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Abstract Important to the function of calpains is tem-

poral and spatial regulation of their proteolytic activity.

Here, we demonstrate that cytoplasm-resident calpain 2

cleaves human nuclear topoisomerase I (hTOP1) via Ca2?-

activated proteolysis and nucleoplasmic shuttling of pro-

teases. This proteolysis of hTOP1 was induced by either

ionomycin-caused Ca2? influx or addition of Ca2? in cel-

lular extracts. Ca2? failed to induce hTOP1 proteolysis in

calpain 2-knockdown cells. Moreover, calpain 2 cleaved

hTOP1 in vitro. Furthermore, calpain 2 entered the nucleus

upon Ca2? influx, and calpastatin interfered with this

process. Calpain 2 cleavage sites were mapped at K158 and

K183 of hTOP1. Calpain 2-truncated hTOP1 exhibited

greater relaxation activity but remained able to interact

with nucleolin and to form cleavable complexes. Interest-

ingly, calpain 2 appears to be involved in ionomycin-

induced protection from camptothecin-induced cytotoxic-

ity. Thus, our data suggest that nucleocytoplasmic shuttling

may serve as a novel type of regulation for calpain

2-mediated nuclear proteolysis.
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Abbreviations

Ca2? Calcium ion

ER Endoplasmic reticulum

CAPN1/2 Calpain 1/2

hTOP1 Human DNA topoisomerase I

hTOP1tr Truncated hTOP1

FAK Focal adhesion kinase

DRB 5,6-Dichloro-1-b-d-

ribofuranosylbenzimidazole

BAPTA 1,2-Bis (o-amino-phenoxy) ethane-N, N,

N0, N0-tetraacetic acid

CHX Cycloheximide

Lac Lactacystin

CAPN Inh I Calpain inhibitor I

CAPS Inh VI Caspase inhibitor VI

IFA Immunofluorescence assay

GST Glutathione-S-transferase

siRNA Small interference RNA

CPT Camptothecin

hTOP1 cc HTOP1 cleavable complex

Introduction

Successful tight control of cellular proteolytic systems is

crucial for maintaining cellular homeostasis. Abnormal

activation of proteolytic systems has been observed in

diseases and is implicated in the pathogenesis of such as

muscle wasting [1] and neurodegenerative diseases [2–4].

Similarly, the impaired homeostasis of the calcium ion

(Ca2?) is associated with various pathological states, such

as muscular atrophies [5, 6] and ischemia [3, 7]. The Ca2?

imbalance resulting from endoplasmic reticulum (ER)

stress and/or dysfunction of Ca2? channels often leads to
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the activation of proteolytic enzymes [8–10], which are

mainly performed by the calpain family proteases [11–13].

Interestingly, calpains are also implicated in the patho-

genesis of Alzheimer’s disease [2], sarcopenia [5, 6], and

tumor progression [14–17], which has been attributed

mostly to their proteolytic cleavage of cytosolic and

membrane proteins. However, the potential mechanism(s)

of action and biological importance of calpain-mediated

cleavage of nuclear proteins remain to be investigated.

Mammalian cells have 14 members of the calpain family.

Some (e.g., calpain 1, 2, 5, 7, 10, 13, and 15) are ubiquitous

enzymes, whereas others (e.g., calpain 3, 6, 8, 9, 11, and 12)

are confined to specific tissues [18]. Among them, calpain 1

and 2 (l- and m-calpain; CAPN1 and CAPN2) are the best

characterized. These two proteases require Ca2?, but display

differential sensitivities in Ca2? concentrations ([Ca2?]), for

in vitro activation using purified enzymes [13]. In the

presence of Ca2?, autolysis of calpain 1 occurs at the

N0-termini of both subunits, resulting in a reduced [Ca2?]

requirement for activation and providing additional regu-

lation of its calpain activity [11, 12, 19]. Another central

regulatory mechanism involves the natural inhibitor cal-

pastatin, which has been shown to inhibit protease activity

by binding to both subunits of calpain in the cytoplasm [20–

25]. Moreover, localizations of calpains are also involved in

their regulation [18]. In this regard, calpain 2 has been

shown to be present in the cytoplasm and nuclear com-

partments of mouse myogenic cells and is implicated in the

control of the cell cycle [26, 27]. Despite the above reports,

the potential regulatory mechanisms by which calpains are

activated, especially in the nucleus, remain poorly defined.

Calpain proteases hydrolyze most of their substrates in a

limited proteolysis manner and subsequently lead to alter-

ations in biochemical activities rather than loss of function

and/or degradation of substrates [28]. These calpain-med-

iated alterations in the activities of targeting substrates are

thus mainly responsible for all observed cellular pheno-

types and pathological conditions associated with abnormal

calpain activation. For example, through proteolysis of

cytoskeletal talin and vinculin proteins as well as the sig-

naling FAK kinase, calpains may be involved in the

remodeling of the cytoskeleton anchorage complex and the

regulation of cell adhesion, migration, and fusion [29–32].

Notably, many calpain substrates (e.g., FAK and talin)

identified in vitro are located either in the cytoplasm or on

the membrane, which is in agreement with the primarily

cytoplasmic location of these proteases [31, 32]. However,

a few recent reports have revealed that proteins in the

nuclear pore complex or nucleus itself are potential calpain

substrates, thereby suggesting the potential nuclear func-

tions of calpains [33]. The underlying mechanism(s) and

regulation(s) of the calpain-mediated cleavage of nuclear

proteins thus require further investigation.

DNA topoisomerases belong to a ubiquitous family of

nuclear enzymes functioning in all aspects of DNA-track-

ing processes, such as DNA replication, RNA transcription,

and recombination repair [34]. Based on their catalytic

mechanisms, these enzymes can be further categorized into

two types: type I (TOP1) and type II topoisomerases

(TOP2) [35, 36]. Both human TOP1 (hTOP1) and hTOP2

have been proven to be therapeutic targets for anticancer

therapy [37, 38]. Clinically useful camptothecin (CPT)

induces cell killing via the formation of hTOP1 cleavable

complexes (hTOP1 cc) [39]. Here, we report that the nu-

cleocytoplasmic shuttling of cytosolic calpain 2 contributes

to its Ca2?-activated proteolysis of hTOP1. Pharmacolog-

ical inhibitor and RNA interference experiments suggest

that calpain 2 plays an important role in this Ca2?-activated

hTOP1 proteolysis. Using in vitro fractionation and

reconstitution approaches, our results revealed that Ca2?

activated cytosolic protease(s) to cleave hTOP1 and that

the nuclear membrane served as a barrier against the access

of calpain 2 to hTOP1 proteins. We also observed that

Ca2? influx not only activates the proteolytic activity of

calpain 2 but also promotes its nuclear entry. Interestingly,

the natural inhibitor calpastatin reduced Ca2?-activated

cleavage of hTOP1 by restricting calpain 2 in the cyto-

plasm, whereas catalytic inhibitors had no effect on the

nuclear entry of calpain 2. Calpain 2-mediated cleavage

sites were further mapped at N-terminal K158 and K183 of

hTOP1. The resulting N-terminus-truncated hTOP1

(hTOP1tr) proteins exhibit greater relaxation activity but

retain its ability to be poisoned by CPT and to interact with

nucleolins. Furthermore, this calpain 2-mediated hTOP1

proteolysis seemed to be associated with ionomycin-med-

iated protection from CPT-induced cell killing. In sum, we

have found a mechanism of action for calpain 2 in which

this protease cleaves nuclear hTOP1. This calpain 2-med-

iated hTOP1 proteolysis not only impacts its biochemical

activities but also alters some cellular functions of hTOP1.

Additionally, a novel regulatory mechanism of calpastatin

on the nuclear proteolytic activity of calpain 2 has also

been suggested.

Materials and methods

Drugs, chemicals, reagents, and cell cultures

5, 6-Dichloro-1-b-d-ribofuranosylbenzimidazole (DRB), 1,

2-bis (o-amino-phenoxy) ethane-N, N, N0, N0-tetraacetic

acid (BAPTA), caspase inhibitor VI, calpain inhibitor I/II,

lactacystin, calpain 1 (from human erythrocytes) and

calpain 2 (rat, recombinant) were purchased from

Calbiochem. Other chemicals were obtained from Sigma.

