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Paclitaxel (Taxol) is one of the most effective treatment
options for patients suffering from a variety of cancers. Amajor
side effect seen in a high percentage of patients treated with
paclitaxel is irreversible peripheral neuropathy. We previously
reported that prolonged treatment with paclitaxel activates a
calcium-dependent enzyme, calpain, which degrades neuronal
calcium sensor 1 (NCS-1) and subsequent loss of intracellu-
lar calcium signaling. Because it appears that activation of cal-
pain is an early step in this destructive cascade,weproposed that
inhibition of calpain will protect against the unwanted side
effects of paclitaxel treatment. First, NCS-1 levels and intracel-
lular calcium signalingwere found to be protected by the presence
of lactacystin, a protesome inhibitor. To reinforce the role of cal-
pain in this process, we showed that increased concentrations of
calpastatin, a naturally occurring calpain inhibitor, were protec-
tive. Next, we tested two mutated versions of NCS-1 developed
with pointmutations at the P2 position of the calpain cleavage site
of NCS-1 to decrease the likelihood of NCS-1 degradation. One
mutant was cleaved more favorably by calpain compared with
NCS-1 WT, whereas the other mutant was less favorably cleaved.
Expression of either mutated version of NCS-1 in neuroblastoma
cells protected intracellular calcium signals from paclitaxel-in-
duced changes. These results support our hypothesis that it is pos-
sible toprotect cells frompaclitaxel-induceddegradationofNCS-1
by inhibiting calpain activity.

Paclitaxel (Taxol) is one of the most effective and commonly
used treatment options for patients suffering from a variety of
cancers, including breast and ovarian cancer (1, 2). Unfortu-
nately, a major side effect seen in a high percentage of patients
treated with this and several other chemotherapeutic drugs is
an irreversible peripheral neuropathy (3, 4). Although the pacli-
taxel mechanism of action, polymerization of tubulin and the
formation of stable microtubule polymers, was first discovered
in 1979, the cellular mechanisms responsible for the develop-
ment of peripheral pain are still unclear (5). Strategies are
needed to prevent this unwanted effect of paclitaxel without
altering its chemotherapeutic action.

Recently, neuronal calcium sensor 1 (NCS-1)2 was identified
as a novel paclitaxel-binding partner (6). NCS-1 is a high affin-
ity, low capacity calcium-binding protein containing four EF
hand binding domains, three of which functionally bind cal-
cium (7). NCS-1 was initially thought to be found solely in neu-
ronal cells; however, more recently, it has been found in a vari-
ety of cell types where it enhances intracellular calcium
signaling (8–11). NCS-1 has a number of binding partners (12).
Relevant to this study, NCS-1 binds to the inositol 1,4,5-tris-
phosphate receptor (InsP3R) and modulates its function in a
calcium-dependent manner (11). Paclitaxel increases the inter-
action betweenNCS-1 and the InsP3R (11, 13). Prolonged treat-
ment with paclitaxel activates calpain, a calcium-dependent
enzyme with numerous targets, including NCS-1 (13, 14). The
loss in functional NCS-1 results in a decrease in the activity of
the InsP3R, which in turn decreases ability of the cell to produce
intracellular calcium signals (6, 11, 13, 15). It is likely that the
interaction among paclitaxel, NCS-1, and the InsP3R is an early
step in the mechanism leading to the production of peripheral
neuropathy by paclitaxel.
Inhibition of calpain proteases can induce protective effects

against sensory neuropathy caused by prolonged treatment
with paclitaxel (13, 16). In this study, we show several ways of
preventing NCS-1 degradation. First, NCS-1 levels and intra-
cellular calcium signaling were found to be protected by the
addition of lactacystin, a proteasome inhibitor (26). To rein-
force the role of calpain in this process, we showed that
increased concentrations of calpastatin (CAST), a naturally
occurring calpain inhibitor, were protective. Next, two mutant
versions of NCS-1 were developed with point mutations at the
P2 position of the calpain cleavage site of NCS-1. Using the
consensus calpain cleavage map, this putative P2 site of NCS-1
was substituted with amino acids believed to be unfavorable for
calpain cleavage (17). One mutant was cleaved more efficiently
by calpain comparedwith theNCS-1WT, and the othermutant
was less efficiently cleaved. The expression of either NCS-1
mutant in a neuroblastoma cell line protected intracellular cal-
cium signaling in paclitaxel-treated cells.

