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Calpain is an intracellular Ca2�-regulated protease system whose substrates include proteins involved in proliferation, survival,
migration, invasion, and sensitivity to therapeutic drugs. Genetic disruption of calpain attenuated the tumorigenic potential of
breast cancer cells and hypersensitized cells to 17AAG, an inhibitor of the molecular chaperone HSP90. Calpain-1 or -2 overex-
pression rendered cells resistant to 17AAG, whereas downregulation or inhibition of calpain-1/2 led to increased cell death in
multiple breast cancer cell lines, including models of HER2� (SKBR3) and triple-negative basal-cell-like (MDA-MB-231) breast
cancer. In an MDA-MB-231 orthotopic xenograft model, calpain knockdown or 17AAG treatment independently attenuated
tumor growth and metastasis, while the combination was most effective. Calpain knockdown was associated with increased
17AAG-induced degradation of the HSP90 clients cyclin D1 and AKT and multidrug resistance protein 2, which correlated with
increased expression of antimitogenic p27KIP1 and proapoptotic BIM proteins. Like other therapeutics, 17AAG can be effluxed
by specific ABC transporters. Calpain expression positively correlated with the expression of P glycoprotein in mouse embryonic
fibroblasts. Importantly, we show that calpain affects ABC transporter function and efflux of clinically relevant doxorubicin.
These observations provide a compelling rationale for exploring the combination of calpain inhibition with new or existing can-
cer therapeutics.

Calpains are a family of intracellular calcium-dependent pro-
teases. Of the 15 mammalian isoforms, calpain-1 and cal-

pain-2 are ubiquitously expressed and have been most extensively
studied (reviewed in reference 1). They are heterodimers consist-
ing of isoform-specific catalytic subunits encoded by CAPN1 and
CAPN2, respectively, and a common regulatory subunit encoded
by CAPNS1. Heterodimerization is essential for both stability and
enzymatic activity; hence, genetic disruption of CAPNS1 results in
loss of both calpain-1 and -2 activities (2, 3).

Elevated calpain expression or activity has been associated with
multiple cancer types, including colon, liver, lung, prostate, ovar-
ian, and breast cancers (reviewed in reference 4). Mechanistic un-
derstanding of calpain’s involvement in cancer is confounded by
its broad range of substrates, including signaling or structural pro-
teins that regulate diverse cellular functions such as mitogenesis,
migration, invasion, and death (1). Biomarker studies suggest a
positive correlation between elevated calpain expression and a
poor clinical outcome in breast cancer (5–7).

Paradoxically, calpain is associated with prodeath (8, 9) or pro-
survival (9–11), depending upon the physiologic context and spe-
cific challenges cells are exposed to. For example, calpain-medi-
ated cleavage of PP2A supports activation of AKT and a
prosurvival function in mouse embryonic fibroblasts (MEFs)
(10), and in breast cancer cells and xenograft mouse models,
knockdown of CAPN2 was associated with attenuated tumor
growth and deregulation of the phosphatidylinositol 3-kinase
(PI3K)–AKT–FoxO signaling axis (12). In contrast, prodeath
functions for calpain are suggested by resistance to specific apop-
totic challenges in calpain-deficient neuronal cells (8). Thus, ther-
apeutic benefits of calpain inhibition in cancer will depend upon
the specific challenges faced by cancer cells.

HSP90 is a molecular chaperone with �200 client proteins,
including proteins involved in oncogenesis, such as HER2, AKT,
cRAF, and cyclin D1 (13). Tumor cells are thought to hijack
HSP90 function to stabilize both native and mutated oncogenic

signaling molecules, protecting them from degradation and pro-
moting tumorigenesis (14). Many HSP90 inhibitors are undergo-
ing study for their potential use as cancer therapy (15). The first
HSP90 inhibitor to enter clinical trials was 17AAG (tanespimy-
cin), a less toxic, more soluble analog of geldanamycin. By binding
in the ATP-binding pocket of HSP90, 17AAG prevents ATP hy-
drolysis and releases HSP90 clients for subsequent degradation
(15). The antiproliferative and antitumor effects of 17AAG are
well established across different tumor cell lines (16, 17). Mecha-
nistically, 17AAG induces both cell cycle arrest and apoptosis
through its ability to inhibit HSP90 functions (16).

HSP90 inhibitors, including 17AAG, may have limited use as
monotherapies because of acquired resistance mediated in part by
the expression of one or more ABC transporters, including mul-
tidrug resistance protein 1 (MRP1; ABCC1) and P glycoprotein
(Pgp; ABCB1) (18, 19). However, several clinical trials have dem-
onstrated additive or synergistic effects when 17AAG is used in
combination with existing targeted agents or chemotherapies, in-
cluding trastuzumab (20), taxanes (21), and cisplatin (22).

Relationships between calpain and HSP90 include reports that
calpain cleaves HSP90 (23) or regulates its expression (24); others
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suggest that HSP90 regulates calpain activity by competing with
the endogenous calpain inhibitor calpastatin for binding and reg-
ulation of calpain localization and access to specific substrates
(25). The interplay between HSP90 and calpain and their overlap-
ping clients and substrates provides a rationale for targeting both
proteins. Here we show that disruption of calpain is associated
with increased sensitivity to 17AAG in cultured cells and an in vivo
model of metastatic breast cancer.

