we have carried out a systematic siRNA
screen of all known human proteases to determine which
enzymes are capable of cleaving mutant Htt to form short
N-terminal fragments. Our initial screens identified 11
enzymes. Further functional studies in two different cell lines

resulted in two major candidates, BLMH and cathepsin Z. We
have demonstrated that transfection of cDNAs and inhibition
by siRNAs to BLMH and cathepsin Z had opposite effects, with
the siRNAs inhibiting cleavage and the cDNAs enhancing
cleavage of Htt. We found that both of these enzymes could
generate the cp-2 fragment, specifically detected with our neo-
epitope antibody to the cp-2 site ending at position 167. In
addition, we showed that the incubation of the cell lysates with
recombinant enzymes induces Htt proteolysis at cp-1/cp-2
sites. By contrast, there was little or no increase in fragments
when using the construct with a deleted cp-2 site (N511–52Q-
RLQL). Both enzymes were found to at least partially co-local-
ize with Htt in the cytoplasm and within or in association with
early and late endosomes, with some possible nuclear co-local-

FIGURE 3. Confirmation of the highly ranked hits from the primary assay in neuronal HT22 cells. A, HT22 cells were co-transfected with Htt-N511–52Q and
either nontargeting siRNA pool (Control) or siRNAs to indicated proteases (F2, thrombin; ELA2A, elastase 2A; CTSZ, cathepsin Z; CONT, control). B, HT22 cells were
co-transfected with Htt-N511–52Q and either pcDNA vector (Control) or cDNAs to indicated proteases (AEBP1, adipocyte enhancer binding protein; CAPN10,
calpain 10; ADAMTS1, ADAM metallopeptidase with thrombospondin type 1; UQCRC2, ubiquitinol-cytochrome C reductase core protein 2; MMP15, matrix
metallopeptidase 15; NT, nontransfected cells). In A and B, Htt proteins were immunoprecipitated with an antibody to FLAG, fractionated on SDS-PAGE, and
detected with an antibody to exon 1 of Htt. The low exposure of the N511 band (top panels) demonstrates equal expression of Htt. The quantification of the cp-2
cleavage efficiency upon co-transfection with protease siRNAs (A) or cDNAs (B), presented as a ratio (%) of the cp-2 bands to the corresponding N511 bands,
normalized to control, is shown below.

TABLE 1
Protease identified in the siRNA screen

Gene symbol Name Clan/family Catalytic activity

BLMH Bleomycin hydrolase CA/C1 Cysteine amino-/carboxy-/endopeptidase
CTSZ Cathepsin Z (P, X) (Alternative names Cathepsin P, X) CA/C1 Cysteine carboxypeptidase
CTSB Cathepsin B CA/C1 Cysteine endopeptidase
CTSH Cathepsin H CA/C1 Cysteine endopeptidase
CALP10 Calpain 10 CA/C2 Cysteine endopeptidase
F2 Thrombin PA/S1 Serine endopeptidase
ELA2A Elastase 2A PA/S1 Serine endopeptidase
PROZ Protein Z PA/S1 Serine endopeptidase
ADAMTS1 ADAMmetallopeptidase with thrombospondin type 1 MA/M11 Metalloendopeptidase, zinc binding
UQCRC2 Ubiquinol-cytochrome c reductase core protein II ME/M16 Metalloendopeptidase, zinc binding
RBP3 Retinol binding protein 2 Unknown Unknown
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ization observed for cathepsin Z. Finally, our functional assay
indicates that cleavage by these enzymes at this position has a
role in mutant Htt cell toxicity.
The primary screen was based on our earlier studies in

HEK293 and stable PC12 cells, where we demonstrated the for-
mation of two closely migrating N-terminal fragments gener-
ated from full-length Htt in both cell systems (32). These frag-
ments, which we call cp-1 and cp-2, may be different from the
previously described cp-A and cp-B (5) because they can be
detected without proteasome inhibition, and they are not
affected by a deletion of residues 105–114 of Htt. More
recently, we have characterized cp-1 and cp-2 fragments
derived from truncated Htt, comparable with length to
caspase-6 fragment (N586), which may be a pathogenic inter-
mediate. The cp-2 fragment wasmapped bymass spectrometry
to position Arg167 of Htt (31).