EXPERIMENTAL PROCEDURES

NCS-1 Expression and Purification—NCS-1 wild-type (WT)
and mutants, I35H and I35A, were expressed as previously
described (14). Mutations were made at amino acid 35 of
NCS-1 to either a histidine or an alanine using theQuikChange
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multiple site-directed mutagenesis kit (Stratagene). The WT
andmutated versions ofNCS-1were alsomadewith aHA tag at
the C terminus denoted NCS-1-HA.
Isothermal Titration Calorimetry (ITC)—Calcium titrations

were performed as described previously (14). Briefly, purified
NCS-1WT andmutants were stripped of calcium using amod-
ification of a previously published protocol (22). A Bio-Rad
Econo-Pac 10DG column was used to exchange the protein
buffer to 50 mM Hepes, 100 mM KCl, pH 7.5. NCS-1 was then
dialyzed against 10 mM EDTA, pH 2.0, for 1 h to strip all cal-
cium. This was followed by a second dialysis in deionized water
for 1 h, followed by 10mMTris, pH 7.4, for 1 h. The final dialysis
was against 50 mM Tris, 100 mM KCl, and 0.5 mMDTT, pH 7.2,
overnight. ITC measurements were performed on a VP ITC
instrument with a protein concentration of 100 �M in the sam-
ple cell and 5mMcalciumconcentration. The experimentswere
run at 20 °C with a total of 60–80 injections of 1.5-�l injection
volume (3-s duration) and 240-s intervals. Data were processed
using Origin 7.0 (Microcal) and fit using a two-site model, and
dissociation constants (Kd), stoichiometry (n), enthalpy (�H),
and entropy (�S) of binding determined.
Digestion of NCS-1 by �-Calpain—Digestion of NCS-1 WT

and mutants was performed using a modification of a previ-
ously published protocol (14). Briefly, �-calpain was purchased
from Sigma (calpain-1, active from human plasma; Sigma
C-6108). Control reactions contained NCS-1 without �-cal-
pain and�-calpainwithoutNCS-1. The reaction volumewas 15
�l with a mass ratio of 1:4 �-calpain:NCS-1. Reactions pro-
ceeded in digestion buffer containing 10mMHepes, 1mMDTT,
100 mM KCl, 5.0 mM calcium for 30 min at 30 °C. The reaction
was quenched on ice by the addition of 1�l of 50mMEDTAand
15 �l of SDS-PAGE buffer.
Western Blot Analysis—The human neuroblastoma cell line,

SHSY-5Y, was cultured and transfected with NCS-1 WT or
mutants with and without the HA tag and CAST as previ-
ously described (23). Cells were treated for 6 h with 800
ng/ml paclitaxel. Lysate preparation was performed as
described previously (11), and immunoblotting was per-
formed using the Invitrogen NuPage system and IBlot accord-
ing to the manufacturer’s protocol. Antibodies used were
anti-NCS-1 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
�-actin (Abcam, Cambridge, MA), anti-calpain 1 (Calbiochem,
Darmstadt, Germany), anti-calpain 2 (Abcam), anti-CAST
(Santa Cruz Biotechnology), and anti-HA (Santa Cruz Biotech-
nology). Protein expression was quantified by scanning densi-
tometry by UN-SCAN-IT (Silk Scientific, Orem, UT) or Odys-
sey 2.0 (LI-CORBiotechnology, LincolnNE) and normalized to
�-actin loading controls. All Western blotting experiments
were performed with three independent cultures.
Live Cell Imaging—SHSY-5Y live cell imagingwas performed

