
motoneurons from BoNT/A intoxication as assessed by levels of
intact SNAP25.

Results
Identification of VCIP135 as a DUB That Stabilizes BoNT/A Catalytic LC.
We have described a tractable cell culture model for studying the
persistence of LCA (12). In this model, HEK293 cells are in-
duced with doxycycline to transiently express codon-optimized
GFP-tagged BoNT LCs. Following removal of doxycycline to
turn off gene expression, LCA persists for at least 5 d, whereas
LCE is undetectable after 2 d (Fig. 1A). In a previous study, we
found that LCA shows detectable, albeit minimal, ubiquitination
in the presence of proteasome inhibitor (12). However, given its
already long half-life, no significance could be attributed to this
finding. We postulate that LCA is shielded from the UPS by
interaction with a cellular protein. Ubiquitination is reversible
and depends on dynamic interactions between the substrate and
its ubiquitin ligase and DUB. To determine whether LCA is
stabilized by interacting with a DUB, we used this cell culture
model to screen siRNAs targeting DUBs (Fig. 1B). We per-
formed the primary screen using 50 nM siRNAs, a concentration
commonly used in such screens (Fig. S1). The z scores for the
primary screen are summarized in Fig. 1C. As expected, most of
the siRNAs did not substantially affect LCA levels. We focused
on 11 genes that resulted in significant reductions in the level of
LCA. To minimize potential off-target effects caused by higher
concentrations of siRNAs (16–18), we validated the primary
screen using a fivefold lower concentration (10 nM) of siRNAs.
siRNAs targeting three DUBs—YOD1, USP9X/FAF-X, and
VCIP135—substantially reduced the levels of LCA compared
with control (CTL) siRNAs (Fig. 1D). We further assessed the
effects of targeting these genes using orthogonal siRNAs from a
different source (Fig. 1E). The secondary screen confirmed that
two DUBs—USP9X and VCIP135—stabilized LCA. USP9X is
the human ortholog of Drosophila melanogasterfat-facets, which
is a DUB known to affect synaptic organization inDrosophila
(19). USP9X has also been implicated in regulating autophagy,
which ultimately results in degradation of proteins by lysosomal
proteases (20–23). Additionally, it plays roles in other critical
processes, including cell proliferation and apoptosis (24–26).
Indeed, we observed reduced cell viability when USP9X ex-
pression was diminished for 7 d by RNAi. Little is known about
the functions of VCIP135, except that it is implicated in the
reassembly of the Golgi and the endoplasmic reticulum following
mitosis (27–29).

To determine whether depletion of these DUBs reduces the
stability of LCA, we used cycloheximide (CHX) to inhibit new
protein synthesis and monitored LCA levels. Although depletion
of either USP9X or VCIP135 increased the turnover of LCA
tagged with YFP, which is recognized by GFP antibody (Fig. S2A),
this increased turnover appears to depend on different cellular
pathways in USP9X- and VCIP135-depleted cells. Epoxomicin, a
proteasome inhibitor, blocked YFP-LCA degradation in VCIP135-
depleted cells but not in USP9X-depleted cells (Fig. S2B). In
contrast, chloroquine, an inhibitor of lysosomal degradation,
partially inhibited the degradation of YFP-LCA in USP9X-
depleted cells but had no effect in VCIP135-depleted cells
(Fig. S2B). As USP9X has been implicated in regulating auto-
phagy (20–23), we assessed whether this degradative process
contributes to the increased turnover of YFP-LCA in USP9X-
depleted cells. To address this, we used siRNAs to reduce the
level of ATG5, a protein required for autophagy, and evaluated
loss of YFP-LCA. In USP9X-depleted cells, concomitant de-
pletion of ATG5 restored the stability of YFP-LCA (Fig. S2C).
In contrast, depletion of ATG5 failed to restore stability of YFP-
LCA in VCIP135-depleted cells (Fig. S2C).

We next determined whether these DUBs physically associate
with LCA by coimmunoprecipitation. Cells were transfected with

YFP-LCA and either USP9X or VCIP135 epitope-tagged with
FLAG. DUBs were immunoprecipitated and associated LCA
detected by immunoblotting. No interaction of either LCA or
LCE with USP9X was observed (Fig. 1F). These results suggest
that USP9X does not interact with LCA and that depletion of
USP9X may enhance LCA degradation indirectly by increasing
autophagy. In contrast, LCA, but not LCE, coimmunoprecipi-
tated with VCIP135, indicating that VCIP135 interacts specifi-
cally with LCA (Fig. 1G).