MATERIALS AND METHODS
Cell culture and reagents. Wild-type (capns1�/�), knockout (capns1�/�),
and rescued (capns1�/�/�capns1) MEFs (3) and MDA-MB-231 cells were
maintained in Dulbecco’s modified Eagle’s medium (Sigma)–10% fetal
bovine serum (FBS; Sigma)–1% L-glutamine (Gibco)–1% antibiotic-an-
timycotic (AA; Gibco). The �capns1 mutant lentiviral rescue vector en-
codes a truncated CAPNS1 protein that lacks the amino-terminal glycine-
rich domain (3). SKBR3 cells were cultured in 5A McCoy (Sigma)–10%
FBS–1% AA. To generate cell lines with depleted calpain-1 and calpain-2
expression, MDA-MB-231 and SKBR3 cells were transduced with a con-
trol lentivirus (pLKO.1) or a lentivirus expressing one of two different
short hairpin RNA (shRNA) sequences targeting the transcript encoding
the CAPNS1 small regulatory subunit (shRNA–Capns1-1, shRNA–

Capns1-2) (Open Biosystems catalog no. RMS4533-NM_001749). To
generate calpain-overexpressing cell lines, MDA-MB-231 cells were trans-
duced with a vector control (pWPXLD) or a lentivirus encoding wild-type
CAPN1, wild-type CAPN2, or protease-inactive CAPN2 (CAPN2-
C105S).17AAGwaspurchasedfromLCLaboratories (Cedarlane).5-Fluo-
rouracil (5-FU), cisplatin, and doxorubicin were generously provided by
Xiaolong Yang (Queen’s University). Senju Pharmaceuticals Co., Ltd.,
generously provided the calpain inhibitor SNJ1945.

Cell viability, migration, and invasion assays. For cell viability assays,
cells were plated in triplicate at 2 � 104/well of 24-well plates. The next
day, increasing concentrations of 17AAG, 5-FU, doxorubicin, and cispla-
tin were added to the wells. After 48 h of drug treatment, cell viability was
quantified by trypan blue exclusion. Data are presented as the average
percentage of dead cells � the standard deviation (SD). Experiments were
performed at least three times. Fifty percent lethal doses (LD50s) were
calculated by using CompuSyn software. For cell migration assays, 1 � 105

serum-starved MDA-MB-231 cells were plated in the upper chamber of
Transwells (BD Falcon) in the absence or presence of 10 or 25 �M 17AAG,
while the bottom chamber contained complete drug-free medium. After 8
h, nonmigrated cells were removed from the top of the insert with a cotton
swab and migrated cells were fixed in ice-cold 10% methanol and stained
in 0.1% crystal violet–20% methanol. The migrated cells in five random
fields were counted with a 10� objective. Data are expressed as the mean �

FIG 1 Calpain expression correlates with sensitivity to 17AAG in vitro. (A) Immunoblot analysis with anti-calpain-2 antibody detects CAPN2 and CAPNS1 in
wild-type (capns1�/�), CAPNS1 null (capns1�/�), or CAPNS1 null MEFs in which calpain is rescued by exogenous expression of a truncated �CAPNS1 protein
(capns1�/�/�capns1). ns, nonspecific band. A tubulin blot served as a loading control. (B) Assays of the death of the cells described in panel A after treatment with
a range of 17AAG concentrations for 48 h. LD50s: capns1�/� MEFs, 1.77 �M; capns1�/� MEFs, 0.98 �M; capns1�/�/�capns1 MEFs, 17.7 �M (P � 0.0001). (C)
Immunoblot analysis of CAPN1, CAPN2, and CAPNS1 in MDA-MB-231 cells infected with a control lentivirus or a lentivirus expressing an shRNA construct
targeting CAPNS1 (shRNA–capns1-1 or shRNA–Capns1-2). Blotting for RasGAP served as a loading control. (D) Analysis of the death of the 17AAG-treated
MDA-MB-231 cells described for panel C. Data are mean � SD. LD50s: control, 94.1 �M; shRNA–Capns1-1, 16.17 �M; shRNA–Capns1-2, 11.70 �M (P �
0.0001). *, P � 0.01 by Student’s t test (relative to capns1�/� [B] or the control [D]). One-way ANOVA was used to detect significant differences between LD50s.
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the SD. Similarly, for cell invasion, 1 � 105 cells were plated in Transwells
coated with growth factor-depleted Matrigel (BD, VWR) and allowed to
invade for 24 h. Experiments were performed three times.

In vivo tumor growth and metastatic studies. Green fluorescent pro-
tein (GFP)-expressing MDA-MB-231 cells transduced with control or
shRNA–Capns1-1 lentivirus (1 � 106 cells in 25 �l of phosphate-buffered
saline [PBS]/25 �l of Matrigel [BD, VWR]) were injected into the mam-
mary fat pads of BalbC-Rag2�/�/IL2R	c�/� mice. Seven days after en-
graftment, 75 mg/kg 17AAG or the vehicle (10% dimethyl sulfoxide–
0.05% Tween 80 –PBS) was injected intraperitoneally daily 5 days/week.
Tumor volumes were assessed by caliper measurement. After 28 days,
tumors were excised and mice were allowed to recover. Ten days later,
mice were euthanized for lung dissection. GFP-expressing metastatic
nodules were imaged with a Hamamatsu B/W ORCA-ER digital camera
with a 420/20-nm excitation filter and a 520/20-nm emission filter. Mice
were housed in the animal care facility, and procedures were carried out
according to guidelines specified by the Canadian Council on Animal
Care, with the approval of the institutional animal care committee.