The HCT116 colorectal cancer cell line was a generous gift
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from Dr. L.F. Liu (Univ. Med. Den. NJ, USA). The AGS

gastric, MCF7 breast, HT29 and SW480 colorectal cancer

cell lines were from Drs. M-C Huang and J-T Wang

(National Taiwan Univ. College of Med, NTUCM,

Taiwan).

Antibodies, immunoblotting, and immunofluorescence

Antibodies against eEF1a, hTOP1 N0-terminal 100–200

a.a. (TOP1a-Nt) and nucleolin were generous gifts from Drs.

S. Chang, S–C Lu (NTUCM, Taiwan), J. Hwang (Acade-

mia Sinica, Taiwan) and S.H. Yoshimura (Kyoto U, Japan).

Antibodies against hTOP2a (sc-13058), calpain 1 (sc-

13990) and hTOP1 C0-terminus (TOP1a-Ct) (sc-5342) were

from Santa Cruz Biotech. Antibodies against GADPH

(H86504 M) and hTOP1 central region 400–600 a.a.

(TOP1a-Cn) (ab3825) were purchased from Biodesign and

Abcam, respectively. PARP1 (556362, BD Biosciences)

and calpain 2 antibodies (3372-100, BioVision, for

immunoblotting assay & 208727, Calbiochem, for immu-

nofluorescence analysis) were obtained commercially. The

immunoblotting assays were performed as previously

described (number of replicates, n = 2 or 3) [40]. All

antibodies in immunoblotting analyses were used at a ratio

of 1:1,000 except for anti-TOP1a-Nt and anti-GAPDH

antibodies, which were used with 5,0009 and 50,0009

dilutions, respectively.

For the immunofluorescence assay (n = 3), HCT116

cells were plated onto cover slips (coated with FBS) a day

before drug treatments. Drug-treated cells were washed

with PBS and then fixed with 3% paraformaldehyde and

2% sucrose in PBS. After 10-min fixation at room tem-

perature and three PBS washes, cells were permeated via

an incubation in buffer A (20-mM HEPES, 50-mM NaCl,

3-mM MgCl2, 300-mM sucrose and 0.5% Triton X-100) at

room temperature for 10 min. Cover slips were washed

with PBS, blocked in buffer B (5% FBS and 0.05% Tween-

20 in PBS) for 3 h and incubated with primary antibodies

in buffer B for another 16 h at 4�C. After washing three

times with PBS, cells were incubated with AlexaFluor488-

or Rhodamine-conjugated secondary antibodies (Molecular

Probes) in Hoechst 33342 (10 lM)-containing buffer B at

37�C for an hour. After the PBS washes, the cells were then

mounted in Fluoromount-G (Southern Biotechnology

Associates). Images were captured with a TCS SP2 con-

focal microscope (Lecia) equipped with a CCD camera

(Optronics) or an epi-fluorescence microscope (Nikon

Eclipse 80i) with a CCD camera (Nikon DS-Ri1). Hoechst

DNA staining was used to indicate the location of the

nucleus. Typically, images of nuclear staining were scan-

ned with 14 sections along the Z axis with an objective lens

(HCX PL APO 63.0 9 1.32 OIL PH3 UV) for image

collection after determining the edges of the cells. After

initial localization of the nucleus by Hoechst staining, the

representative images for nuclear staining of calpain 2 were

directly scanned/captured in the single section with the

largest nuclear diameter.

In vitro protease activation assay

The protease activation assay was performed similar to the

published procedure for the calpain activation assay [41].

Briefly, 2 9 107 HCT116 cells were washed with PBS

twice and cells were then lysed directly with 200 ll of a

calpain activation buffer containing 50-mM NaCl, 10-mM

EGTA, 0.1% Triton X-100 and 100-mM HEPES (pH 7.5).

Different divalent cations (5-mM Ca2?, Mg2?, or Mn2?)

with or without 10-mM EGTA were added to activate

proteases (n = 1 using TOP1a-Nt antibodies, n = 1 using

TOP1a-Ct antibodies). After a 10-min incubation at room

temperature, reactions were stopped by the sample buffer

(50-mM Tris–HCl pH 6.8, 2% SDS, 0.1% Bromophenol

Blue, 10% glycerol and 0.1-M b-mercaptoethanol).

Immunoblotting analysis was performed to analyze the

integrity of hTOP1 proteins.

Nuclei isolation and cellular fractionation

HCT116 cells (*5 9 106) were pelleted and washed twice

with PBS. The cell pellet was then re-suspended in 200 ll

of hypotonic buffer (10-mM Tris–HCl pH 7.9, 140-mM

KCl, 5-mM MgCl2, and 1-mM DTT). After a 5-min

incubation on ice, NP40 (0.25%) was added to the cell

mixtures with an additional 3-min incubation and then

followed with gentle taps to break down cellular mem-

brane. The supernatant was collected as cytoplasmic

extract after a 5-min centrifugation at 800 9 g with a

microfuge (4�C). The nucleus pellet was re-suspended with

1 ml of washing buffer (20-mM Tris–HCl pH 7.9, 140-mM

KCl, and 20% glycerol), span at 800 9 g for 5-min and

collected as the fraction of intact nuclei. To prepare the

nuclear extract, isolated nuclei were dissolved in 100 ll of

nuclear extraction buffer (10-mM HEPES pH 7.5, 350-mM

NaCl, 5-mM EDTA, 5-mM DTT) with 30-min gentle

rotation. The nuclear mixture was then subjected to cen-

trifugation at 12,000 9 g for 10 min and the supernatants

were collected as nuclear extracts (n = 2).

Purification of TOP1 and GST-fused TOP1 fragments

Recombinant full-length of hTOP1 proteins were expressed

in a baculovirus system and purified following a published

procedure [42]. Plasmids expressing different lengths of

GST-fused hTOP1 fragments were obtained from Dr. E.H.

Rubin (Cancer Institute of NJ, USA) [43]. After transfor-

mation of the constructs into E. coli BL21, bacteria were
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grown at 26�C in Luria Broth containing 100 lg/ml of

ampicillin and shaken until the A600 reached *0.6. After

4 h of incubation with 0.5-mM isopropyl-b-D-1-thiogalac-

topyranoside (IPTG), the cells were harvested and then

washed once with STE buffer (10-mM Tris pH 8.0, 150-

mM NaCl and 1-mM EDTA). Bacteria were re-suspended

in STE buffer containing 100-lg/ml lysozyme and incu-

bated for 15 min on ice for cellular lysis. After the addition

of 5-mM DTT and 1.5% N-lauryl-sarcosine, bacterial

lysates were further sonicated on ice. After spinning

briefly, supernatants were incubated with prepared gluta-

thione Sepharose beads (Pharmacia) for 1 h at 4�C. The

beads were washed four times with cold PBS. GST-fused

proteins (e.g., GST-TOP1141–166 containing the hTOP1

fragment from amino acid 141 to 166) were eluted with an

elution buffer (10-mM reduced glutathione and 40-mM

Tris pH 8.0).

Identification of calpain 2 cleavage sites in hTOP1,

in vitro calpain cleavage assay and DNA relaxation

analysis

Reaction mixtures in the calpain cleavage (CC) buffer

(10-mM Tris pH 7.5, 50-mM NaCl, 1-mM DTT, 1-mM

EDTA, and 0.1-mg/ml BSA) containing purified hTOP1

(*0.5 lg) were mixed with or without 5-mM Ca2? and

0.8-U calpain 2. In these experiments, we used 0.8-U cal-

pain to achieve a nearly complete digestion of recombinant

hTOP1 and thereby optimized conditions for the in vitro

assays. Reactions were stopped by the addition of EGTA

(final concentration of 5 mM) after a 10-min incubation at

room temperature. Reaction mixtures were subjected to

both the immunoblotting assay and DNA relaxation anal-

ysis. The DNA relaxation assay was performed in a 30-ll

mixture consisting of 0.5 lg of supercoiled DNA substrate

(pBR322) with intact hTOP1, the hTOP1tr-containing

mixture or various cellular extracts (*20 lg) in the

relaxation buffer (10-mM Tris pH 7.5, 50-mM NaCl,

1-mM EDTA, 1-mM DTT and 100 lg/ml of BSA). After a

10-min incubation at 37�C, an adequate amount of stop

solution (final 1% SDS, 0.0005% Bromophenol Blue, 6%

glycerol and 10 lg of protease K) was added and followed

by an incubation at 37�C for 30 min. The activity of

hTOP1 in relaxing DNA was analyzed with a 0.8% agarose

gel with 1.2 V/cm at 4�C for 15 h in 0.59 Tris–phosphate-

EDTA (TPE) buffer.