as described previously (6). Briefly, SHSY-5Y cells overexpress-
ing NCS-1 WT, I35H, I35A, and/or CAST were incubated for
30 min at 37 °C in 5% CO2 in Hepes buffer containing 0.1%
Pluronic F-127 and 5 �M Fluo-4 (Molecular Probes). Hepes
buffer contained 20 mM Hepes, 130 mM NaCl, 4.7 mM KCl, 1
mM MgSO4, 1.2 mM KH2PO4, 5 mM glucose, pH 7.4. Calcium-
containing experiments also included 1.3 mM CaCl2 in the
buffer, whereas calcium-free experiments contained 10 mM

EGTA in the buffer. A Zeiss LSM 510 META scanning laser
confocal microscope equipped with a C-Apochromat X40/1.2
water immersion objective (Zeiss, Thornwood, NY) was used.
For ATP and carbachol stimulation experiments, cells were
excited with either 500 nM-1 �M ATP or 200 nM carbachol in
calcium-containing or calcium-free Hepes buffer to induce a
transient release of calcium from intracellular stores. 3 �M

thapsigargin, an inhibitor of the intracellular calcium pump
(SERCA), was added to indicate that the intracellular stores
were filled and the cells were viable. Calcium-induced fluores-
cence intensity ratio F/F0 was plotted as a function of time in
secondswith F0 calculated as the average of the first 10 points of
the base line. Response duration was defined as the time the
calcium signal remains consecutively over 50% of the peak
value.
NCS-1 Binding to Paclitaxel—Changes in NCS-1 intrinsic

fluorescence after addition of paclitaxel was measured by
changes in the peak of NCS-1 fluorescence spectra at 334 nm
acquired using a FluoroMax-3 fluorometer with Datamax soft-
ware and temperature control (Jobin Yvon Horiba, NJ). Sam-
ples were excited at 270 nm, and spectra were collected
between 280 and 400nmwith 2-nm increments at 20 °C. Exper-
iments were performed in 10 mM Hepes, 100 mM KCl, 1 mM

CaCl2, pH 7.2, with 0.5 �g of NCS-1 held constant and increas-
ing concentrations from 0–800 ng/ml paclitaxel. Control
experiments with buffer alone and increasing concentrations of
paclitaxel alonewere subtracted from the experiments contain-
ing NCS-1. Changes in the peak height at 334 nm were plotted
as a function of drug concentration to determine the binding
constant (Kd).
Calpain Activity Assay—SHSY-5Y cells were grown in 6-well

plates to between 70 and 80% confluence and then transfected
with CAST or treated with Lipofectamine alone (control) and
allowed to grow for 48 h. Cells were then treated with paclitaxel
for 6 h, followed by two rinses with 1 � PBS. Cells were then
lysed with CytoBuster protein extraction reagent (Novagen,
Calbiochem), and the lysate was cleared by centrifugation for
10 min at 13,000� g and used for the Calpain-Glo protease
assay (Promega) according to the manufacturer’s protocol. In
this assay, calpain activity was measured by luminescence. The
relative luminescence was averaged over 10 s and background
subtracted, then normalized to the amount of total protein in
the lysates.
ImmunoprecipitationAssay—The cell line SHSY-5Ywas cul-

tured and transfected withNCS-1WTormutants withHA tag.
Cells were treated for 6 h with 800 ng/ml paclitaxel. Cells were
harvested by incubation with 100 �l of lysis buffer M-PER
mammalian protein extraction reagent and protease inhibitors
(protease inhibitor mixture, lyophilized powder; Sigma) on ice
for 2.5 min. After harvesting and centrifuging the lysate, the
supernatant was saved and immediately used for immunopre-
cipitation. The amount of protein in each sample was assayed
(BCA protein assay kit; Pierce). For immunoprecipitation, 100
�g of protein of the whole cell lysate was precleared with 5�l of
protein A/G-Sepharose beads (Santa Cruz Biotechnology). In a
secondmicrocentrifuge tube 5�l of beads/samplewerewashed
and then incubated with 5 �l of T1NH antibody/25 �l of beads
in 500 �l M-PER buffer in the cold room rotating for 1 h. The
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supernatant was removed, washed twice M-PER with 50 �M