Doxorubicin localization. Cells were plated on coverslips in six-well
plates, allowed to grow overnight, and then incubated with 3.5 �M doxo-
rubicin for 1 h, fixed, incubated with 4=,6-diamidino-2-phenylindole
(DAPI; Sigma) for 15 min, and examined by confocal microscopy. Aver-
age nuclear and cytoplasmic intensities were quantified with Metamorph
software.

Immunoblotting and antibodies. Cells or tumors were lysed in radio-
immunoprecipitation assay lysis buffer (50 mM Tris, 150 mM NaCl, 1%
NP-40, 0.1% SDS, and 0.5% sodium deoxycholate supplemented with
protease inhibitors) and quantified with the Pierce bicinchoninic acid
protein assay kit (Thermo Scientific). Both live and dead drug-treated
cells were collected. To isolate membrane fractions, cells were spun at
240 � g for 5 min at 4°C and cell pellets were resuspended in 1 ml of lysis
buffer (10 mM Tris [pH 7.6], 1.5 mM MgCl2, 10 mM KCl, 1 mM EDTA,
protease inhibitors) and kept on ice for 10 min. Lysates were homogenized
with a Tenbroeck homogenizer (�80 vigorous strokes) and clarified by
centrifugation (380 � g, 4°C, 15 min). Membrane fractions were sepa-
rated by ultracentrifugation (100,000 � g, 30 min) in high-speed Eppen-
dorf tubes (Beckman) and resuspended in 50 �l of a sucrose solution (250
mM sucrose, 50 mM Tris, pH 7.6). The protein concentration was deter-
mined as described above. Rabbit polyclonal anti-calpain-2 (CAPN2 and
CAPNS1) and anti-RasGAP antibodies were raised against bacterially ex-
pressed rat calpain-2 and human RasGAP, respectively. Pgp, MRP1,
MRP2, and Na�/K�-ATPase were generously provided by Susan Cole.
Antibodies against CAPN2 and CAPNS1 were kindly provided by Jiro
Takano and Takaomi Saido (RIKEN Brain Science Institute). Commer-
cial antibodies were as follows: extracellular signal-regulated kinase 1/2
(ERK1/2), phosphorylated ERK1/2 (pERK1/2), AKT, and tubulin from
Cell Signaling; cyclin D1 and CAPN1 from Santa Cruz; p27 from BD

FIG 2 Calpain activity is essential for mediating resistance to 17AAG. (A) Immunoblot analysis of MDA-MB-231 cells infected with a lentivirus expressing the
vector alone (control), CAPN1, CAPN2, or protease-inactive mutant CAPN2 (CAPN2-C105S). (B) Assays of the death of the MDA-MB-231 cells described in
panel A treated for 48 h with the concentrations of 17AAG indicated. Data are mean � SD. LD50s: control, 16.7 �M; capn1, 43.9 �M; capn2, 58.4 �M;
capn2-C105S, 27.2 �M (P 
 0.0063). (C) Immunoblot analysis of CAPN1 in MDA-MB-231 cells treated with 50 �M SNJ1945 for 24 h. RasGAP blot assays were
used as a loading control. An autoproteolytic fragment of CAPN1 and a nonspecific (ns) band are indicated. (D) Assays of the death of MDA-MB-231 control,
calpain knockdown (shRNA-Capns1), or control cells treated with 50 �M SNJ1945 and challenged with increasing concentrations of 17AAG for 48 h. Data are
mean � SD. LD50s: control, 166 �M; shRNA-Capns1, 13.3 �M; control plus SNJ1945, 16.9 �M. Student’s t tests were performed. *, P � 0.01 relative to the
control. One-way ANOVA was used to detect significant differences between LD50s.
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Transduction Laboratories; and HSP90 from Stressgen. Protein levels
were assessed by densitometry with ImageJ software.

RESULTS
Calpain expression mediates sensitivity to the HSP90 inhibitor
17AAG in vitro. To explore the relationship between calpain ex-
pression and sensitivity to the HSP90 inhibitor 17AAG in vitro, we
challenged capns1�/� and capns1�/� MEFs (3) with increasing
concentrations of the drug and assessed cell viability. capns1�/�

MEFs were more sensitive to 17AAG treatment at low concentra-
tions, with 17.04% � 4.48% and 47.05% � 6.02% cell death at 0.1
and 0.5 �M 17AAG, respectively (LD50, 0.98 �M), compared to
6.17% � 3.64% (P 
 0.0010) and 24.91% � 11.88% (P 
 0.0044)
cell death in capns1�/� MEFs (LD50, 1.77 �M) (Fig. 1B). When
calpain expression was restored to capns1�/� MEFs by transduc-
tion with a retrovirus expressing a truncated CAPNS1 protein, the
cells became significantly more resistant to 17AAG (LD50, 17.7
�M), with only minimal cell death at higher concentrations of
17AAG (6.98% � 3.12% [P 
 0.007] and 6.57% � 3.15% [P 

4.1 � 10�7] at 0.5 and 1 �M, respectively, compared to the wild-
type control). This increased resistance to 17AGG correlated with

increased levels of both the exogenously expressed truncated
CAPNS1 subunit and the endogenous CAPN2 catalytic subunit
(Fig. 1A). In contrast, lower levels of CAPN2 were noted in
capns1�/� cells than in capns1�/� cells, consistent with CAPNS1
being required for the stability and activity of CAPN2 and CAPN1
catalytic subunits.