A number of features of our experimental design facilitate
the identification of specific cleavage of Htt. For the primary
screen, we developed a Western-based assay performed in
highly transfectable HEK293 cells. These cells were transiently
transfected with a construct expressing the first 511 amino
acids of Htt with 52Q and an N-terminal FLAG tag for reliable
detection of cp-1/cp-2 fragments. Although these two frag-
ments can also be easily detected with antibodies to the N ter-
minus or exon 1 of Htt (Fig. 4), Htt-specific antibodiesmay also
detect possible endogenous fragments formed from the full-
length Htt with normal repeat length, which would complicate
the interpretation of results. Therefore, we chose to use the
FLAG antibody for the screen. Because theHtt-N511 construct
does not contain cleavage sites previously mapped to caspases
(residues 513–586), it may be cleaved into short N-terminal
fragments via caspase-independent pathways (32). Thus, our

FIGURE 4. Co-expression of Htt with BLMH or cathepsin Z increases cp-2 cleavage in HEK293 and HT22 cells. HEK293 (A–E) or HT22 (F and G) cells were
co-transfected with indicated Htt constructs and either BLMH or/and cathepsin Z expression plasmids. Htt proteins were detected by Western blotting with an
antibody to exon 1 of Htt (A, E, and F). The cp-2 fragments were detected with a specific antibody to Arg167 neoepitope (C). Blots shown in A, E, and F were
reprobed with an antibody to actin for loading control. The cp-2 fragment bands are indicated by arrows. The lines shown between gel samples indicate that
some of the samples obtained from the same experiment were run on different parts of the same gel or on parallel gels at the same time. B, quantification of
the cp-2 cleavage efficiency in HEK293 cells, calculated as a ratio (%) of the cp-2, total Htt (a sum of cp-2 and uncleaved N511 bands) shown in A (upper panel).
The lower panel shows another representation of the same data (shown in A), demonstrating an increase in cp-2 cleavage with BLMH and cathepsin Z (CTSZ).
Quantification of the cp-2 cleavage efficiency for Fig. 4E, calculated as above, is shown below the Western blot. The elevated levels of BLMH and cathepsin Z
upon co-transfection in HEK293 cells (D) or in HT22 cells (G) are shown.
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assay was specifically designed to search for the enzymes
involved in the production of the cp-1 and cp-2 fragments. The
assays were all conducted in the absence of proteasome inhibi-
tion to provide a physiological environment. Although our ini-
tial screenwas conducted inHEK293 cells, the follow-up exper-
iments were carried out in both HEK293 and HT22 neuronal
cells.
There are several limitations of our approach. For techni-

cal reasons, screens and assays were carried out in cell lines
rather than primary neurons as biochemical studies are very
difficult in primary neurons. However, we did use the HT22

neuronal cell line, which is suitable for functional studies
such as Htt toxicity (31). Although incubation of the cell
lysates containing Htt with recombinant enzymes induced
Htt proteolysis at cp-1/cp-2 sites, we were unable to demon-
strate a direct proteolysis of in vitro-translated Htt by BLMH
and cathepsin Z. It is possible that additional activation of
recombinant BLMH and cathepsin Z by cofactors or pro-
teases present in the cell lysate is required. Another possibil-
ity is that certain conformation of Htt protein acquired
through its interaction with adaptors or other proteins may
be necessary for the above proteolysis to take place, which
cannot be achieved in the cell-free system.
A recent report by the Ellerby/Hughes research team