calcium and protease inhibitors, and then resuspended in 100
�l of A/G-Sepharose bead slurry/tube.100 �g of lysate was
added up to a final volume of 500 �l with M-PER plus 50 �M

calciumandprotease inhibitor rotating for 2 h in the cold room.
The beads were then washed three times with M-PER plus 50
�M calcium. The final pellet of beads was resuspended in 20 �l
of NuPage sample buffer (Invitrogen), and the whole sample
was analyzed by gel electrophoresis and Western blotting as
described previously. Antibodies used were 1:1000 anti-NCS-1
(Santa Cruz Biotechnology) and 1:2000 anti-InsP3R1 T1NH
from Gregory Mignery’s laboratory (24).

RESULTS

Inhibition of Calpain Protects NCS-1 Levels and Calcium
Imaging—Known inhibitors of calpain were tested on both
NCS-1 levels and intracellular calcium signaling in a neuroblas-
toma cell line, SHSY-5Y. Western blot analysis revealed that

treatment of SHSY-5Y cells with paclitaxel for 6 h led to a
reduction in NCS-1 levels by 34 � 2.3% (Fig. 1, A and B). A
marked reduction (45� 2.0%) in intracellular calcium signaling
was also found in paclitaxel-treated cells, both in the presence
and absence of extracellular calcium (Fig. 1, D and E). To pre-
vent this reduction in protein and signaling, two classes of
inhibitors were considered. First, lactacystin, an irreversible
inhibitor of proteasomes was investigated as the majority of
proteins in cells are degraded by the proteasome system (26,
27). We found that lactacystin rescued both NCS-1 levels and
the intracellular calcium signal in SHSY-5Y cells to near that of
control cells (Fig. 1, B and C). To avoid off-target effects when
using an agent not naturally found in cells, SHSY-5Y cells were
transfected with CAST, the predominant calpain inhibitor
found naturally in cells, to determine whether increased
expression of CAST would have protective effects. After cells
were transfected with CAST alone there was a slight increase in

FIGURE 1. Lactacystin and overexpression of CAST, a calpain inhibitor, rescues NCS-1 levels and the calcium signal in SHSY-5Y cells. A, representative
Western blot showing that NCS-1 levels are significantly decreased in SHSY-5Y cells treated with paclitaxel and expression of CAST rescued NCS-1 levels. Lane
1, control; lane 2, paclitaxel-treated cells; lane 3, CAST � paclitaxel; lane 4, CAST. B, Representative Western blot showing lactacystin-rescued NCS-1 levels. Lane
1, control; lane 2, paclitaxel-treated cells; lane 3, lactacystin � paclitaxel. C, Western blot analysis shows that either the presence of lactacystin or expression of
CAST rescued NCS-1 levels close to that of control cells (n � 5). *, p � 0.05. Error bars, S.E. All treatments were normalized to control cells. D and E, intracellular
calcium signal measured in the presence (D) and absence (E) of external calcium. With a 6-h treatment of paclitaxel, calcium transients were reduced 45%. CAST
rescued the calcium signal in cells treated for 6 h with paclitaxel to that of control cells (60 cells, n � 3). (A, 1 �M ATP; T, 10 �M thapsigargin).
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NCS-1 levels compared with control cells (Fig. 1, A and C).
SHSY-5Y cells transfected with CAST 24–48 h prior to pacli-
taxel treatment had NCS-1 levels near that of control cells (Fig.
1, A and C). As expected from the biochemical assessment
showing protection ofNCS-1 levels byCAST, calcium signaling
was also rescued when examined in cells transfected with
CAST. Both the magnitude and duration of the calcium signals
in paclitaxel-treated cells were similar to those of control cells
(Fig. 1D).
To verify that the primary pathway affected was due to

intracellular calcium signals, calcium imaging experiments
were performed using calcium-free extracellular media.
Once again, the intracellular calcium signals were reduced in
paclitaxel-treated cells, whereas cells overexpressing CAST
had intracellular calcium signals near those of control cells
(Fig. 1E). These results clearly support our hypothesis that
inhibition of calpain has protective effects on both NCS-1
levels and intracellular calcium signaling in cells with pro-
longed exposure to paclitaxel.
Effects of CAST on Calpain—Calpain activity in control