For the identification of calpain 2-cleaved sites on

hTOP1, two GST-fused hTOP1 fragments (GST-TOP1141–166

or GST-TOP1166–210, *1.5 lg) were subjected to the

calpain cleavage assay with 0.8 U calpain 2 as described

above (with the exception of a longer incubation time of

15 min). The cleavage mixtures were then loaded into

Microcon YM-10 (Millipore) and spun to eliminate

proteins with molecular weights (MWs) larger than

12.4 kDa ([95%, according to the manufacturer’s report).

Eluted samples containing non-GST-fused cleaved prod-

ucts were collected and delivered to Mission Biotech

(Taiwan) for MALDI-TOF/mass spectrometry analysis.

Lentivirus-mediated small RNA interference (siRNA)

Knockdown of calpain 2 expression was achieved by a

lentivirus-packaged siRNA approach as described previ-

ously (http://rnai.genmed.sinica.edu.tw/). Five different

pLKO.1-shRNA plasmids expressing calpain 2-targeting

siRNAs (siCapn2 #39–43) were obtained from the National

RNAi Core Facility (Taiwan). The calpain 2-targeting

sequences for siCapn2 #39 and siCapn2 #43 are listed

below: GCGCTCAGACACCTTCATCAA and CCCGAG

AATACTGGAACAATA. Plasmid pLKO.1-shRNA (with

puromycin resistant gene), pMD.G (VSV envelope pro-

tein), and pCMVDR8.91 (gag, pol, and rev proteins) were

co-transfected into 293T cells (*1.2 9 106) with a 1:0.1:1

ratio by Lipofectamine plus (Invitrogen). Culture media

containing released viruses were collected every 24 h for

3 days after transfection and the viral soups were then used

for viral infection. One day after separated viral infection

with five different si-Capn2-expressing lentiviruses

(n = 1), HCT116 cells were subjected to clonal selection

with puromycin (2 lg/ml) for an additional 3 days. The

surviving cells were then pooled and further cultivated into

stable five clones (HCT116 si-Capn2 #39–43). Immuno-

blotting analysis with anti-calpain 2 antibodies was used to

examine the knockdown efficiencies of pooled clones (data

no shown for HCT116 si-Capn2 #40–42 cells). HCT116 si-

Capn2 #39 and #43 cells were selected for further

experiments.

The coimmunoprecipitation (CoIP) assay

Approximately 2 9 107 HCT116 cells were treated with

10-lM ionomycin for 15 min., harvested and then washed

with PBS twice. After a brief spin at 13,000 9 g, cells

were lysed with calpain activation buffer containing an

additional 19 protease inhibitor cocktail (Roche). Super-

natants were collected after 20-min of centrifugation at

13,000 9 g. After the addition of pre-immune mouse

serum or anti-nucleolin antibodies to the collected super-

natants, reaction mixtures were immediately rotated at 4�C

for 1 h. Protein G-Sepharose beads were then added to the

mixtures and further incubated overnight at 4�C with gentle

rotation. The beads were washed once with calpain acti-

vation buffer and four times with PBS. After the addition of

sample buffer, immunoblotting analyses with two kinds of

antibodies against the hTOP1 (n = 2, with either TOP1a-Ct,
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or TOP1a-Cn) or with nucleolin antibodies were carried out

to determine the interaction between hTOP1 and nucleolin.

Assays for human TOP1 cleavable complex

(hTOP1 cc)

For detection and characterization of hTOP1 cc and

hTOP1trcc, 106 of HCT116 cells were treated with or

without 5-lM ionomycin for 15 min and co-incubated with

CPT (5 lM) for another 30 min at 37�C. For the band

depletion assay [40], the drug-treated cells were lysed with

alkaline lysis and then subjected to immunoblotting anal-

ysis to examine CPT-induced formation of hTOP1 cc and/

or hTOP1trcc. In the medium reversal experiments, an

additional incubation in CPT-free media 30 min prior to

lysis was carried out to determine the reversible nature of

hTOP1 cc and hTOP1trcc. The alkaline lysis was per-

formed with one appropriate volume of alkaline lysis

buffer (0.2-N NaOH, 2-mM EDTA), which was then

neutralized with a 1/10 volume of 109 neutralization

solution (10% NP-40, 1-M Tris pH 7.4, 100-mM MgCl2,

100-mM CaCl2, 10-mM dithiothreitol, 1-mM EGTA, and a

protease inhibitor cocktail) with a 1/10 volume of 2 N HCl.

For the release of hTOP1 cc or hTOP1trcc from chromatin

DNA, neutralized cell lysates were further incubated with

S. aureus DNA nuclease S7 (60 U per reaction) on ice for

30 min. Reactions were terminated using sample buffer.

Colony formation assay

The clonogenic assay was performed as described (n = 3)

[40] to examine the potential effect of ionomycin on CPT-

induced cell killing. Sub-confluent cells were pre-treated

with or without 5-lM ionomycin for 15 min and then

co-treated with or without CPT for another 30 min.

Drug-treated cells (4–8 9 102 per plate) were re-seeded

onto 60-mm culture dishes with drug-free medium. Surviv-

ing cells were allowed to grow into colonies in a 5% CO2

incubator at 37�C for 12 days. Colonies were stained (with

0.03% crystal violet and 2% ethyl alcohol) and scored.

Quantitative and statistical analyses

Immunoblotting results were scanned and saved as elec-

tronic files. The intensities of individual bands were then

graphed and determined with the ImageQuant program

(Molecular Dynamics). In the medium reversal and S7-

release experiment, the level of free hTOP1tr protein in the

ionomycin-treated sample was taken as 100%. For the

quantitative analysis of IFA results, both nuclear staining

of calpain 2 and nucleolar enrichment of hTOP1 were

scored as positive ones from several fields of confocal

microscope images (up to *50 or 100 cells/per field). In

control cells, hTOP1 proteins locate in both nucleoplasm

and nucleoli. After ionomycin treatments, cells with a

much reduced immunofluorescent signal of hTOP1 in

nucleoplasm compartment and increased hTOP1 signals in

nucleoli were scored as positive in nucleolar enrichment of

hTOP1. Statistical analysis for differences between the

numbers of survival rates, protein levels of hTOP1 and

calpain 2, percentage values of hTOP1 proteolysis and

nuclear calpain 2 staining was performed with Student’s

t test. Data were considered statistically significant when

p values were \0.05 and \0.01, which are shown with

single (*) and double asterisks (**), respectively.

Results

Ionomycin treatment induces rapid and Ca2?-dependent

proteolysis of human DNA topoisomerase I (hTOP1)

Different cells were treated with Ca2? ionophores and

immunoblotting analysis was used to examine the effect of

Ca2? influx on the protein integrity of hTOP1. In Fig. 1a,

cellular exposure to 10-lM ionomycin caused limited

proteolysis of hTOP1 in four different cell lines with dif-

ferent efficiencies but not in SW480 cells (see quantitative

results in Fig. 1b). Using another Ca2? ionophore

(A23187), similar proteolysis of hTOP1 was also observed

(Fig. S1A). In addition, this ionophore-induced hTOP1

proteolysis was time- and dosage-dependent (HCT116

cells, Figs. 1c, S1A, and B). Notably, HT29 cells exhibited

the highest basal level of hTOP1 proteolysis (23.8 ± 4.8%,

Fig. 1b) among the five cell lines examined. Interestingly,

similar cleavage products were observed in ionomycin-

treated HCT116 cells using different hTOP1 antibodies

(TOP1a-Nt for the N0-terminus, TOP1a-Cn for the central

domain and TOP1a-Ct for the C0-terminus). Furthermore,

the proteolytic sites of hTOP1 are likely located within its

N0-terminal 200 amino acids according to the epitope

specificity of TOP1 antibodies (Fig. 1d).