describes a similar screen for proteases capable of yielding short
N-terminal fragments of Htt (41). However, there are a number
of important differences in the experimental design between
these two studies, explaining different (possibly complemen-
tary) findings. The initial screen in the cited study was designed
to examine the generation of the smallest N-terminal fragment
produced from full-length Htt, corresponding to the range of
cp-1/cp-2 (cp-A/cp-B), within the N-terminal 200 amino acids.
The screen identified several members of the matrix metallo-
protease family. One enzyme, MMP10, was capable of cleaving
Htt in vitro yielding a fragment of 402 amino acids, which does
not correspond to the fragment sought in the initial screen.
AlthoughHttwas found to be a substrate forMMP10, the above
screen fell short of identifying enzymes that cleave Htt further
toward the N terminus, in the region of the cp-1/cp-2-like frag-
ments. It is conceivable, however, that MMP10 initially cleaves
full-length Htt, which is followed by subsequent proteolysis
carried out by other proteases (e.g. BLMH and cathepsin Z),
yielding cp-1/cp-2 size fragments.We did find twomembers of
thematrixmetalloprotease family,MMP2 andMMP15, among
our hits from the primary screen, performed with 75 nM siRNA
(Fig. 2). However, these enzymes did not affect the cleavage in
the next screening step using lower concentration of siRNAand
were not confirmed in neuronal cells. In the above report, an
even higher concentration of siRNAs (136 nM) was used
throughout the study, which raises concerns about possible off-
target effects. There are some other findings in the described
study that are difficult to interpret; co-localization of MMP10
and Htt was observed predominantly in dead cells, so the phys-
iological relevance is unclear; in an HD Drosophila model,
many different MMPs showed some degree of amelioration of
the HD phenotype, rendering specificity uncertain; the effects
that proteasome inhibitors might have on Htt proteolysis were
not defined. Finally, MMPs are secretory pathway enzymes,
which are known to process extracellular matrix and cytokines,
which may modulate toxicity. Thus, the mechanism of their
action on mutant Htt toxicity may be indirect.
Both BLMH and cathepsin Z belong to the cysteine protease

family with a papain-like active site structure. The proteases of
this family have been implicated previously in Htt proteolysis;
calpain-mediated cleavage of Htt (at residues 469 and 536) may
be linked to mutant Htt toxicity (10, 21–23, 25). Our previous
findings indicate that calpain may be also involved in degrada-
tion of cp-1/cp-2 fragments as calpain inhibitors caused
increased fragment accumulation in PC12 cells (32). Cathep-

FIGURE 5. BLMH and cathepsin Z can cleave Htt in vitro. A and B, cell lysates
from HEK293 cells transfected with the indicated Htt constructs were pre-
pared 24 h post transfection and incubated without (Control) or with indi-
cated amounts of recombinant BLMH (A) or cathepsin Z (CTSZ; B). Htt proteins
were detected by Western blotting with an antibody to exon 1 of Htt. Recom-
binant BLMH and cathepsin Z detected with specific antibodies are shown.
Blots shown in A and B were re-probed with an antibody to actin as a loading
control. The cp-2 fragment bands are indicated by arrows. The lines shown
between gel samples in D indicate that the samples obtained from the same
experiment were run on different parallel gels at the same time. C and D,
quantification of the cp-2 cleavage efficiency in HEK293 cells, calculated as a
ratio (%) of the cp-2 and total Htt (a sum of cp-2 and uncleaved N511 bands),
shown in A and B. Lower panels show another representation of the same data
(shown in A and B), demonstrating an increase in cp-2 cleavage with BLMH
and cathepsin Z.
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sins have been also found to contribute to Htt degradation and
accumulation of stable N-terminal fragments in clonal striatal
cells (42). Our new findings that BLMH and cathepsin Z medi-
ate Htt proteolysis and toxicity further validate this protease
family, and BLMH and cathepsin Z in particular, as potential
novel targets for HD therapeutics. The other members of this
family (and the other proteases identified in our screen) have
not been further explored in the current study andmight merit
additional investigation.
BLMHwas first identified by its ability to inactivate the anti-

cancer drug bleomycin (43). It is a self-compartmentalizing
neutral protease that forms a hexameric barrel structure in the
cytoplasmwith six active sites embedded in the channel, some-
what similar to the proteasome (44, 45). BLMH substrate spec-
ificity is diverse and is controlled by the position of its own C
terminus in the active site, as opposed to the specific sequence
in the substrate (45). The enzyme acts as a carboxypeptidase on
its own C terminus to convert itself into an aminopeptidase;
however, its intrinsic endopeptidase activity was also demon-
strated (46). Acting as an endopeptidase, it can cleave amyloid�
peptide at positions His14 and Phe19 (47). Thus, BLMH has
been implicated in Alzheimer disease in the regulation of pro-
cessing of amyloid precursor protein (48) with increased BLMH