17AAG has been reported to suppress growth and induce
apoptosis in cultured breast cancer cells (26) and to improve
breast cancer patient outcomes (20). This encouraged us to ex-
plore the effect of calpain disruption on 17AGG sensitivity in
breast cancer cell lines. Calpain knockdown in the triple-negative
breast cancer cell line MDA-MB-231 was associated with in-
creased sensitivity to 17AAG (Fig. 1D). LD50s were significantly
decreased in cells with lower calpain expression (15.3 and 10.9 �M
in shRNA–Capns1-1 and shRNA–Capns1-2 cells, respectively)
than in wild-type control cells (94.1 �M). Knockdown of calpain
was achieved with two independent shRNAs directed against
Capns1 and was associated with reduced levels of the targeted
small subunit (CAPNS1), as well as the catalytic subunits of both
calpain-1 and calpain-2 (CAPN1 and CAPN2, respectively)

FIG 3 Calpain knockdown enhances sensitivity to 17AAG in vitro and in vivo. (A and B) MDA-MB-231 cells transduced with a control lentivirus or a lentivirus
expressing shRNA-Capns1 were subjected to transwell migration (A) or Matrigel invasion (B) assays for 8 or 24 h in the presence of the vehicle or the
concentrations of 17AAG indicated, respectively. Bar graphs show the average number of cells in five random fields � the SD. (C) MDA-MB-231 cells transduced
with a control or shRNA-Capns1-expressing lentivirus were injected into the mammary glands of Rag2	�/�/IL2R	c�/� mice and treated with the vehicle or
17AAG. Curves represent mean tumor volumes � the standard error of the mean for five mice in each of the cohorts indicated. Single-factor ANOVA of the k
value (growth rate; P 
 7.4 � 10�4) or doubling time (P 
 6.36 � 10�4) indicated significant differences between all of the cohorts except the 17AAG and calpain
knockdown cohorts. (D) Average numbers of lung metastases in each mouse � SD are indicated. *, significantly different cohorts (P � 0.01).
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(Fig. 1C). This observation was reproduced in the HER2� breast
cancer cell line SKBR3 (see Fig. S1 in the supplemental material),
highlighting the importance of calpain in 17AAG sensitivity across
different cellular contexts.

Calpain proteolytic activity is required for mediating resis-
tance to 17AAG. To determine if calpain protease activity is im-
portant for mediating resistance to 17AAG, we transduced MDA-
MB-231 cells with lentiviruses expressing recombinant CAPN1,
CAPN2, or protease-dead CAPN2 (Fig. 2A), where the active-site
cysteine is mutated to serine (C105S) (27), and analyzed their
sensitivity to 17AAG (Fig. 2B). Cells overexpressing either active
CAPN1 (LD50, 43.9 �M) or CAPN2 (LD50, 58.4 �M) were more
resistant to 17AAG treatment. Specifically, at 5 �M 17AAG, there
was a �50% reduction in cell death: 10.60% � 2.92% cell death in
CAPN1-expressing cells (P 
 0.004) and 10.73% � 3.43% cell
death in CAPN2-expressing cells (P 
 8.2 � 10�5), compared to
24.50% � 4.03% cell death in control cells (LD50, 16.7 �M). In
contrast, cells expressing protease-dead CAPN2 (LD50, 27.2 �M)
behaved similarly to control cells, with 22.95% � 5.02% cell death
(P 
 0.59) at 5 �M 17AAG. The calpain inhibitor SNJ1945 (28),
which was shown to inhibit calpain-1 autoproteolytic activity (Fig.
2C), also enhanced 17AAG-induced cell death in MDA-MB-231
cells (Fig. 2D). MDA-MB-231 cells treated with 50 �M SNJ1945
and increasing concentrations of 17AAG (LD50, 16.9 �M) were,
on average, �1.8-fold more sensitive (P 
 2.33 � 10�6 at 5 �M)
than control cells treated with 17AAG alone (LD50, 166 �M).
Convincingly, 17AAG-induced cell death in control cells treated
with SNJ1945 was similar to that in cells transduced with shRNA
targeting capns1 (P 
 0.631 at 5 �M; LD50, 13.3 �M). These re-
sults argue that loss of calpain activity increases sensitivity to
HSP90 inhibition.

Calpain knockdown and HSP90 inhibition suppress cell mi-
gration and invasion. Although calpain (29, 30) and HSP90 (31)
have been independently implicated in promoting cell migration
and invasion, cooperative effects have not been described. 17AAG
alone suppressed MBA-MB-231 cell migration by 20% (P 

4.47 � 10�4) and 17% (P 
 4.44 � 10�4) at 10 and 25 �M,
respectively (Fig. 3A; see Fig. S2 in the supplemental material).
Calpain knockdown alone suppressed cell migration by 49% (P 