To confirm the contribution of intracellular [Ca2?] to the

above hTOP1 proteolysis effect of ionomycin, we took

advantage of the Ca2? chelator EGTA. As shown in

Fig. 1e, 2-mM EGTA abolished the ionomycin-induced

proteolysis of hTOP1. Moreover, extracellular addition of

Ca2? in culture media also caused a dose-dependent

hTOP1 proteolysis in HCT116 cells (Fig. 1f), providing

further support for the direct role of Ca2? in this limited

proteolysis of hTOP1. Consistently, co-treatment of cells

with 5-mM Ca2? and 20-lM ionomycin caused a signifi-

cant increase in hTOP1 proteolysis (*52%) compared to

HCT116 cells treated with 20-lM ionomycin only

(*25%). No hTOP1 proteolysis was observed in the

presence of additional 10-mM EGTA (Fig. 1g). The
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specific involvement of Ca2? was further supported by the

observation that only 5-mM Ca2?, but not an equal con-

centration of other cations (i.e., 5 mM), triggered hTOP1

proteolysis in total cell lysates (Fig. 2a, immunoblotting

analysis with TOP1a-Nt antibodies). Similar conclusion was

also obtained by the same in vitro protease activation assay

using total cell lysates coupled with immunoblotting

analysis using TOP1a-Ct antibodies (data not shown). In

sum, our data suggest that Ca2? influx activates the limited

proteolysis of nuclear hTOP1.

Cytosolic calpain proteases, but not caspases

or the proteasome, contribute to Ca2?-activated

hTOP1 proteolysis

Next, we sought to identify the protease(s) responsible for

this Ca2?-activated hTOP1 proteolysis. The fractionation

and reconstitution approaches as well as the in vitro

cleavage assay were first used to identify and localize the

responsible protease(s). In Fig. 2b, we found that the Ca2?-

activated hTOP1 proteolysis could only occur when
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Fig. 1 Ionomycin treatment induced rapid, but limited proteolysis of

human DNA topoisomerase I (hTOP1) in cells. a Cellular exposure to

ionomycin resulted in the cleavage of hTOP1 proteins in various cell

lines. HCT116, HT29, SW480 colorectal, MCF7 breast and AGS

gastric cancer cells were treated with or without ionomycin (Iono,

10 lM) for 15 min, harvested and lysed. Equal amounts of different

cell lysates were subjected to immunoblotting analysis with antibod-

ies against the C-terminus of TOP1 (TOP1a-Ct) and GAPDH (as the

loading control) and proteolysis results were quantified (number of

replicates, n = 3) (b). c Ionomycin-induced hTOP1 proteolysis is

dose-dependent. d The proteolysis of hTOP1 induced by ionomycin is

likely caused by the protease-mediated cleavage at the N0-terminus.

HCT116 cells were treated with ionomycin (doses as indicated) and

the integrity of proteins was analyzed as described in a. Antibodies

against the central domain, N-terminus, and C-terminus of hTOP1

(named TOP1a-Cn, TOP1a-Nt, and TOP1a-Ct, respectively) were used

for the epitope-mapping of potential proteolytic sites on hTOP1.

e Ca2? chelation by EGTA prevented hTOP1 proteolysis induced by

ionomycin. HCT116 cells were pre-treated with EGTA for 30 min

and then underwent co-treatment with ionomycin for 15 min. f The

hTOP1 proteolysis was also observed with extracellular addition of

Ca2? to the culture media. Different concentrations of Ca2? (as

indicated on the top of figure) were add directly into the media and

HCT116 cells were further incubated for 15 min. g The addition of

extracellular Ca2? also greatly stimulated ionomycin-induced prote-

olysis of hTOP1. HCT116 cells were treated with different

combinations of 5-mM Ca2?, 10-mM EGTA (pre-treatment for

30 min) and 20-lM ionomycin for 15 min. Cells were lysed, and

immunoblotting analyses were carried out as described above. Arrows
indicate the truncated hTOP1 fragments. **p \ 0.01; * p \ 0.05; ns,

statistically non-significant
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cytosolic (C) and nuclear extracts (N) were mixed together,

suggesting the cytoplasmic location of the protease(s).

Compared to that with the nuclear extract, a reduction in the

level of hTOP1 proteolysis was observed when intact nuclei

(Ni0) were combined with the Ca2?-activated cytosolic

fraction (Fig. 2c, compare lane 4–5). In addition, large

truncated fragments of hTOP1 (hTOP1tr) and intact hTOP1

proteins remained in the nuclear fraction (Fig. S1C), sug-

gesting that Ca2?-activated hTOP1 proteolysis likely occurs

in the nucleus. The alternative experiments using the same

approach, but different hTOP1 antibodies (TOP1a-Ct anti-

bodies), had been performed and similar observations were

observed (data not shown). Collectively, these results sup-

port the notion that Ca2?-activated hTOP1 proteolysis

might involve the nuclear shuttling of cytosolic proteases.

The pharmacological approach using specific inhibitors

was then used to examine the potential involvement of

proteases. First, we found that the proteasome and caspases

are likely not involved in this process, since hTOP1 pro-

teolysis was not affected by co-treatment of either the

proteasome inhibitor lactacystin (data not shown) or cas-

pase inhibitor VI (CASP Inh VI, Fig. 3a). The calpain

family included the most well-known proteases activated

by Ca2? [13, 18, 44]. As expected, calpain inhibitor I

(CAPN Inh I) effectively blocked the ionomycin-induced

hTOP1 proteolysis (Fig. 3b). Similar blockage was also

observed with calpain inhibitor II (data not shown). We

have also examined whether ionomycin treatment induces

proteolysis of other nuclear proteins. We found that only

hTOP2b and lamin A/C proteins, but not hTOP2a or PARP

proteins, were cleaved into visible smaller fragments upon

exposure to 10-lM ionomycin. Similarly, these proteolyses

of hTOP2b and lamin A/C proteins induced by ionomycin

could also be greatly diminished by either EGTA or calpain

inhibitor co-treatment (data not shown).

Within the calpain family, calpain 1 and 2 are the main

proteases activated by Ca2? [13]. We also found that both

calpain 1 and 2 were present in all five cell lines we

examined (Fig. S1D). We thus examined the ability of

recombinant calpain 1 and 2 to cleave purified hTOP1

proteins. In Fig. 3c, d, we observed that both calpain 1 and

2 limitedly cleaved hTOP1 into fragments with a pattern

similar to that induced by ionomycin treatment in the

above cell culture experiments. Recombinant calpain 2

appeared to exhibit a much higher specific cleavage

activity on hTOP1 than recombinant calpain 1 (Fig. 3d).

Notably, this in vitro hTOP1 proteolysis by recombinant

calpain 2 was also inhibited in the presence of calpain

inhibitor I or Ca2?-chelating EGTA (Fig. 3e).

Calpain 2 contributes to the Ca2?-activated hTOP1

proteolysis

Above in vitro experiments have identified hTOP1 as a

potential substrate, that is preferentially cleaved by calpain 2

compared with calpain 1 (Fig. 3c, d). A genetic approach

using RNA interference technology was employed to

examine the involvement of calpain 2 in Ca2?-induced

hTOP1 proteolysis. Cells were infected with lentiviruses

expressing different small interference RNAs specifically

targeting calpain 2 (si-Capn2 #39 or #43) and then incubated

in the presence of puromycin. Pooled clones of drug-resis-

tant HCT116 cells were collected after 3 days of drug

selection and further cultivated into stable lines. As shown in

Fig. 3f, g, the expression of calpain 2 was knocked-down in

both HCT116 si-Capn2 #39 (42.5 ± 12.0% remained) and

#43 clones (17.0 ± 2.8% remained) with a greater efficiency

in si-Capn2 #43 cells. Moreover, hTOP1 remained mostly

intact upon exposure to 10-lM ionomycin in both HCT116

si-Capn2 #39 and #43 cells (Fig. 3h). Furthermore, knock-

down of calpain 2 expression did not cause any significant

change in the level of hTOP1 proteins (Fig. 3i). Together,

our results thus suggest that calpain 2 is one of the protease

responsible for Ca2?-activated hTOP1 proteolysis.
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Fig. 2 In vitro proteolytic cleavage of nuclear hTOP1 by Ca2?-

activated cytosolic proteases. a Ca2?, but not Mg2? or Mn2?,

effectively activated hTOP1 proteolysis in HCT116 cell extracts. The

in vitro protease activation assay using total extracts was performed in

the absence or presence of different divalent cations (5 mM) as

described in ‘‘Materials and methods’’. b The fraction and reconsti-

tution experiments revealed that cytosolic extract contains the Ca2?-

activated proteolytic activity on hTOP1. c The intact nuclear

membrane partially blocked the Ca2?-activated cleavage of hTOP1.