The Catalytic Activity of VCIP135 Is Necessary for Stabilizing LCA.To
confirm the effects of VCIP135 on the stability of LCA, we
turned to M17, a human neuroblastoma cell line sensitive to
BoNT/A (Fig. 2A). Depletion of VCIP135 accelerated LCA
degradation. As with nonneural cells, this accelerated degrada-
tion was attenuated by epoxomicin, again supporting the idea
that LCA is targeted for UPS-mediated degradation in the ab-
sence of VCIP135 (Fig. 2B). In contrast, degradation of LCA in
VCIP135-depleted cells was not impeded by inhibitors of lyso-
somal degradation (E64d, leupeptin; Fig. 2B). To determine
whether the DUB activity of VCIP135 is required to stabilize
LCA, either wild-type (WT) or catalytically inactive mutant
VCIP135 (C218A) was re-expressed in VCIP135-depleted cells.
Only WT VCIP135 restored LCA stability, suggesting that active
deubiquitination by VCIP135 is necessary for LCA stability
(Fig. 2C).

As VCIP135 interacts with VCP/p97, we asked whether LCA
also associates with VCP. Although LCA coimmunoprecipitated
VCP (Fig. S3A), depletion of the latter had little effect on LCA
stability (Fig. S3B), suggesting that VCP is not critical for LCA
stability. VCIP135 also associates with the protein WW domain-
containing adaptor with coiled-coil (WAC), which stimulates the
deubiquitinating activity of VCIP135 (30). WAC is not required
for the association of VCIP135 with LCA in cells (Fig. S3C).
Consistent with this result, bacterially expressed VCIP135, but
not WAC, bound LCA in vitro, indicating a direct interaction
between VCIP135 and LCA (Fig. S3D). However, similar to
depletion of VCIP135, silencing of WAC enhanced LCA deg-
radation (Fig. 2D), providing additional evidence for the crucial
role of the enzymatic activity of VCIP135 in stabilizing LCA.

The C Terminus of LCA Interacts with VCIP135.Both long-lived LCA
and the relatively short-lived LCE cleave SNAP25 (15). Se-
quence alignment shows divergence in both theirN and C ter-
mini. However, the N terminus of LCA is required for its
association with SNAP25 and contributes to its potency (31). For
this reason, to determine the region of LCA important for as-
sociation with VCIP135, we focused on the C terminus of LCA.
A series of truncation mutants of YFP-LCA were generated and
their interaction with VCIP135 assessed. Coimmunoprecipitation
with VCIP135 was disrupted when the C-terminal 50 residues of
LCA were deleted (YFP-LCA 1–394; Fig. 3A). Consistent with
the importance of this interaction, YFP-LCA 1–394 showed a
dramatic decrease in stability (Fig. 3B). All of the truncations
were active and cleaved a transfected SNAP25 fusion protein,
suggesting that they are properly folded (Fig. 3C). These findings
imply that the C-terminal 50 residues of LCA are necessary for
association with and deubiquitination by VCIP135. Nevertheless,
the C-terminal 50 amino acids of LCA fused to GFP (GFP-LCA
395–444) was not sufficient to interact with VCIP135, as assessed
by coimmunoprecipitation (Fig. 3D). However, a larger fragment
spanning the C-terminal 77 amino acid residues of LCA (GFP-
LCA 368–444) was sufficient to coimmunoprecipitate VCIP135
(Fig. 3D, Upper, compare lanes 2 and 3). These results identify a
C-terminal region of LCA that both mediates association with
VCIP135 and allows for the stabilization of LCA by this DUB.
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HECTD2 Promotes the Degradation of LCA.The results presented
above support the idea that VCIP135 stabilizes LCA and that
loss of expression of this DUB accelerates clearance of LCA via
the UPS. This degradation is presumably mediated by a cellular

E3 ubiquitin ligase. To identify the E3 involved, we performed a
siRNA screen for ubiquitin ligases that result in increased LCA
levels in VCIP135-depleted cells. HECTD2 was identified as such
an E3 (Fig. S4 A and B). HECTD2 is implicated in regulating