1.31 � 10�8) (Fig. 3A; see Fig. S2). A 17AAG challenge of calpain
knockdown cells did not result in further inhibition of cell migra-
tion (P 
 0.07 and P 
 0.45 at 10 and 25 �M, respectively). In
contrast, cell invasion was more effectively suppressed by 17AAG
treatment combined with calpain knockdown (Fig. 3B; see Fig.
S2). 17AAG alone suppressed invasion by 36% (P 
 3.53 � 10�7)
or 48% (P 
 1.35 � 10�8) at 5 or 10 �M, respectively, while
calpain knockdown alone was associated with a 67% reduction
(P 
 2.93 � 10�10). A 17AAG challenge of calpain knockdown
cells was associated with a 42% (P 
 5.63 � 10�4) or 75% (P 

4.55 � 10�10) reduction in invasion at 5 or 10 �M, respectively,
and the combined suppressive effect of calpain knockdown and
17AAG at 5 or 10 �M on invasion was 81% (P 
 7.71 � 10�11) or
92% (P 
 2.73 � 10�15), respectively. This suggests that com-
bined inhibition of calpain and HSP90 might attenuate cancer
metastasis.

17AAG and calpain knockdown combine to effectively sup-
press tumorigenesis. We employed an orthotopic xenograft
model to explore the combined effects of calpain knockdown and
HSP90 inhibition on mammary tumor growth and metastasis.
MDA-MB-231 cells transduced with control or shRNA-Capns1-

expressing lentivirus were injected into the mammary fat pads of
Rag2�/�/IL2R	c�/� mice. Tumor-bearing mice were then treated
with either the vehicle control or 75 mg/kg 17AAG, and tumor
growth was assessed (Fig. 3C). Control tumors in vehicle-treated
mice reached 852 � 177 mm3 after 28 days. Calpain knockdown
and 17AAG treatment alone reduced tumor volumes to 592 � 44
and 604 � 35 mm3, respectively. However, the combination was
more effective than the control (P 
 0.005), 17AAG alone (P 

1.3 � 10�5) or calpain knockdown alone (P 
 2.4 � 10�6), with
tumors reaching only 162 � 12 mm3. Single-factor analysis of
variance (ANOVA) revealed significantly different tumor dou-
bling times (P 
 6.36 � 10�4) and growth rates (P 
 7.4 �
10�4).

In vitro observations of cell migration and especially invasion
suggested that calpain and HSP90 might influence metastasis in
this xenograft model. To explore this, tumors were resected by
recovery surgery at 28 days postengraftment, and 10 days later, the

FIG 4 Calpain knockdown enhances 17AGG-induced downregulation of
HSP90 clients and upregulation of antiproliferative and proapoptotic proteins
in vitro. MDA-MB-231 cells transduced with the control or two Capns1 knock-
down lentiviruses (shRNA–Capns1-1, shRNA–Capns1-2) were treated for 48
h with the concentrations of 17AAG indicated. Live and dead cells were pooled
and analyzed by immunoblotting for the proteins indicated. Densitometry was
performed, and relative expression levels in whole-cell lysates, normalized to
tubulin, are reported below the lanes, indicating expression compared to the
control at 0 �M 17AAG. MRP2 was normalized to Na�/K�-ATPase in mem-
brane fractions. For statistical analyses of MRP2 expression levels, see Fig. S3 in
the supplemental material.
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mice were sacrificed to assess metastasis to the lungs. Calpain
knockdown or 17AAG treatment was independently associated
with reduced frequencies of lung metastatic lesions (Fig. 3D; see
Fig. S2C in the supplemental material) (P 
 0.0035 or P 
 0.0049,
respectively). Combined calpain knockdown and 17AAG treat-
ment was also associated with reduced metastasis relative to con-
trol tumors, but this was not significantly different from that seen
with calpain knockdown or 17AAG in isolation (P 
 0.4096).
These xenograft studies show that combined inhibition of calpain
and HSP90 has a significant suppressive effect on tumor growth
and metastasis.

Downregulation of HSP90 clients by 17AGG is enhanced by
calpain knockdown. We next explored the molecular basis of the
combined effect of targeting calpain and HSP90. In a previous
paper, we reported that calpain-2 knockdown suppressed AKT-
FoxO3a signaling in a mouse mammary carcinoma model (12).
Here, we observed that capns1 knockdown in MDA-MB-231 cells
was associated with increased levels of HSP90 client protein AKT
(Fig. 4), but interestingly, this appeared to be highly dependent
upon HSP90, since 17AAG treatment resulted in rapid AKT loss.
In contrast, AKT levels were relatively lower and resistant to a
17AAG challenge in control cells. Although phosphorylation of

FIG 5 Calpain knockdown enhances 17AAG-induced downregulation of HSP90 clients in vivo. Mice were engrafted with MDA-MB-231 cells transduced with
control or calpain knockdown shRNA-Capns1-expressing lentiviruses. When tumors reached 100 to 200 mm3, mice were treated with the vehicle or 75 mg/kg
17AAG for 3, 6, or 12 h in duplicate. (A) Mice were euthanized, and tumors were excised for immunoblotting analysis of the proteins indicated. (B to E)
Densitometric quantitation of cyclin D1 (B), AKT (C), pERK (D), and HSP90 (E) is shown. *, P � 0.05 by Student’s t test. AU, arbitrary units.
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AKT could not be consistently detected in MDA-MB-231 cells
(data not shown), 17AAG treatment was nevertheless associated
with changes in FoxO3a targets that would be expected upon AKT
signal suppression, namely, increased p27KIP1 and BIM and de-
creased cyclin D1 (Fig. 4). 17AAG dose responses indicated an
accentuated response in calpain knockdown cells with respect to
enhanced degradation of cyclin D1 and AKT (see Fig. S3 in the
supplemental material), as well as increased levels of the antimi-
togenic protein p27KIP1 and the BIML and BIMS isoforms of pro-
apoptotic protein BIM. We also observed enhanced degradation
of the ABC transporter MRP2 in calpain knockdown MDA-MB-
231 cells. Densitometry analysis shows 50 to 75% MRP2 reduc-
tions in knockdown cells compared with no reduction in control
cells at 1 �M 17AAG and a �95% MRP2 reduction in knockdown
cells compared with 60% in control cells at 5 �M 17AAG (Fig. 4;
see Fig. S3 in the supplemental material).