The Ca2?-activated hTOP1 proteolytic reaction was reconstituted by

various combinations of cytosolic extract (C), nuclear extract (N) and

isolated nuclei (Ni0) as described in ‘‘Materials and methods’’

(n = 2). Ca2? (5 mM) was added to activate the protease(s). After

incubation at room temperature for 10 min, the mixtures were

subjected to immunoblotting analysis with hTOP1a-Nt antibodies
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Nucleocytoplasmic shuttling of calpain 2 contributes

to Ca2?-activated hTOP1 proteolysis

The main cellular location of calpain 2 has been reported to

be in the cytoplasm and most of its in vitro substrates are

either membrane-associated or cytosolic proteins [28].

Consistently, we showed that calpain 2 proteins were

mainly resident in the cytoplasm of untreated cells (Fig. 4a,

b). Inspection of Fig. 4a reveals that a small proportion of

calpain 2 re-distributed into the nuclear fraction after Ca2?

influx, whereas both activated and intact calpain 1 protease

remained in the cytosolic fraction (Fig. 4a). In addition,

nuclear staining of calpain 2 became visible after 10-lM

ionomycin treatment (*28% of cells with positive nuclear

staining using an epi-fluorescence microscope shown in

Fig. S1E compared to 23.0 ± 0.3% of cells with positive

nuclear staining using a confocal microscope shown in

Fig. 4b, c). Quantitative analysis further revealed that

A B

C

D

E
F

G H I

Fig. 3 Calpain 2 is the main protease responsible for the Ca2?-

activated proteolysis of hTOP1. a Ionomycin could still effectively

induce hTOP1 proteolysis in the presence of caspase inhibitor.

b Ionomycin-induced hTOP1 proteolysis was greatly reduced when

calpain proteases were inhibited. Different concentrations (lM, as

indicated on the top of corresponding panels) of caspase inhibitor VI

(CASP Inh VI) and calpain inhibitor I (CAPN Inh I) were added for

30 min before ionomycin treatment (5 lM for 15 min). c, d The

proteolysis of purified hTOP1 by recombinant calpain 1 (CAPN1) and

2 (CAPN2) in vitro. Purified calpains (human CAPN1 or rat CAPN2,

at indicated units) with or without Ca2? (5 mM) were mixed with

recombinant hTOP1 (0.05 lg) and incubated for 10 min at room

temperature; then, reactions were stopped using sample buffer. The

quantitative data has been plotted in (d). e Both Ca2?-chelating

EGTA and calpain inhibitor I efficiently blocked in vitro proteolysis

of hTOP1 mediated by the Ca2?-activated recombinant calpain 2. f,
g The expression of calpain 2 was specifically knocked-down using a

RNA interference (RNAi) approach. The knockdown efficiencies in

HCT116 cells of lentiviral particles expressing different shRNAs (#39

and #43) were quantified (n = 3) (g). h Ca2?-mediated hTOP1

proteolysis was diminished in the calpain 2-deficient cells. The

lentivirus-mediated RNAi approach was utilized to specifically

knockdown the expression of calpain 2 in HCT116 cells. After

proper selection, pooled clones of calpain 2-deficient cell lines were

established. The knockdown efficiency and specificity values for

these two clones (HCT116 si-Capn2 #39 and #43) are shown in (f, g).

Ionomycin-induced hTOP1 proteolysis was then performed with two

knockdown clones and HCT116 si-Vector cells as described above.

i The expression levels of hTOP1 are not altered in two si-Capn2 cell

lines (n = 3). * p \ 0.05; ns, statistically non-significant
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ionomycin treatment induced nuclear entry of calpain 2 in

a dosage-dependent manner (Fig. 4c). These results there-

fore suggest that Ca2? influx not only activates the protease

activity of calpain 2 but also causes its nuclear entry.

Moreover, both processes are likely needed for Ca2?-

activated hTOP1 proteolysis.

Nuclear entry of calpain 2 is regulated by both Ca2?

and calpastatin, but not calpain activity

To test the above hypothesis, EGTA and calpain inhibitors

were used to block Ca2? influx and protease activity,

respectively. As shown, EGTA abolished both proteolysis

of hTOP1 (Fig. 4d) and nuclear entry of calpain 2 after

ionomycin treatment (Fig. 4e). The catalytic inhibitor of

calpains (CAPN Inh I) blocked the Ca2?-activated hTOP1

proteolysis (Fig. 4f) but had no effect on the nucleocyto-

plasmic shuttling of calpain 2 (Figs. 4g and S2A). It is

generally believed that the natural inhibitor calpastatin

regulates the activation of calpain proteases and inhibits

their catalytic activity by binding to them [23, 24, 45].

Effects of GFP-fused calpastatin on the Ca2?-activated

hTOP1 proteolysis and nuclear entry of calpain 2 were thus

examined. As scored by the GFP-positive signal, *30% of

HCT116 cells transiently expressed calpastatin. To our

surprise, calpastatin not only reduced the Ca2?-activated

hTOP1 proteolysis (Fig. 4h), but also blocked the iono-

mycin-induced nuclear entry of calpain 2 (Fig. 4i, j). With

A B

D
C

E
F

G

H

I
J

Fig. 4 Cytosolic calpain 2 entered the nucleus and cleaved hTOP1

after Ca2? influx. a, b Ionomycin treatment shifted a fraction of

cytoplasmic calpain 2 into the nucleus as revealed by the fractionation

assay (a) and the immunofluorescent analysis (IFA) using a confocal

microscope (b). Fractionation experiments were performed with

HCT116 cells treated with or without ionomycin (10 lM, 15 min).

Cytosolic and nuclear extracts were then analyzed by the immuno-

blotting analysis using anti-calpain 1 and 2 antibodies. GAPDH and

hTOP2a were used as cytosolic and nuclear markers, respectively. For

IFA, cells were first seeded onto cover-slips for 24 h before

ionomycin treatment (20 lM for 15 min). Control and treated cells

were subjected to IFA using a confocal microscope as described in

‘‘Materials and methods’’. Nuclear location was indicated by Hoechst

33342 staining. Bar 8 lM. c Quantitative results for the dosage

dependence of ionomycin-induced nuclear entry of calpain 2 (n = 3).

d, e Chelation of extracellular Ca2? by EGTA effectively abolished

both ionomycin-induced proteolysis of hTOP1 (d) and nuclear entry

of calpain 2 (n = 3) (e). f, g Inhibition of protease activity by calpain

inhibitor I (CAPN Inh I) affected only the ionomycin-induced hTOP1

proteolysis (f), but not the nuclear entry of calpain 2 (n = 3) (g).