reactivity found in senile plaque in the human brain (49).
BLMH is widely expressed in neurons in all brain regions (50).
Because there are no highly specific BLMH inhibitors, we have
not attempted further pharmacological experiments.
Cathepsin Z is also a member of the cysteine protease family

with a papain-like structure (51). It is widely expressed via
housekeeping-like promoter (52), including all areas of brain,
predominantly in glia, but also in neurons (53). Cathepsin Z is a
carboxypeptidase (54) with broad substrate specificity, which
excludes proline in the vicinity of the cleavage site (55).
Whether it can act as an endopeptidase has not been studied in
detail. Similar to other cathepsins, cathepsin Z is primarily a
lysosomal enzyme, but it has also been found in the cytoplasm
(53). Cathepsins are known to be mainly involved in terminal
protein degradation. However, recently distinct cathepsins
have been suggested to have specific physiological functions.
One example is a related protease cathepsin L; an isoform
devoid of signal peptide was found in the nucleus, where it
regulates cell cycle progression (56). Of potential interest, we
have found some endogenous or transfected cathepsin Z reac-
tivity in the nucleus ofHT22 cells (Fig. 6), though interpretation
should be cautious until this can be studied withmore antibod-
ies. Cathepsin Z can be activated by other proteases, including

FIGURE 6. BLMH and cathepsin Z co-localize with Htt in neuronal HT22 cells. HT22 cells were co-transfected with indicated Htt constructs and either BLMH
(A) or cathepsin Z (CTSZ; B) expression constructs. Confocal immunofluorescent detection of Htt with an antibody to residues 1–17 (Alexa Fluor 555) is shown
in red; detection of BLMH and cathepsin Z with specific antibodies is shown in green (Alexa Fluor 488). The nuclear staining (DAPI) is shown in blue. Yellow
staining in merged images demonstrates partial co-localization.
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cathepsin L. This enzyme was found to be up-regulated in glial
cells of degenerating brain regions in a mouse model of amyo-
trophic lateral sclerosis and associated with plaques in amyloid
precursor protein/PS1mice and AD postmortemmaterial (53).
These two proteases that we implicate in the cleavage of Htt

have not been extensively studied, so themanner by which they
might act on Htt is uncertain. It is conceivable that they could
act in tandem, with BLMH acting as an endopeptidase and
cathepsin Z following as a carboxypepsidase to trim amino
acids back to position Arg167, which is preceded by proline.
This is consistent with our observation that co-transfection of
both proteases has an additive effect on the cp-2 cleavage.How-
ever, it is possible that other proteolytic enzymes may be also
involved at this step because cathepsin Z does not favor proline
in the penultimate position (P2). Thismechanism is compatible
with our previous studywherewe found that the cp-2 fragment,
ending at Arg167, appears to be one component of Htt aggre-
gates with other cp-1/cp-2-like fragments of similar size pres-
ent as well (31). Another possibility is that these two enzymes
act on Htt independently, even in different subcellular com-
partments and at different time points during Htt protein met-

abolic of functional pathway. Both BLMH and cathepsin Z
exhibit mostly positional specificity less dependent on the sub-
strate sequence. Our in vitro cleavage experiments showed that
cathepsin Z can cleave Htt at multiple sites (Fig. 5). Therefore,
the role of BLMH and cathepsin Z in Htt proteolysis could also
result from the enzyme and substrate co-localization in a spe-
cific cellular environment andmay include othermolecules act-
ing asmodulators or adaptors. Thismay explain theN-terminal
cleavage variability observed in different systems.
Our immunofluorescence studies demonstrate that Htt co-

localizes with both BLMH and cathepsin Z in the cytoplasm
and at the early and late endosomes. Because the methods used
in this study do not allow establishing whether such co-local-
ization occurs inside the endosomes or on their outer mem-
brane facing cytosol or both, there are several possibilities for
interaction.
Htt has been shown to associate with acidic phospholipids