SHSY-5Y cells was compared with cells overexpressing CAST
by the use of the standard activity assay: calpain-Glo protease
assay (Promega). Previously, we showed that there is an
increase in calpain activity in cells treatedwith paclitaxel for 6 h
(13). Cells transfected with CAST were treated with paclitaxel
for 6 h and were found to have lower calpain activity compared
with both control and paclitaxel-treated cells (Fig. 2A). These
results show that overexpression of CAST resulted in a reduc-
tion of calpain activity even in the presence of paclitaxel. Next,
calpain 1 (�-calpain) and calpain 2 (m-calpain) levels were
assessed in cells treated with paclitaxel. Western blot analysis
was performed on the lysates of cells treated as described above.
Interestingly, �-calpain levels did not change; however, m-cal-
pain levels increased in the presence of paclitaxel and returned
back to control levels in cells transfected with CAST prior to
treatment with paclitaxel for 6 h (Fig. 2B).

Mutant Versions of NCS-1 Still Bind Calcium, InsP3R, and
Paclitaxel—To verify that NCS-1 is a target of calpain in cells,
two mutant versions of NCS-1 were developed with point
mutations at the P2 position of the calpain cleavage site of
NCS-1. The P2 position is amino acid I35 in NCS-1. From the
analysis of the calpain cleavage site published previously (17),
we selected histidine (I35H) and alanine (I35A) for substitution
at position 35 of NCS-1 because these amino acids are the least
favored for calpain cleavage. The P2 site of NCS-1 was selected
because examination of the three-dimensional structure of
NCS-1 (18, 19) suggested that mutations at Ile-35 would not
alter protein folding. ITC was performed to ensure that neither
of thesemutations altered the calciumbinding ability ofNCS-1.
The calcium binding affinity of NCS-1 I35H was similar to that
of NCS-1 WT, whereas the calcium binding affinity of NCS-1
I35A was slightly decreased (Fig. 3A and Table 1). Immunopre-
cipitation of InsP3R was performed to ensure that these muta-
tions did not interfere with the ability of NCS-1 to bindwith the
InsP3R because this interaction is important for modulation of
intracellular calcium signaling. Neither mutation was found to
interfere with the binding of NCS-1 to the InsP3R (supplemen-
tal Fig. S2).
Similarly, it was important to determine whether the muta-

tions in NCS-1 altered the ability of NCS-1 to bind paclitaxel.
Binding between paclitaxel andNCS-1was assessed using tryp-
tophan fluorescence. With increasing concentrations of pacli-
taxel, the binding curves were similar for all three variants of
NCS-1 (Fig. 3B). NCS-1WTbound paclitaxel with an affinity of
64.0 � 2.4 ng/ml, NCS-1 I35H with an affinity of 72.1 � 8.4
ng/ml, and NCS-1 I35A with an affinity of 104.1 � 9.7 ng/ml.
Interestingly, as the calcium binding affinity of NCS-1
decreased, so did the affinity for paclitaxel (Fig. 3C). Nonethe-
less, both mutants were still able to bind calcium and paclitaxel
with high affinity.
Calpain Cleaves NCS-1 WT, I35H, and I35A—To confirm

the assumption that mutations at position 35 of NCS-1 did

FIGURE 2. Calpain activity is significantly decreased in the presence of CAST. A, calpain activity was significantly increased in cells treated with paclitaxel.
Cells transfected with CAST 24 h prior to 6-h paclitaxel treatment had significantly reduced calpain activity. B, Western blot analysis shows that m-calpain, and
not �-calpain, levels were affected by 6-h paclitaxel treatment. Error bars, S.E.
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affect the ability of calpain to recognize the cleavage site of
NCS-1, purified �-calpain was incubated with NCS-1 WT,
I35H, or I35A in the presence of calcium. Interestingly, NCS-1
I35Awas found to be a better substrate for calpain than theWT,
whereas NCS-1 I35H was cleaved by calpain less than NCS-1
WT (Fig. 4 and supplemental Fig. S3).