Ectopic expression of calpastatin reduced both Ca2?-activated

proteolysis of hTOP1 (h) and ionomycin-induced nuclear entry of

calpain 2 (i). HCT116 cells were transfected with either a control

vector or the GFP-calpastatin fusion-expressing construct. After 48 h,

the GFP fluorescence assay was used to examine the transfection

efficiencies (*30–40%). j Quantitative analysis of the effect of

calpastatin expression on ionomycin-induced nuclear entry of calpain

2 (n = 3). Columns represent percentages of nuclei containing

calpain 2 in GFP-positive cells. White arrow heads indicated for

the cells with nuclear staining of calpain 2. **p \ 0.01; ns,

statistically non-significant
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10-lM ionomycin treatment, ectopic expression of cal-

pastatin decreased the nuclear staining of calpain 2 from

25.3 ± 1.2% to 5.1 ± 1.0% (p \ 0.01, Fig. 4j). Moreover,

the reduction effect of calpastatin on Ca2?-activated or

ionomycin-induced hTOP1 proteolysis has also been

observed using the same approach (as Fig. 4h) but with

TOP1a-Nt antibodies for immunoblotting analyses (data now

shown). Our results thus suggest a novel role for calpastatin

in regulating the Ca2?-activated nuclear entry of calpain 2.

Calpain 2 cleaves hTOP1 at two N0-terminal lysine

residues, K158 and K183

The above epitope mapping results (Fig. 1d) suggest that

hTOP1 proteolysis by calpain 2 likely occurs within its

N0-terminal 200 amino acids. To further determine the

cleavage sites, various GST-fused recombinant hTOP1

fragments were purified for the in vitro calpain 2 cleavage

assay. As shown in Fig. 5a, two bacterially expressed

GST-fused TOP1 proteins, GST-TOP1141–166 (the TOP1

fragment containing amino acid 141–166) and GST-

TOP1166–210 were purified to nearly homogeneity (upper

panel with Coomassie staining). Treatment of calpain 2 and

Ca2? caused proteolysis of both the GST-TOP1141–166 and

GST-TOP1166–210 fragments, but not the GST proteins alone

(Fig. 5a). Reaction mixtures containing cleaved products

were loaded into Microcon YM-10 columns, and the flow-

through parts were then collected for molecular weight

(M.W.) determination by MALDI-TOF mass spectrometry

analysis. In Fig. 5b, the truncated hTOP1 peptides in the flow-

through part of the GST-TOP1141–166/calpain 2/Ca2? eluents

produced a major peak at position 1633.583 M/Z (arrow #1,
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Fig. 5 Identification of the calpain 2-dependent cleavage sites in

hTOP1 by mass spectrometry. a Purified hTOP1 fragments were

cleaved by calpain 2 in vitro. b MALDI-TOF/MS analysis results for

the calpain 2-cleaved products of GST-tagged hTOP1 fragments. Two

GST-fused hTOP1 fragments, GST-TOP1141–166 and GST-

TOP1166–210 proteins (with amino acid 141–166 and 166–210 of

hTOP1, respectively), were expressed and purified from bacteria. The

calpain 2 proteolytic reactions were performed with these two GST-

fused tagged hTOP1 fragments and the reaction mixtures were then

subjected to SDS-PAGE separation (a, upper panel; stained with

Coomassie Blue), immunoblotting analysis with anti-GST antibodies

(a, lower panel) and MALDI-TOF/MS analysis (b). The calpain

2-truncated products, the intact and truncated GST-containing hTOP1

fragments in the reaction mixtures were loaded into Microcon YM-10

columns. The flow-through parts were collected for molecular weight

determination by MALDI-TOF mass spectrometry analysis. The

molecular masses determined for the calpain 2-cleaved hTOP1 short

fragments in the flow-through are shown underlined on the top of the

peaks (b, units = Da). c Schematic mapping containing hTOP1

amino acid sequences of GST-TOP1141–166 and GST-TOP1166–210

peptides and the theoretical molecular masses for the calpain

2-cleaved fragments (arrows #1–4 shown in b). The non-hTOP1-

derived amino acids FIVTD and EFIVTD (in bold) are encoded from

the backbone of the pGEX-1k-T vector after cloning, and the two

calpain 2 cleavage sites in hTOP1 are underlined. d Calpain 2 cleaved

hTOP1at two sites to produce in four fragments. After the in vitro

calpain 2 cleavage of hTOP1, the reaction mixtures were subjected to

immunoblotting analysis. The arrow heads indicate the cleaved

hTOP1 fragments. MW, molecular weight; a.u., arbitrary units
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upper panel), and those from the GST-TOP1166–201/calpain 2/

Ca2? eluents showed three major peaks at 4243.953,

3123.813, and 1137.576 M/Z (arrow #2, 3 and 4, lower

panel). Based on the above data and theoretical calculation

(Fig. 5c), we thus concluded that calpain 2 cleaves hTOP1 at

its N0-terminal K158 and K183. The cleavage site at the E207 is

most likely due to the additional six amino acids generated

from cloning. Consistently, we used the polyclonal antibodies

against hTOP1100–200 fragment (TOP1a-Nt) and showed that

the more complete cleavage of recombinant hTOP1 by higher

unit of calpain 2 (0.8 U) resulted in four proteolytic products

with MWs of *18, 21, 69, and 72 kDa (Fig. 5d). Together,

our results suggest that calpain 2 cleaves hTOP1 at the

N0-terminal K158 and K183 residues.

Ionomycin treatment induces proteolysis

and translocation of hTOP1 without compromising

its interaction with nucleolin

Two calpain 2 cleavage sites (K158, 183), three caspase

cleavage sites (D123, 146, 170) and the nucleolin-interacting

domain (amino acid 166–210) located on the N0-terminus

of hTOP1 are illustrated in Fig. 6a. Since the calpain 2

cleavage sites, K158 and K183, are located within the nu-

cleolin-binding domain of hTOP1 [43], we examined the

interaction between calpain 2-truncated hTOP1tr proteins

and nucleolin using an immunocoprecipitation approach.

Interestingly, not only hTOP1 but also two large fragments

of calpain 2-truncated hTOP1 (hTOP1tr) were all co-pre-

cipitated by anti-nucleolin antibodies (Fig. 6b, right panel,

lane 2 and 4). Therefore, calpain 2-mediated hTOP1 pro-

teolysis does not disrupt the interaction between hTOP1

and nucleolin, further suggesting hTOP1183–210 as the

nucleolin-interacting domain.

We also examined the cellular localization of hTOP1

after ionomycin treatment. As reported [46–48], hTOP1

proteins concentrate in nucleoli with a diffuse pattern in the

nucleoplasm (Fig. S2B). Nucleolin staining indicates the

nucleolar location. As shown in Figs. 6c and S2B (lower

left panel, indicated by the arrowhead), hTOP1 proteins

seem to be more concentrated in the nucleoli after iono-

mycin treatment (62.0 ± 4.0% in HCT116 si-Vector cells,

n = 3). This ionomycin-induced change of hTOP1 location

is likely independent of calpain 2, since it also occurs

efficiently in HCT116 si-Capn2 #43 cells (58.1 ± 2.2%,

Figs. 6c and S2C).

hTOP1tr proteins exhibit greater relaxation activity

The above results suggest that a part of the regulatory

N0-terminus of hTOP1 is truncated by calpain 2. We

examined the specific relaxation activity of the intact

hTOP1 (hTOP11–765) and hTOP1tr (hTOP1158–765 and

hTOP1183–765) proteins. In Fig. 7a, addition of 5-mM Ca2?

and 0.8-U calpain 2 triggered autolysis of the protease and

complete proteolysis of recombinant hTOP1. Different

reaction mixtures were then diluted 2-fold and the relative

activities of diluents relaxing supercoiled (SC) DNA were

compared. Interestingly, the DNA relaxation activity of the

hTOP1-containing mixture was increased (by roughly two-

fold) when Ca2? and calpain 2 were both presented

(Fig. 7b).