In vivo, a similar trend emerged, although it was not statisti-
cally significant on its own, where xenograft tumors established
with calpain knockdown MDA-MB-231 cells displayed more pro-
nounced 17AAG-induced degradation of HSP90 client proteins
than in control tumors (Fig. 5). Calpain knockdown tumors dis-
played increased 17AAG-induced degradation of the HSP90 cli-
ents cyclin D1 and AKT (Fig. 5A to C). In control tumors, cyclin
D1 levels remained relatively unchanged (P 
 0.65) after 17AAG
treatment but were reduced by 45% (P 
 0.06) after 3 h of 17AAG
treatment in calpain knockdown tumors (Fig. 5B). In calpain
knockdown tumors, AKT levels were reduced earlier after 17AAG
treatment (30% at 3 h [P 
 0.08] versus no change [P 
 0.47] in
control tumors) and displayed greater levels of depletion at 6 and
12 h (Fig. 5C). While the levels of ERK1/2 were not affected, the
phosphorylation state was effectively suppressed by 17AAG in
control tumors (P 
 0.13) and to a greater extent in calpain
knockdown tumors (P 
 0.05) after 3 h (Fig. 5D). There was no
significant change in the levels of HSP90 itself after calpain knock-
down or 17AAG treatment (Fig. 5E).

Calpain regulates ABC transporter expression and function.
As with many cancer therapeutics, resistance to 17AAG can result
from increased efflux by the ABC transporter Pgp (18) or MRP1
(19). Pgp expression was significantly lower in capns1�/� MEFs
than in control capns1�/� cells and was elevated in capns1�/�/
�capns1 MEFs (Fig. 6A), which proportionally overexpress cal-
pain (Fig. 1A). Consistent with the reported role of Pgp in efflux-
ing 17AAG (18), sensitivity to this drug in the capns1 MEF panel
was proportional to Pgp levels (Fig. 1B). Pgp expression was not
detectable in MDA-MB-231 cells (data not shown). However,
quantitative reverse transcription-PCR and transcriptome se-
quencing (data not shown) and immunoblotting analysis of other
ABC transporters revealed the expression of MRP1 and MRP2.
However, there were no statistically significant differences in the
basal levels of MRP1 or MRP2 in MDA-MB-231 cells at either the
RNA (data not shown) or the protein level (Fig. 6B).

Using clinically relevant drugs and knowledge about which
ABC transporters are capable of effluxing them, we explored
which ABC transporters calpain might be affecting. In addition to
17AAG, the ABC transporters Pgp, MRP1, and MRP2 can also
transport doxorubicin; however, they cannot efflux 5-FU (32).
Calpain expression correlated with sensitivity to doxorubicin but
not with sensitivity to 5-FU in MEFs (Fig. 7A and B) and in MDA-
MB-231 cells (Fig. 7C and D). Although capns1�/� MEFs were less
sensitive to 5-FU than capns1�/� cells were (P 
 0.002 at 50 �M),

rescuing calpain (capns1�/�/�capns1) did not affect 5-FU sensi-
tivity (P 
 0.896 compared to capns1�/� cells) (Fig. 7A). Simi-
larly, calpain knockdown in MDA-MB-231 cells was not associ-
ated with increased sensitivity to 5-FU; in fact, reduced cell death
was apparent in calpain knockdown cells at high concentrations of
5-FU (P 
 0.002 for shRNA–Capns1-1, P 
 0.0001 for shRNA–
Capns1-2) (Fig. 7C). In contrast, calpain expression correlated
with sensitivity to doxorubicin in both cell systems. In MEFs, loss
of calpain was associated with increased doxorubicin sensitivity
and a significant decrease in the LD50 of this drug, a phenotype
that was robustly reversed upon rescue with calpain overexpres-
sion (Fig. 7B). Calpain knockdown in MDA-MB-231 cells was also
associated with increased sensitivity to doxorubicin and reduced
LD50s, particularly at lower concentrations (Fig. 7D). In addition,
calpain knockdown in MDA-MB-231 cells was associated with
increased sensitivity to cisplatin (Fig. 7E), which is known to be
effluxed by MRP2 but not MRP1 (33, 34). The LD50s in cells with
downregulated calpain were 62.1 and 72.7 �M, compared to 461.8
�M in control cells. These data suggest a regulatory relationship
between calpain and MRP2 in MDA-MB-231 cells.