Fig. 1. Identification of DUBs that stabilize BoNT/A catalytic LC. (A) Cell culture model for persistence of LCA. Flp-in/T-REX/ 293 cells were induced with
doxycycline for 16 h to express GFP-LCE and GFP-LCA. The persistence of GFP-LCs was monitored following doxycycline withdrawal (postinduction, p.i.). GFP
served as the loading and transfection control. (B) Algorithm for siRNA library screening. (C) The z score for primary screen was computed based on median
and SD of the sample (Materials and Methods). (D) Validation of potential hits from primary screen with low concentrations (10 nM) of the same siRNAs
compared with control (CTL) siRNAs. The lane labeled “ Induced (30%)” contains 30% of the cell lysate compared with other lanes. (E) Secondary screen with
low concentrations (10 nM) of orthogonal siRNAs from a different vendor. �-tubulin and �-actin served as loading controls in D and E, respectively. (F and G)
Coimmunoprecipitation assays to evaluate interactions of LCA with USP9X (F) or VCIP135 (G).
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and there is no evidence that it is a target of TRAF2. Here,
we establish how a cellular DUB, VCIP135, plays a dominant
role in stabilizing LCA in cells by interacting with the C-terminal
region of LCA, deubiquitinating the toxin, and rescuing it from
proteasomal degradation. The rapid degradation of LCA in the
absence of VCIP135 also allowed us to unmask a role for a
ubiquitin ligase, HECTD2, in promoting degradation of LCA, an
effect which is normally antagonized by the activity of VCIP135.

An important limitation in studying BoNT is that it is not
feasible to monitor the small number of LC molecules (less than
1,000) needed to block neurotransmission (39). This has neces-
sitated the transfection of plasmids encoding BoNT LCs that

have been codon-optimized for mammalian expression to study
BoNT persistence (12, 40–42). It is natural to ask whether dis-
coveries based on transfection of BoNT LCs can be extended to
intoxication with the holotoxin. The finding that SNAP25 re-
covery is accelerated with loss of VCIP135 in neurons intoxicated
with BoNT/A holotoxin provides support for using recombinant
BoNT LCs to study the mechanisms of BoNT persistence.

A second DUB, USP9X, also appears to be important for the
turnover of LCA. However, we have not observed an interaction
between USP9X and LCA. In addition, unlike the case with
depletion of VCIP135, the accelerated degradation of LCA in
the absence of USP9X depends on autophagy. These findings

Fig. 4. HECTD2 promotes the degradation of LCA. ( A) HEK293 cells were transfected with plasmids encoding FLAG-HECTD2 and YFP-LCA as indicated. After
36 h, cells were treated with MG132 for 8 h to inhibit the proteasome and lysed in Triton X-100 buffer. ( B) M17 cells depleted of VCIP135 were transfected
with YFP-LCA and either CTL or HECTD2 siRNAs. After 48 h, cells were treated with CHX and loss of YFP-LCA assessed. Cotransfected GFP was used to monitor
transfection efficiency. ( C) M17 cells were transfected with YFP-LCA, HA-ubiquitin, and the indicated siRNAs and plasmids. After 72 h, cells were treated with
MG132 for 8 h followed by cell lysis, immunoprecipitation of YFP-LCA, and immunoblotting for HA-ubiquitin. ( D) Cells were transfected with the indicated
siRNAs and replated for overnight culture. After 16 h, cells were transfected with either vector or plasmid expressing HECTD2 or were not subject to fu rther
transfection (lanes 1 –4).
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VCIP135 was generated by mutation of Cys-218 to Ala by site-directed muta-
genesis. Murine Nedd4 in PGEX-KG has been described (44). Full-length
VCIP135 was generated by PCR and subcloned into pGEX6P-1 from BamHI
to SalI. Full-length HECTD2 was generated by PCR using an EST (CloneID
4811444; Open Biosystems) as template and subcloned into pcDNA3.1(+)
FLAG, pcDNA3.1(+) Glu–Glu (EE) tag, or pGEX6P-1 from BamHI to XhoI. Full-
length WAC was generated by PCR from an EST (CloneID 3347345; Dharmacon)
and subcloned into pGEX6P-1 from BamHI to XhoI. All constructs were
verified by DNA sequencing. Additional siRNAs targeting murine VCIP135
were purchased from Qiagen; siRNAs targeting ATG5 were from Cell
Signaling Technology.

MG132, chloroquine, and Leupeptin were from Sigma-Aldrich; Epoxomicin
and E64d were from ApexBio; cOmplete Protease Inhibitor Mixture tablets
were from Roche; Protein G Sepharose was from GE Healthcare Life Sciences;
rabbit polyclonal GFP antibody was from Clontech; mouse monoclonal an-
tibodies for GFP, RFP, and ubiquitin (P4D1) were from Santa Cruz Biotech-
nology; rat monoclonal HA-antibody (3F9) was from Roche; mouse
monoclonal FLAG antibody (M2), rabbit SNAP25 antibody targeting the N
terminus of SNAP25, FLAG antibody (M2)-conjugated agarose, and HA an-
tibody (HA7)-conjugated agarose were from Sigma-Aldrich; rabbit antibodies
recognizing ATG5, VCP and Glu–Glu tag, VCIP135, HECTD2, and mouse an-
tibodies for �-tubulin and �-actin were from Cell Signaling; mouse mono-
clonal antibody against LCA was from BEI Resources; and rabbit polyclonal
WAC, VCIP135, and HECTD2 antibodies were from Novus Biologicals.