To support the above finding, we treated HCT116 si-

Vector or si-Capn2 #43 cells with ionomycin (20 lM) and

then collected their extracts for immunoblotting analysis

and the DNA relaxation assay. Ionomycin treatment acti-

vated proteolysis of hTOP1 in HCT116 si-Vector cells

(Fig. 7c), and thus the derived cell extract is regarded as

A CB

Fig. 6 Ionomycin treatment enhanced the nucleolar distribution of

hTOP1, and calpain 2-mediated proteolysis of hTOP1 did not disrupt

its interaction with nucleolin. a Diagram indicating two calpain 2

cleavage sites, three caspase cleavage sites and the nucleolin-

interacting domain identified on the N-terminus of hTOP1. The two

calpain 2 cleavage sites (K158 and K183) mapped in this study and

three caspase cleavage sites (D123, D146 and D170) are indicated by the

arrows and arrowheads, respectively. The nucleolin-binding domain

(E166 to R210) of hTOP1 is also presented. b Full-length hTOP1 and

calpain 2-truncated hTOP1tr both interacted with nucleolin. Ionomy-

cin-treated or control HCT116 cell lysates were subjected to the

immune-precipitation (IP) assay as described using antibodies against

nucleolin. c Nucleolar accumulation of hTOP1 is regulated by Ca2?

influx, but independent of calpain 2. HCT116 si-Vector and si-Capn2

#43 cells were seeded on cover-slips for 24 h before exposure to

10 lM ionomycin for 15 min, and hTOP1 localization was examined

by immunofluorescence analysis as described. MW, molecular weight;

**p \ 0.01; ns, statistically non-significant
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the hTOP1tr-containing extract. After ionomycin treatment,

the relaxation activity of the si-Vector cell extract was also

approximately twofold higher than that of the si-Capn2 #43

cell extract (Fig. 7d). It is generally believed that DNA

TOP1 provides the main supercoiling activity in mamma-

lian cells [35]. The enhancement of this relaxation activity

of by calpain 2-truncated hTOP1tr is thus likely responsible

for the increased relaxation activity of ionomycin-treated

cell lysates. Together, these results are consistent with

reports showing that the N0-terminal domain of hTOP1

plays a distinct role in its DNA relaxation activity [49, 50].

In addition, our results also suggest the novel regulation of

hTOP1 activity by calpain 2.

Calpain 2 protect cells from camptothecin (CPT)-

mediated cell killing

TOP1 has also been proven to be an excellent therapeutic

target for anticancer therapy [37, 38]. CPT induces cell

killing by the formation of a cleavable complex (TOP1 cc),

in which TOP1 is trapped on chromatin and cannot be

resolved by SDS-PAGE analysis [37, 38]. As expected,

CPT treatment resulted in the disappearance of detectable

hTOP1 in the free form (Fig. 8a, compared lane 2–1) since

hTOP1 cc is covalently trapped on chromatin DNA. In

Fig. 8a, cells were pre-treated with ionomycin (5 lM,

15 min) to generate truncated hTOP1 (hTOP1tr, lane 3).

We further showed that CPT treatment induced trapping of

hTOP1trcc (Fig. 8a, compared lane 3 to 4–8) on chromatin

DNA in a similar dose-dependent manner. Moreover, we

also found that pretreatment with 5-lM ionomycin could

protect cells from CPT-mediated cell killing (Fig. 8b). A

reduced protective effect of ionomycin on the CPT-induced

cell killing was observed in HCT116 si-Capn2 #39 and

#43cells (Fig. 8c, d), suggesting the involvement of calpain

2 in this protective effect. Furthermore, calpain 2-deficient

HCT116 si-Capn2 #39 and #43 cells were both more

sensitive to CPT treatment than HCT116 si-Vector cells
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Fig. 7 hTOP1 proteins truncated by calpain 2 exhibit greater

relaxation activity than full-length hTOP1. a Addition of Ca2?

caused proteolysis of both calpain 2 and hTOP1 in vitro. b Calpain

2-mediated cleavage enhanced the relaxation activity of hTOP1-

containing mixtures. Equal amounts of purified hTOP1 proteins were

mixed with Ca2? and/or calpain 2 and the reaction mixtures were

incubated for 10 min at room temperature. The relative relaxation

activities of reaction mixtures were determined with a twofold serial

dilution as described in ‘‘Materials and methods’’. c, d Ionomycin

treatment to calpain 2-proficient cells increased both the proteolysis

of hTOP1 and relaxation activity of cellular extracts. HCT116

si-Capn2 #43 and si-Vector cells were treated with 20-lM ionomycin

for 15 min, lysed and collected for the immunoblotting analysis

(c) and relaxation assay (d). Arrows, truncated hTOP1 or calpain 2

fragments (a and c); arrow heads, nick-from DNA (b and d);

L, linearized DNA; SC, supercoiled DNA; Iono, ionomycin; Bracket,
DNA topoisomers

Fig. 8 Ca2?-activated calpain 2 cleavage compromised TOP1-med-

iated cell killing. Cellular exposure to TOP1-targeting camptothecin

(CPT, 30 min) resulted in the formation of both the full-length hTOP1

cleavable complex (hTOP1 cc) and truncated hTOP1trcc in HCT116

cells (a). The formation of CPT-induced hTOP1 cc and hTOP1trcc in

the trapping assay is indicated by the disappearance of hTOP1. The

levels of full-length (FL) and truncated (Tr) hTOP1 proteins in the

ionomycin-treated sample were both taken as 100%. b Ionomycin

treatment protected cells from the cytotoxic action of CPT. HCT116

cells pre-treated with or without ionomycin (15 min, concentrations

as indicated) were co-incubated with CPT (conc. as indicated in

figures) for 30 min. The trapping assay and colony formation assay

were performed as described in ‘‘Materials and methods’’ to quantify

CPT-induced hTOP1 cc formation (a) and cell killing (n = 3) (b).

c, d Calpain 2 is involved in the ionomycin-induced protection from

CPT cytotoxicity. HCT116 si-Vector, si-Capn2 #39 or #43 cells were

exposed to ionomycin (5 lM) and CPT (5 lM) and cell survival was

determined in three independent experiments (n = 3). The relative

protective effects of ionomycin against CPT-induced cell killing in

different cell lines were further quantified using the ratio of survival

rates in the presence and absence of ionomycin and represent as

‘‘protection folds’’ in (d). e The hTOP1 expression level was not

affected by the knockdown of calpain 2 in HCT116 cells. f CPT

induced almost identical formation of hTOP1 cc in HCT116 si-Vector

and si-Capn 2 cells. Cells were treated with 5-lM CPT for 30 min and

the formation of hTOP1 cc was assayed as described in Fig. 8a

(n = 3). g HT29 cells exhibited the highest basal level of hTOP1

proteolysis among the three colorectal cancer cell lines. h Both the

Ca2? chelator BAPTA and calpain inhibitor I effectively reduced the

endogenous level of hTOP1 proteolysis. HT29 cells incubated with

5-lM ionomycin, 40-lM BAPTA or 5-lM calpain inhibitor I (CAPN

Inh I) for 6 h and hTOP1 proteins were assayed as described above.

The endogenous level of truncated (Tr) hTOP1 in HT29 cells (lane 1)

was taken as 100%. Ionomycin treatment induced differential

proteolysis of hTOP1 (i) and nuclear entry of calpain 2 (j) in three

different colorectal cell lines. k The difference in sensitivity to the

CPT-mediated cell killing correlates with a differential hTOP1

proteolysis ability in the three colorectal cancer cell lines. Exper-

iments performed with three colorectal cancer cells, HT29, HCT116,

and SW480, were as described above (n = 3). FL, full-length hTOP1;

Tr, calpain 2-truncated hTOP1 fragments; **p \ 0.01; ns, statistically

non-significant

c
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(Fig. 8c). Taken together, our results suggest that calpain 2

might protect cells from CPT-mediated cell killing. This

protective effect is not due to change in the expression

level of hTOP1 proteins or change in their ability to form

hTOP1 cc responding CPT treatment, since hTOP1 levels

and CPT-induced hTOP1 cc formation were not altered in

HCT116 si-Capn 2 cells (Fig. 8e, f; see quantitative results

in Figs. 3h and S2D, n = 3).

As stated above, we also found that HT29 cells exhibit an

elevated level of endogenous hTOP1 proteolysis (Fig. 1a, b

and 8g) suggesting a higher level of calpain 2 activation.