Doxorubicin, like 17AAG, is a substrate for several ABC trans-
porters, including Pgp, MRP1, and MRP2. The inherent fluores-
cent property of doxorubicin was used as an indirect method to
assess ABC transporter function by correlating calpain expression
and the intracellular localization of this therapeutic drug. Calpain
expression was found to be associated with a significantly altered
subcellular localization of doxorubicin in both MEFs and MDA-
MB-231 cells (Fig. 8; see Fig. S4 in the supplemental material).
Specifically, calpain disruption correlated with an increased cyto-
plasmic localization of doxorubicin (Fig. 8A and C). Indeed, when
calpain expression was rescued in capns1�/� MEFs with overex-
pression of �CAPNS1, doxorubicin localization in the cytoplasm
was completely lost (Fig. 8A). Interestingly, nuclear and total
fluorescence intensities did not precisely correlate with calpain
expression (Fig. 8A and C; see Fig. S3 in the supplemental mate-
rial); however, the ratio of nuclear/cytoplasmic drug localization
showed a consistent positive correlation with calpain expression
(Fig. 8B and D). In summary, calpain disruption was associated
with an increase in cytoplasmic doxorubicin and a reduced nucle-
ar/cytoplasmic doxorubicin ratio, and this correlated with in-

FIG 6 Calpain regulates ABC transporter expression and drug sensitivity. (A)
Immunoblot analysis of Pgp in membrane fractions of MEFs with the CAPNS1
genotypes indicated. (B) Immunoblot analysis of MRP1 and MRP2 in mem-
brane fractions from control or shRNA-Capns1-transduced MDA-MB-231
cells. Blotting for Na�/K�-ATPase was used to normalize for membrane pro-
tein content.
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creased sensitivity to doxorubicin (Fig. 7) and 17AAG (Fig. 1).
These results suggest that calpain enhances the cytoplasmic efflux
of specific therapeutics by regulating the function of specific ABC
transporters.

DISCUSSION

We show here for the first time that calpain is positively correlated
with resistance to the HSP90 inhibitor 17AAG. This was demon-

strated in vitro with MEFs (Fig. 1) and two distinct human breast
cancer cell lines, MDA-MB-231 (Fig. 1) and SKBR3 (see Fig. S1 in
the supplemental material). In vivo, calpain knockdown com-
bined with 17AAG suppressed tumorigenesis more effectively
than either alone (Fig. 3). Our observations suggest that calpain
and HSP90 cooperatively contribute to survival, mitogenic signal-
ing, and drug resistance through effects on HSP90 clients, includ-
ing cyclin D, AKT, and members of the ABC transporter family.

FIG 7 Calpain regulates doxorubicin sensitivity and efflux. (A to D) MEFs with the CAPNS1 genotypes indicated (A, B) or MDA-MB-231 cells transduced with
the control or shRNA-Capns1-expressing lentiviruses indicated (C, D) were treated with 5-FU (A, C) or doxorubicin (B, D) for 48 h, and cell death was
quantified. Doxorubicin LD50s: capns1�/� MEFs, 261 nM; capns1�/� MEFs, 59.1 nM; capns1�/�/�capns1 MEFs, 1,248 nM (P � 0.0001); control MDA-MB-231
cells, 1,152 nM; shRNA–Capns1-1 MDA-MB-231 cells, 421 nM; shRNA–Capns1-2 MDA-MB-231 cells, 428 nM (P � 0.001). (E) Analysis of the death of the
cisplatin-treated MDA-MB-231 cells described above. LD50s: control, 461.8 �M; shRNA–Capns1-1, 62.1 �M; shRNA–Capns1-2, 72.7 �M (P 
 0.011). Student’s
t tests were performed. *, P � 0.01 compared to capns1�/� (A, B) or the control (C to E). One-way ANOVA was used to assess differences between LD50s.
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This argues that calpain inhibition could enhance the clinical ef-
ficacy of HSP90 inhibitors and specific chemotherapeutics.

Previous studies have shown that calpain disruption compro-
mises the AKT signaling axis, resulting in upregulation of the an-
timitogenic protein p27KIP1 and the proapoptotic protein BIM
(10, 12). This effect was amplified by 17AAG, suggesting that cal-
pain contributes to the stabilization of HSP90 client proteins.
AKT and cyclin D1 were more sensitive to 17AAG in calpain
knockdown cells or tumors (Fig. 4 and 5), and this correlated with
upregulation of p27KIP1 and BIM, two proteins that are negatively
regulated by AKT (Fig. 3 and 4). Thus, calpain and HSP90 may
collaboratively promote tumorigenesis through PI3K-AKT sig-
naling.

Other studies have suggested that calpain may be a useful ther-
apeutic target by increasing cell death after a therapeutic chal-
lenge. Calpain expression predicts the response to trastuzumab or
cisplatin in breast or ovarian cancer patients, respectively (7, 11,
35). We observed a significant reduction in xenograft tumor
growth when 17AAG treatment was combined with calpain