Tetracycline-Induced Expression of BoNT LCs and siRNA Screening.To develop a
tractable cell culture model for BoNT persistence, Flp-in/T-REX/ 293 cells
(Invitrogen) were treated with 2 �g/mL doxycycline for 16 h to induce ex-
pression of the GFP-LCs. Cells were washed three times in serum-free media,
trypsinized, and replated into tetracycline-free media. Chase began at this
time (time = 0). Lysates were collected daily for 5 d and levels of GFP-LCs
assessed by Western blotting.

For siRNA screening, we collaborated with Dharmacon to assemble siRNA
libraries targeting the ubiquitin pathway. These reagents are now com-
mercially available as The Human Deubiquitinating Enzyme and The Ubiq-
uitin Conjugation Subsets 1–3 (Dharmacon). To screen for DUBs involved in
LCA stabilization, we treated Flp-in/T-REX/293 cells with doxycycline to in-
duce the expression of GFP-LCA. On the following day, cells were trypsinized
and replated into 24-well plates and allowed to recover for 24 h. They were
then transfected with siRNAs (50 nM) and cell lysates collected for Western
blot analysis 3 d posttransfection. The z score was calculated using the
median and SD (�):

Zi =
Xi � medianðfXigÞ

σðfXigÞ .

For validation, the experiment was repeated using 10-nM siRNAs. Positives
from these experiments were then assessed using 10 nM of distinct siRNAs
from a different supplier (Qiagen).

To screen for a putative ubiquitin ligase for LCA, we again induced ex-
pression of GFP-LCA with doxycycline and replated the cells the following
day. After allowing cells to recover for 24 h, they were transfected with
VCIP135 siRNAs together with siRNAs targeting specific ubiquitin ligases and
cell lysates collected 3 d posttransfection.

Cell Culture and Transfection. Unless indicated otherwise, all reagents were
from Invitrogen. HEK293 cells were cultured in DMEM containing 10% FBS,
2 mM glutamine, and 2% penicillin–streptomycin; HEK-Flp-in/T-REX/293 cells
in DMEM supplemented with 10% tetracycline-free FBS (Clontech), 2 mM
glutamine, 2% penicillin–streptomycin, 100 �g/mL zeocin, and 15 �g/mL
blasticidin; and M17 human neuroblastoma cells (ATCC) in DMEM media
containing 10% FBS, 0.1 mM �-mercaptoethanol, 2 mM glutamine, 2%
penicillin/streptomycin, and 2 mM nonessential amino acids (NEAA). Lip-
ofectamine RNAiMAX was used for transfecting 50 nM siRNA, and HiPerfect
HTS (Qiagen) was used when validating effects of knockdowns in screens
using 10 nM siRNAs in the screen. In other experiments, we used Lipofect-
amine 3000 for plasmid transfection and HiPerfect (Qiagen) or Dharmafect 3
(Dharmacon) for siRNA transfection.

Differentiation of Mouse ES Cells into Motoneurons. Motoneurons were de-
rived by directed differentiation of mouse ES cells (HBG3) in which GFP ex-
pression is driven by mouse motoneuron-specific Hb9 promotor, using
retinoic acid/Sonic Hedgehog/Purmorphamine-based induction methods as
described (38). The HBG3 cell line was kindly provided by Thomas M. Jessell
and Hynek Wichterle, Columbia University, New York, NY.

Ubiquitination Assays. For assessment of ubiquitination, cells were transfected
with siRNAs to deplete the endogenous protein(s) of interest. After 24 h, cells
were transfected with plasmid encoding YFP-tagged LCA and other plasmids
as indicated. After 36 h, cells were treated with proteasome inhibitor
(MG132) for 6 h and then lysed in Triton X-100 Buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1% Triton X-100, 10 mM iodoacetamide, 50 �M MG132
complete protease inhibitors) with 2% SDS. Lysates were heated for 2 min to
denature proteins and immediately diluted with additional Triton X-100
buffer to a final concentration of 0.1% SDS. After centrifugation at 1,000 × g
for 5 min, the clarified lysates were precleared by incubation with Protein G
Sepharose at 4 °C for 60 min. YFP-LCA was immunoprecipitated from the
precleared lysate by incubation with rabbit polyclonal GFP antibody and
Protein G Sepharose at 4 °C for 2 h with constant mixing. Immunoprecipi-
tates were washed with 3 × 20 bed volumes of 1% Triton X-100 buffer and
samples resolved by SDS/PAGE followed by immunoblotting with HA
antibody.