Consistent with the notion that calpains and Ca2? are

responsible for this higher endogenous level of hTOP1

proteolysis, our results demonstrated that long-term (6-h)

treatment with either Ca2? chelator BAPTA or calpain

inhibitor I could effectively reduce hTOP1 proteolysis to

*58% (lane 3) and 37% (lane 4) of levels in control cells

(lane 1), respectively (Fig. 8h). On the other hand, iono-

mycin treatment did not induce hTOP1 proteolysis in

SW480 cells (Figs. 1a, b; 8i). Thus, the levels of activated

endogenous nuclear calpain 2 in the three colorectal cancer

cell lines are as follows: HT29 (23.8 ± 4.8%) [[ HCT116

(2.3 ± 1.9%) = SW480 (3.0 ± 1.2%; Fig. 1b, n = 3). In

agreement with this finding, we have also observed that

HT29 cells have the highest level of both endogenous basal

(5.0 ± 0.4%, n = 3) and ionomycin-induced nuclear
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immunoreactivity for calpain 2 (49.4. ± 6.3%, n = 3)

(Figs. 8j and S2E). In agreement with the protective role of

calpain 2 in CPT-induced cell killing, we have also found

that HT29 cells with the highest endogenous activated cal-

pain 2 are more resistant to CPT-induced cell killing

(Fig. 8k). Since the level of hTOP1 is an important sensi-

tivity determinant for CPT, we therefore examined the

endogenous levels of hTOP1 in different cell lines and found

that HT29 cells contain the highest level of hTOP1 (Fig.

S2F, 1.31 ± 0.09-fold, compared to HCT116, n = 3,

p \ 0.01). Other cell lines did not exhibit any significant

differences in the hTOP1 protein levels compared to

HCT116 cells. Next, characteristics of the cleavable com-

plex [37, 38] were examined for those of hTOP1trcc. First,

both hTOP1trcc and hTOP1 cc on chromatin are released as

free hTOP1tr and hTOP1 after a combination of medium

reversal and S7 nuclease treatment (Fig. S2G). Together, our

results show that hTOP1trcc is formed upon CPT treatment

and exhibits characteristics similar to those of hTOP1 cc.

Discussion

Calpain 1 and calpain 2 are the two calpain proteases that

have been extensively studied [11, 13]. Common features

are shared by these two proteases include the following:

both enzymes require Ca2? for activation (although a great

difference in the Ca2? concentration required for activation

exists; purified calpain 1 and 2 require concentrations of

3–50 and 400–800 lM of Ca2? for half-maximal activity

in vitro), both enzyme exhibit a cytoplasmic localization

and both proteases are under inhibitory regulation by cal-

pastatin [22–25]. In addition, common substrates have also

been identified via the in vitro cleavage approach [13].

From our in vitro cleavage assay, it is interesting to note

that that calpain 2 cleaves hTOP1 more efficiently than

calpain 1 with an identical pattern. Experimental results

from the cellular fractionation and reconstitution approa-

ches further suggest that this Ca2?-activated hTOP1

proteolysis occurs in the nucleus and that the nuclear

membrane limits the access of cytosolic calpains to nuclear

hTOP1 proteins. Interestingly, we have found that only

calpain 2, but not calpain 1, enters the nucleus upon Ca2?

influx. This nucleocytoplasmic shuttling of proteases thus

provides a novel regulatory mechanism for the calpain

2-mediated proteolysis of nuclear proteins. In agreement

with this notion, nuclear hTOP2b and lamin A/C proteins

[51] also cleaved by calpain 2 upon 10 lM ionomycin

treatment (data not shown).

How is this calpain 2-mediated proteolysis of hTOP1

regulated? Recent studies suggest that calpain 2 might

reside in or translocate into nucleus and then mediate the

proteolysis of nuclear proteins [27, 52]. During Ca2?-

mediated degeneration of neuron, calpain-mediated chan-

ges in the nuclear pore permeability also cause an abnormal

nuclear accumulation of large proteins [33]. In our study,

we found that both Ca2? and calpastatin regulate the nu-

cleocytoplasmic shuttling of calpain 2 and hTOP1

proteolysis. Calpain catalytic inhibitors only block Ca2?-

activated hTOP1 proteolysis but have no effect on the

nuclear entry of calpain 2. Therefore, we reason that the

ionomycin-induced nuclear entry of calpain 2 is most likely

not due to calpain-mediated alterations in nuclear perme-

ability. We have further described a novel regulatory

mechanism in which calpastatin regulates calpain 2-medi-

ated proteolysis of nuclear hTOP1, possibly by limiting the

nuclear entry of proteases.

Calpains are known to mediate cellular functions

through their ability to limitedly cleave substrates involved

in different pathways [30, 32, 53]. However, the potential

nuclear function(s) of calpains remains largely unknown.

Here, we have found that ionomycin treatment, through

calpain 2, stimulates proteolysis of hTOP1. In addition,

calpain 2 also seems to contribute to the modest protection

effect of ionomycin from the CPT-mediated cell killing. It

has been reported that the N0-terminal domain plays a

direct role in the DNA relaxation and binding ability of

hTOP1 [49, 50]. Consistent with this finding, our data show

that N0-terminus, calpain 2-truncated hTOP1tr exhibits

greater DNA relaxation activity than intact hTOP1, while

hTOP1tr still retains the ability forming CPT-DNA-

hTOP1tr cleavable complex (hTOP1trcc). How calpain 2

protects cells from CPT-induced cell killing remains

complicated to explain. It is well documented that CPT-

sensitivity is determined by several parameters in different

cancer cells, and the formation and retention of cleavable

complexes on DNA is the key sensitivity/resistance deter-

minant [54, 55]. With regard to the formation and retention

of cleavable complexes induced by CPT, our results have

revealed that cellular levels of calpain 2 do not affect the

levels of hTOP1 proteins. In addition, CPT induced a

similar extent of hTOP1trcc and hTOP1 cc formation (the

concentrations trapping 50% of hTOP1 proteins in the form

of cleavable complexes are *3.0 and 3.2 lM for

hTOP1 cc and hTOP1trcc in HCT116 cells, respectively).

How calpain 2 proteins affect CPT sensitivity thus remains

to be further investigated. In our limited screening using

colorectal cancer cell lines, we have found that the basal

level of calpain 2-truncated hTOP1tr proteins is higher in

HT29 cells and this cellular phenotype also correlates with

an elevated level of nuclear calpain 2 staining in HT29

cells. Consistent with the notion that activated calpain 2

protects cells from CPT-mediated cell killing, we have

observed that HT29 cells are more resistant to CPT-

induced cell killing than two other colorectal cancer cell

lines. However, the calpain 2 abundance is decreased in the
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HT29 cells. This might be due to the following reasons:

reduction in expression at the transcription and/or transla-

tion level, increased protein instability and higher

activation level of calpain 2. Because HT29 cells also

exhibit the highest endogenous cleavage level of hTOP1 by

calpain 2 among three cell lines tested, we therefore sug-

gested that the higher activation level of calpain 2 might

contribute to the lower calpain 2 abundance in HT29 cells.

Since CPT sensitivity is determined by many other

parameters in different cancer cell lines and these three

colorectal cancer cells are not isogenic, the relative con-

tribution of calpain 2 in CPT sensitivity is therefore

experimentally challenging to determine. Nevertheless, it is

interesting to note that several recent reports have revealed

a potential relationship between elevated calpain activity

and poor prognosis in or advanced tumorigenic status of

different types of cancer [15–17, 56]. For example, the

calpain 2-mediated cleavage of the androgen receptor (AR)

has been proposed as a mechanism for androgen indepen-

dence in prostate cancer [17].

To the best of our knowledge, our study on the calpain

2-mediated hTOP1 proteolysis provides the first demon-

stration that calpain 2 can effectively cleave nuclear

proteins through Ca2?-activated nucleocytoplasmic shut-

tling of proteases. Notably, the Ca2? concentrations (e.g.,

5 mM) that we used in our in vitro study are much higher

that the intracellular Ca2? concentrations (nM to lM) and

it is thus hard to translate our in vitro findings into in vivo

consequences. Nevertheless, considering the potential roles

of calpain-mediated cellular destruction in various diseases

with elevated intracellular Ca2? levels [2, 3, 7, 9, 57, 58],

our discovery may have an important biological and/or

clinical implication. It is thus reasonable to speculate that

calpain 2-mediated proteolysis of nuclear proteins might

also contribute to the pathological progress of diseases

found to have altered Ca2? homeostasis. In this regard, the

fact that DNA topoisomerases exhibit essential cellular

functions supports such a possibility.
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