FIGURE 4. Cleavage reactions of NCS-1 WT, I35H, and I35A by �-calpain.
Digestion reactions were performed using 1:4 molar ratios of �-calpain to
NCS-1 WT, I35H, and I35A (n � 3). Changes in NCS-1 levels after calpain cleav-
age were determined using UnSCAN-It. Error bars, S.E. *, p � 0.05.

FIGURE 3. Binding of NCS-1 WT, I35H, I35A to calcium, InsP3R, and paclitaxel. A, ITC of NCS-1 WT, I35H, and I35A. NCS-1 and the mutants I35H and I35A were
titrated with calcium and the resulting isotherm fitted with a two-site binding model using the program ORIGIN. B, paclitaxel binding to NCS-1 WT, I35H, and
I35A. An assay utilizing the intrinsic tryptophan fluorescence of NCS-1 was used to determine the binding affinity with paclitaxel for NCS-1 WT and both
mutants. C, correlation between paclitaxel and calcium binding of NCS-1 WT, I35H, and I35A. The EC50 of paclitaxel was plotted as a function of calcium binding
affinity of NCS-1 WT, I35H, and I35A.

TABLE 1
ITC thermodynamic parameters of NCS-1 WT, 135H, and 135A
Results of fitting ITC data to a two-site binding model are shown. The program
ORIGIN was used to obtain the thermodynamic parameters for NCS-1 WT and
both mutants.

ITC Ca2�titration of NCS-1WT, I35H, and I35A
NCS-1 Site KA Kd

a �Hb �Sc

M�1 nM kcal/mol kcal/mol
WT 1 6.6 � 107 � 2.5 � 107 57 �2.37 � 0.13 7.72

2 4.7 � 106 � 2.2 � 106 �3.19 � 0.50 19.67
I35H 1 7.2 � 107 � 2.0 � 107 91 nM �8.28 � 0.34 7.70

2 1.7 � 106 � 3.4 � 105 �4.03 � 0.58 14.75
I35A 1 1.1 � 106 � 1.8 � 105 169 nM �5.50 � 0.84 8.87

Site 2 3.2 � 107 � 6.4 � 106 �1.07 � 0.25 2.44
a �H, enthalpy.
b �S, entropy of binding.
c Overall Kd � 1/�K1K2.
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Expression of NCS-1 WT, I35H, and I35A Protect Intracellu-
lar Calcium Signaling—The two NCS-1 mutants provide
potentially different modes of action for protecting NCS-1 lev-
els in cells. Western blot analysis revealed that SHSY-5Y cells
transfected with NCS-1 I35H-HA prior to the 6-h paclitaxel
treatment showed no reduction in the levels of thismutant (Fig.
5, A and B). The addition of CAST to NCS-1 I35H-HA and
paclitaxel had no additional effect. However, cells transfected
with NCS-1 I35A-HA prior to paclitaxel treatment showed sig-
nificant reduction in the levels of this mutant (supplemental
Fig. S1, A and B) as predicted from in vitro experiments (Fig.
3B). Calcium imaging experiments showed amarked reduction
in intracellular calcium signaling both in amplitude (45%) and
duration (57%) in cells treatedwith paclitaxel for 6 h in both the
presence and absence of extracellular calcium (Fig. 5, C andD).