Coimmunoprecipitation. Cell lysates in 1% Triton X-100 buffer were clarified
and precleared as above and incubated with the indicated antibodies pre-
bound to protein G Sepharose or with antibody-conjugated agarose. After
washing extensively with Triton lysis buffer, immunoprecipitated proteins
were eluted in 2× sample buffer, resolved by SDS/PAGE, and immunoblotted
as indicated.

Metabolic Labeling. Pulse chase analysis was performed 48 h after trans-
fection. Briefly, cells were starved for 1 h in Met/Cys-free media and labeled
for 45 min with 100 �Ci/mL [35S]-Met/Cys. After labeling, cells were washed
with PBS and cultured in chase media containing 10× unlabeled Met. At the
indicated times, cells were washed with PBS and lysed with modified RIPA
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate 10 mM iodoacetamide, 50 �M MG132, and cOmplete protease
inhibitors). Immunoprecipitation was carried out as described above, after
resolution by SDS/PAGE samples were analyzed on a Typhoon FLA 7000 (GE).

CHX Chase.Cells were transfected with the indicated plasmids. On the fol-
lowing day, they were trypsinized and replated. CHX (50 �g/mL) was added to
inhibit protein synthesis 36–48 h after transfection. At the specified times,
cells were lysed in modified RIPA buffer and processed for immunoblotting.

BoNT Intoxication and Recovery.Mouse motoneurons were treated with 1 n�
BoNT/A holotoxin (Metabiologics) for 16 h to cleave endogenous SNAP25.
After extensive washing to remove the remaining toxin, the cells were
transfected with CTL or VCIP135 siRNAs. Fresh media was provided every 3 d
and transfections repeated every 5 d. Depletion of VCIP135 in motoneurons
did not result in cytotoxicity. Cells were lysed in modified RIPA buffer and
collected at the indicated times and assessed by immunoblotting for full-
length and cleaved SNAP25 as well as VCIP135 by Western blotting.

Statistical Analysis. Levels of full-length SNAP25 and SNAP251–197 were es-
timated from immunoblot data using a Typhoon FLA 7000. Data were an-
alyzed with Prism (GraphPad Software). Data for recovery of full-length
SNAP25 were analyzed by two-way ANOVA (Time × siRNAs) and Bonferroni’s
multiple comparison tests; a P value less than 0.05 was considered significant
(Table 1).

To estimate the half-time for recovery of full-length SNAP25 (t1/2), the data
were fitted with a single exponential achieving full recovery. The estimated
t1/2 for control cells was 22.1 d with 95% CI 16–37 d; estimated t1/2 for
VCIP135-depleted cells was 6.2 d with 95% CI 4.6–9.5 d. In experiment 2, the
recovery for VCIP135 siRNA-transfected cells at day 5 was different from
others in the group, as VCIP135 depletion from the first round of siRNA

Table 1. Statistical analysis of SNAP25 recovery following
BoNT/A intoxication

Bonferroni’s multiple
comparisons test

Mean
difference 95% CI

Adjusted
P value

VCIP135 siRNAs–CTL siRNAs
Time = 0 0.002504 � 0.2303–0.2353 >0.9999
Time = 5 0.1025 � 0.1303–0.3353 0.9331
Time = 12 0.3944 0.1616–0.6272 0.0008**
Time = 20 0.4951 0.2623–0.7279 <0.0001**

**P < 0.01.
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transfection was apparently not successful. Nevertheless, we did not exclude
this data point but used all of the data in both statistical analysis and esti-
mation of t 1/2 for SNAP25 recovery.

Protein Expression and In Vitro Interactions. Expression of GST and 6×His-
tagged proteins were induced in Rossetta E. coli (EMD Millipore) with
0.2 mM IPTG and expression proceeded at 18.5 °C for 20 h. For in vitro
binding experiments, lysates containing � 0.2 � g of 6 ×His-tagged LCA and
2 � g GST fusion proteins were incubated with Glutathione Sepharose 4B for
2 h at 4 °C. The beads were then collected by centrifugation and washed
with 4 × 1 mL of binding buffer (50 mM Tris ·HCl, pH 8.0, 150 mM NaCl, and
0.1% Triton X-100) and processed for immunoblotting.
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