knockdown, as well as decreased metastasis. Cell migration and
metastasis are two essential processes of the metastatic cascade.
HSP90 (31) and calpain (29, 30) have previously been shown to
positively regulate these processes. Inhibition of HSP90 or calpain
knockdown was associated with decreased in vitro migration and
invasion (Fig. 3A and B). Calpain knockdown and 17AAG com-
bined in vitro to more effectively inhibit invasion (Fig. 3B). While
the combination was not significantly more effective at suppress-
ing metastasis in vivo, this is likely because each modality was so
effective in isolation (Fig. 3D). Clients of HSP90 which are also
substrates of calpain might mediate these effects. Cortactin ex-
pression has been associated with metastasis (36), and its cleavage
by calpain contributes to cell migration (29). Similarly, calpain-
mediated cleavage of FAK enhances cell adhesion and cell motility
(30). A recent study identified enhanced proteolysis of ezrin, vi-
mentin, and fibronectin in a highly metastatic cell line compared
to that in a nonmetastatic counterpart (37). Some of these pro-
teins can be specifically cleaved by calpain, including ezrin (38)
and vimentin (39). Ezrin has recently been implicated in promot-
ing the metastatic potential of breast cancer cells by recruiting
calpain to focal adhesions to promote their turnover during mi-
gration (40). Calpain can also modulate invasion by regulating
matrix metalloproteinase 2 (MMP-2) expression (41). Impor-
tantly, several of these calpain substrates are also HSP90 clients,
including vimentin, MMP-2, and FAK (42, 43). Thus, combined
inhibition of calpain and HSP90 may yield additive or synergistic
effects on cell death, migration, invasion, tumor growth, and me-
tastasis.

Another mechanism by which calpain might enhance the effi-
cacy of specific therapeutics may involve the regulation of ABC
transporters that efflux these drugs. Calpain expression was posi-
tively associated with steady-state Pgp expression at the cell mem-
brane in MEFs (Fig. 6A), and calpain knockdown in MDA-MB-
231 cells correlated with enhanced degradation of MRP2 in
response to 17AAG treatment (Fig. 4). One early study suggested
that calpain inhibitors increased ubiquitination of Pgp at the cell
membrane, and in vitro proteolysis experiments showed that cal-
pain can cleave Pgp (44). If and how calpain cleavage might stabi-
lize Pgp at the cell membrane is currently unknown, and our data
did not reveal evidence of this. Alternatively, calpain may affect
the transcription of PGP; for example, the transcription factor
NF-�B can induce the transcription of PGP in response to vinblas-
tine (45–47) and calpain can activate NF-�B by cleaving and de-
grading its inhibitor I�B (45, 47). Pgp expression may also be
promoted by PI3K-AKT signaling (48), which we and others have
shown can be regulated by calpain (10, 12). Although steady-state
levels of MRP1 and MRP2 are not affected by loss of calpain (Fig.
6), calpain knockdown in MDA-MB-231 cells was associated with
17AAG-induced loss of MRP2 (Fig. 4), suggesting complex roles
for calpain in the regulation of its expression. Calpain knockdown
was also associated with increased sensitivity to cisplatin (Fig. 4),
which is effluxed by MRP2 but not MRP1 (33, 34).

Although the precise mechanism of calpain-mediated effects of
ABC transporters has yet to be determined, we show that aberrant
calpain expression modulates ABC transporter function (Fig. 8;
see Fig. S4 in the supplemental material). Interestingly, geldana-
mycins are both substrates and inhibitors of some ABC transport-
ers, including Pgp (18). Pgp and MRP1 are implicated in the trans-
port of 17AAG (18, 19) and doxorubicin (32); the effect of MRP2
on 17AAG is unknown. Our data show that selected ABC trans-

FIG 8 Calpain affects ABC transporter function. Subcellular doxorubicin dis-
tribution was assessed by confocal microscopy of MEFs (A, B) and MDA-MB-
231 cells (C, D) of the genotypes indicated. Cells were treated with 3.5 �M
doxorubicin for 1 h, fixed, and stained with DAPI. Nuclear and cytoplasmic
doxorubicin fluorescence intensities (A, C) and nuclear/cytoplasmic ratios
of doxorubicin fluorescence intensities (B, D) in �30 cells were calculated.
Data are plotted as mean � SD. *, P � 0.05. AU, arbitrary units.
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porters, specifically, Pgp in MEFs and MRP2 in MDA-MB-231
cells, have altered functions upon the loss of calpain, and this
resulted in the increased cytotoxicity of drugs that are effluxed by
these ABC transporters in calpain-deficient cells.

Differences in ABC transporter expression, function, and reg-
ulatory interactions with calpain may contribute to the paradox-
ical observation that calpain can have either prosurvival or pro-
death functions, depending upon the cellular context. In our
study, calpain was associated with sensitivity to the HSP90 inhib-
itor 17AAG in three different cell systems. Although a single study
suggests that loss of calpain results in increased sensitivity to the
antimetabolite 5-FU in gastric cancer cells (49), we observed the
opposite in MDA-MB-231 cells (Fig. 7C). Such apparently para-
doxical findings are commonly found in the literature relating to
calpain. For example, MEFs that lack calpain are more sensitive to
tumor necrosis factor alpha and staurosporine but significantly
more resistant to UV exposure, etoposide, camptothecin, puro-
mycin, and H2O2 challenges (9). The ABC transporters responsi-
ble for transporting different compounds and how they are mod-
ulated by calpain activity remain important areas of study.

In conclusion, we have shown that calpain expression corre-
lates with sensitivity to the HSP90 inhibitor 17AAG, as well as
doxorubicin and cisplatin, in multiple cell models, and calpain
knockdown combined with 17AAG more effectively reduces tu-
mor growth and metastasis in vivo. We provide evidence that cal-
pain regulates sensitivity to clinically relevant therapeutics in part
through effects on the expression and stability of specific ABC
transporters, including Pgp and MRP2, in a cell type- and cell
context-dependent manner. This argues that calpain inhibitors
could enhance the efficacy of specific cancer therapeutics.
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