To test the effects of the mutated NCS-1 on intracellular cal-
cium signals, SHSY-5Y cells were transfected with NCS-1WT,
I35H, or I35A. Overexpression of NCS-1 WT alone provided
only partial protection of the amplitude of the intracellular cal-
cium signal, whereas the duration was still markedly reduced
compared with control cells (Fig. 5, C and D). Expression of
NCS-1 I35H or I35Awas able to protect fully against paclitaxel-
induced reductions in both the amplitude and duration of cal-
cium signaling; with either mutant version of NCS-1 the intra-
cellular calcium signals were virtually identical to those of
control cells (Fig. 5, C and D, and supplemental Fig. S1, C
and D).
The presence of calpain inhibitors ormutantNCS-1was able

to protect cells from paclitaxel-induced decreases in calcium
signaling. To determine whether additive or synergetic effects

FIGURE 5. Overexpression of NCS-1 I35H rescues NCS-1 levels and the calcium signal in SHSY-5Y cells. A, representative Western blot shows that NCS-1
I35H-HA levels are not significantly changed with paclitaxel treatment. Lane 1, NCS-1 I35H-HA; lane 2, NCS-1 I35H-HA � paclitaxel; lane 3, NCS-1 I35H-HA �
CAST � paclitaxel. B, NCS-1 I35H-HA was not decreased by paclitaxel treatment, nor was it enhanced by the addition of CAST prior to paclitaxel treatment (n �
3). *, p � 0.05. All treatments were normalized to cells transfected with HA-tagged NCS-1 I35H. C, the intracellular calcium signal was reduced after a 6-h
treatment with paclitaxel. The overexpression of NCS-1 WT prior to paclitaxel treatment was unable to rescue the calcium signal fully to that of control cells.
However, cells expressing NCS-1 I35H prior to treatment with paclitaxel had calcium signals similar to that of control cells (15–20 cells, n � 3). (A, 1 �M ATP; T,
10 �M thapsigargin). D, comparison of the normalized response durations to 1 �M ATP in control cells, cells treated with paclitaxel, and cells overexpressing
NCS-1 WT or I35H is shown. All treatments are normalized to control cells. All values are mean � S.E. (error bars).
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were possible if both treatments were present simultaneously,
SHSY-5Y cells were transfected with both CAST and either
NCS-1 I35H or I35A 24–48 h prior to the 6-h paclitaxel treat-
ment. No additional protection was found in cells transfected
with CAST and NCS-1 I35H or I35A compared with either
protein alone. Calcium imaging experiments were performed
in both calcium-containing and calcium-free media, and simi-
lar results were obtained (data not shown). These results show
there are no synergistic effects when both proteins, CAST and
NCS-1, are present at elevated levels.

DISCUSSION

The aim of this study was to determine whether calpain acti-
vation is an important step in the mechanism leading to pacli-
taxel-induced NCS-1 degradation. Prolonged treatment of
paclitaxel induces activation of calpain, NCS-1 degradation,
and reductions in intracellular calcium signaling (6, 13). Previ-
ous literature suggests that the inhibition of calpain proteases
has protective effects against sensory neuropathy caused by
treatment with chemotherapeutic drugs (13, 16). Confirmation
of the importance of calpain in the mechanismwas an essential
test of the hypothesis. Inhibitors of both the proteosome and
calpain, lactacystin, and CAST, the naturally occurring calpain
inhibitor, were tested in paclitaxel-treated cells, and in both
cases endogenous levels of NCS-1 were protected against pacli-
taxel-induced degradation. Interestingly, cells transfected with
CASTalone have a slightly elevatedNCS-1 level comparedwith
control cells, suggesting that CAST is protecting against the
normally occurring NCS-1 degradation. The presence of either
lactacystin or CAST in paclitaxel-treated cells also restored
intracellular calcium signals to those seen in control cells.
These results clearly show that calpain is a critical component
in the degradation of NCS-1 and that by inhibiting calpain, the
intracellular calcium signal was protected.
Previously, cells treated with paclitaxel were found to have