(39) and it is palmitoylated at cysteine 214, by which it may
attach to the cytoplasmic face of intracellular membranes (57).
Co-localization ofHtt with variousmembranous vesicles is well
established and is consistent with the Htt role in vesicular traf-

FIGURE 7. Knockdown of BLMH or cathepsin Z ameliorates mutant Htt toxicity in HT22 cells. A, HT22 cells were co-transfected with either normal
(N586 –20Q) or polyQ expanded (N586 –128Q) Htt constructs and siRNA pools to BLMH or cathepsin Z (CTSZ). A line shown between gel samples indicate that
the samples obtained from the same experiment were run on different parallel gels at the same time. B, endogenous BLMH and cathepsin Z expression in HT22
cells and their knockdown detected with protease-specific antibodies. C, immunofluorescent detection of either normal (N586 –20Q) or mutant (N586 –128Q)
Htt with an antibody to residues 1– 82 is shown in blue (Alexa Fluor 350), and active caspase-3 is shown in red (Cy3). D, the graph shows percentage of cells with
activated caspase-3 among transfected cells stained with an Htt-specific antibody. At least 200 –300 cells were counted for each condition in one experiment.
The experiment was repeated three or four times (n � 3 or n � 4; p � 0.03 nontargeting siRNA versus BLMH siRNA with Htt-N586 –128Q; p � 0.028 nontargeting
siRNA versus cathepsin Z siRNA with Htt-N586 –128Q). cont, control.
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ficking and with the function of Htt-interacting partners (35,
38–40, 58, 59). Htt modulates brain-derived neurotrophic fac-
tor vesicular transport along microtubules via its interaction
with HAP1 (Htt-associated protein-1)/p150Glued dynactin
complex, which is altered in HD (60, 61). HAP40 interaction
with Htt has been shown to affect Rab5-mediated endosomal
motility. The latter is impaired inHD cells due to up-regulation
of HAP40 (62). Htt is important for activation of Rab11-
GTPase, and mutant Htt impairs vesicle formation from recy-
cling endosomes by interfering with Rab11 activity (63, 64).
Future studies will determine whether the cleavage of Htt by
BLMH and cathepsin Z occurs on the outer surface of early and
late endosomes andwhether it is linked toHtt function in vesic-
ular transport and/or disruption of these processes in HD
conditions.
Htt was previously found within endosomal-lysosomal-like

organelles in clonal striatal cells, and the endosomal-lysosomal
system was suggested to be a major path for Htt degradation
and proteolysis (65). Our data suggest that Htt N-terminal pro-
teolysis can occur within the endosomes or at the close prox-
imity to endosomes in the cytoplasm. However, the possibility
that this cleavage occurs elsewhere in the cytoplasm or nucleus
(by cathepsin Z) cannot be excluded. Cleavage of Htt within the
cytoplasm would be in agreement with most current models of
HD pathogenesis. It is also conceivable that Htt proteolysis in
the secretory pathway could be relevant to HD. Recent studies
have shown that polyglutamine peptide aggregates can pene-
trate the cell membrane and enter the cytosolic compartment
(66), and it was suggested that the prion-like transmission of
protein aggregates between cellsmay play a role in neurodegen-
erative diseases (67).
In summary, although there are a number of limitations to

our approach, we provide convergent evidence from several
different kinds of experiments suggesting that cleavage ofHtt at
the cp-2 site by BLMHand cathepsin Z could be involved inHD
pathogenesis. In particular, our data indicate that these
enzymes may be involved in promotion of mutant Htt-induced
cell toxicity. To more conclusively demonstrate a role for these
cleavage events in vivo, it would be useful to conduct genetic
cross experiments between knock-outs of BLMH or cathepsin
Z and HD models expressing either the caspase-6 fragment or
full-length Htt. BLMH knockouts demonstrate astrogliosis and
behavioral changes (68), whereas cathepsin Z-null mice have
normal phenotype, possibly due to functional compensation by
cathepsin family members. These crosses would be interesting
future experiments to test in vivo the role of BLMHand cathep-
sin Z in cleavage of Htt and inHD pathogenesis. The studies we
report here provide the initial evidence that these enzymes con-
tribute to mutant Htt proteolysis and toxicity in cells and may
be potential therapeutic targets for HD.
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