elevated levels of calpain activity (13). The presence of CAST
reduced calpain activity compared with that seen in both con-
trol and paclitaxel-treated cells. It was also discovered that the
levels of m-calpain appear to be more affected by paclitaxel than
�-calpain. These two calpain isoforms use the same cleavage site
and are inhibited by the same pharmacological reagents (20, 25).
However, it was not possible to separate the activity of the two
isoforms of calpain. This is because effective reagents to knock
downthe isoforms selectively are lacking.TheexpressionofCAST
decreases theoverall calpainactivity,but thisnatural inhibitor is an
effective inhibitor of both isoforms of calpain (20).
To test the suggestion that NCS-1 is an important compo-

nent of the effects of paclitaxel, two mutant versions of NCS-1
were developed with point mutations at the P2 position of the
calpain cleavage site of NCS-1 (Ile-35), with amino acids
thought to be poorly recognized by calpain. Isoleucine, natu-
rally found at this position in NCS-1, is one of the top three
amino acids favored by calpain at this position in the cleavage
site (17). Alanine and histidine are among the least favored
amino acids (17) and appear to have the least effect on proper
protein folding (18, 19). Although these two mutations have
slightly different effects onNCS-1 binding of calcium and pacli-
taxel, both protected calcium signaling in intact cells. Previ-

ously, we showed thatmutatingNCS-1 to inhibit calcium bind-
ing decreased its ability to interact with the InsP3R and this
alteration led to a decrease in the open probability of the InsP3R
(11). Therefore, we suggest that the ability of NCS-1 to bind
calcium is crucial for this protein to function properly, and
interaction with the InsP3R is essential for proper calcium sig-
naling in neuronal cells. Neither mutation was found to inter-
fere with the ability of NCS-1 to bind and interact with the
InsP3R and thus will not affect calcium signaling in cells.

We ascertained that NCS-1 I35H was favored less than both
NCS-1 WT and I35A by �-calpain. Interestingly, NCS-1 I35A
was a better substrate for �-calpain, a finding that was opposite
the result initially expected when designing this mutant. It is
possible that the mutation from isoleucine to alanine led to a
structural change in NCS-1 that resulted in a cleavage site for
calpain that is more exposed, thus enhancing the likelihood of
cleavage by calpain. Although the alanine mutation had an
unexpected effect on cleavage by calpain, it still provided pro-
tection of overall NCS-1 levels. Overexpression of NCS-1 WT
alone provided only a partial protection of the amplitude of the
intracellular calcium signal but not the duration, which
remained reduced compared with control cells. However,
expression of NCS-1 I35H or I35A in SHSY-5Y cells treated
with paclitaxel rescued both the amplitude and duration of the
intracellular calcium signals back to that of control cells. There-
fore, it appears that the presence of either mutant provides better
protection against the negative effects of paclitaxel treatment on
cells compared with NCS-1WT alone. A possible explanation for
the protective properties of the alanine mutant could be that the
availability of a version ofNCS-1 that is amore favorable target for
calpain cleavage can divert paclitaxel-induced degradation of
NCS-1WT. In contrast, the histidine mutant was less likely to be
cleaved by calpain, and it also functions in a manner similar to
endogenous NCS-1, therefore allowing NCS-1-dependent pro-
cesses in the cell to continue unaltered.
Previous findings suggested that calpain activation is an

important step in themechanism of paclitaxel-induced periph-
eral neuropathy (6, 13, 14, 16). Many chemotherapeutic drugs
cause an enhanced calcium signal which leads to hyperactiva-
tion of neurons which in turn, activates enzymes that induce
pathological changes in the neurons (21). The conclusions of
this study support our hypothesis that themechanism for pacli-
taxel-induced peripheral neuropathy begins with paclitaxel
binding to NCS-1, thereby enhancing NCS-1 binding to the
InsP3R, resulting in an increase in intracellular calcium. The
increased level of calcium activates calpain which then cleaves
NCS-1. With degraded levels of NCS-1 now present in the cell,
it is unable to interact fully with the InsP3R, thereby decreasing
calcium signaling in the cell. This reduction in overall calcium
signaling results in the changes to neurons that we suggest
induces peripheral neuropathy.
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