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Abstract

Purpose: Metastatic disease is a leading cause of death for
patients with breast cancer, driving the need for new therapies.
CT20p is a peptide previously discovered by our group that
displays cancer-specific cytotoxicity. To design the optimal ther-
apeutic use of the peptide, we identified the intracellular target of
CT20p in breast cancer cells, correlating expression patterns of the
target with susceptibility to CT20p.

Experimental Design: Using polymeric nanoparticles to
deliver CT20p, we assessed cytoskeletal changes, cell migration,
adhesion, and viability in cells treated with the peptide. Protein
pull-down experiments, coupled to mass spectrometry, enabled
identification of the peptide's intracellular target. Biochemical
and histologic techniques validated target identity in human cell
lines and breast cancer tissue microarrays and revealed suscepti-
bility patterns to CT20p.

Results:Chaperonin containing TCP-1 (CCT) was identified as
the intracellular target of CT20p. Cancer cells susceptible to
CT20phad increased CCT, and overexpression of CCTb, a subunit
of the CCT complex, enhanced susceptibility to CT20p. Suscep-
tible cells displayed reduced tubulin, a substrate of CCT, and
inhibition of migration upon CT20p treatment. CCTb levels were
higher in invasive ductal carcinomas than in cancer adjacent
tissues and increased with breast cancer stage. Decreased breast
cancer patient survival correlated with genomic alternations in
CCTb and higher levels of the chaperone.

Conclusions: Increased CCT protein in breast cancer cells
underlies the cytotoxicity of CT20p. CCT is thus a potential target
for therapeutic intervention and serves as a companion diagnostic
to personalize the therapeutic use of CT20p for breast cancer
treatment. Clin Cancer Res; 22(17); 4366–79. �2016 AACR.

Introduction
Breast cancer is the second leading causeof death inwomen (1);

a trend that is mirrored worldwide (2, 3). Although early diag-
nosis followed by treatment reduces themortality associated with
breast cancer, patient survival and therapeutic options significant-
ly decrease once the cancer disseminates beyond thebreast. Triple-
negative breast cancer (TNBC) is an especially aggressive disease,
with fewer treatment choices due to the absence of estrogen (ER),
progesterone (PR), and Her2 receptors. By addressing gaps in the
treatment repertoire, new therapies that can be partnered with a

companion diagnostic would have the most impact on patient
survival.

To develop a novel cancer therapeutic, we studied the mem-
brane-binding activities of Bax, an apoptotic member of the Bcl-2
family (4), and discovered that a peptide derived from the C-
terminus of Bax, CT20p, had inherent cytotoxic activity (5). Death
induced by CT20p was independent of caspase inhibition, Bax
deficiency, and Bcl-2 overexpression (5), suggesting that the
unique amphipathic nature of CT20p could be responsible for
its cytotoxicity. In the presence of artificial large unilamellar
vesicles (LUV) composed of mitochondrial-like lipids, CT20p
adopted anab secondary structure and formedpores that released
smallmolecules from the LUVs (5–7). However, we found CT20p
to be impermeable to the plasma membrane of mammalian cells
(5). Intracellular delivery of the peptide was achieved with nano-
particles (5). The hydrophobic nature of CT20p enabled efficient
encapsulation within nanoparticles formed by a novel hyper-
branched polyester polymer (HBPE-NPs; refs. 5, 8, 9). Nanopar-
ticle encapsulation protected the peptide from degradation in
serum and increased its stability during circulation in host ani-
mals, allowing the peptide to be released within cells in a pH- and
esterase-dependent manner (8). CT20p-HBPE-NPs caused cancer
cell death in vitro and in vivo, inhibiting and regressing tumors
derived from human breast cancer cells implanted in mice (5, 9).
Importantly, cancer cells tested were susceptible to the cytotoxic
effects of CT20p-HBPE-NPs, whereas normal epithelial cells were
resistant (9).
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Many anticancer therapeutic peptides are naturally occurring
antimicrobial agents (10). Like CT20p, these peptides associate
with the mammalian mitochondrial membrane, but not the
plasma membrane, and cause apoptotic or necrotic cell death
(11, 12). Because of the similarity of CT20p to antimicrobial
peptides and its ability to permeabilize lipid vesicles (6, 7), we
previously examined whether the cancer-specific cytotoxicity of
CT20p was mediated through its actions uponmitochondria. We
found that CT20p alteredmitochondrial dynamics and trafficking
in breast cancer cells, but not in normal breast epithelial cells,
causing mitochondrial clustering (9). However, continued study
revealed that the biologic effects of CT20p also included loss of
cell adhesion that preceded cell death, decreased integrin levels,
reduced F-actin, and cytoskeletal disruption (9). These observa-
tions indicated that the action of CT20p on mitochondria could
be a secondary effect, and its true primary intracellular target and
reason for its cancer-specific cytotoxicity remained to be
determined.

In this report, we identified the intracellular target of CT20p to
be the molecular chaperone called chaperonin containing T-
complex polypeptide 1 (CCT), also known as the TCP1 ring
complex (TRiC). CCT is a complex composed of two stacked
rings, eachwith eight distinct subunits in fixed positions (13). The
cavity formed by the two rings is the site of substrate binding and
folding, which occurs in an ATP-dependent manner (14). Early
experiments determined that complete deletion of CCT in yeast is
lethal (15, 16), and CCT is known to be an essential protein in
eukaryotes and may be overexpressed in cancer cells (17). CCT is
responsible for folding approximately 15% of cellular proteins
(18, 19) and is the obligate chaperone for both actin and tubulin
(20–22). Evidence supporting CCT as the target of CT20p include
the biologic effects of the peptide upon cytoskeletal elements
requiring actin and tubulin and correlation of CCT protein levels
in cells with CT20p cytotoxicity. Herein, we show the functional
consequences of CT20p binding to CCT that leads to the death of
breast cancer cells and suggest that CT20p may be a cancer-
selective cytotoxic agent and CCT a viable target for therapeutic
intervention.

Materials and Methods
Cell culture and reagents

MDA-MB-231, MDA-MB-231/Luc, and MDA-MB-468 cells
were cultured in DMEM (Cellgro) with 10% FBS (Biowest).
MDA-MB-436 cells were cultured in Leibovitz L-15 medium
(Cellgro) with 20% FBS. BT-549 cells were cultured in RPMI
(Cellgro) with 8 mg/mL insulin (Santa Cruz Biotechnology) and
10%FBS.MCF-10A cellswere cultured inmammary epithelial cell
growth media (Lonza). MDA-MB-231/Luc cells were obtained
from Cell Biolabs, Inc. All other cell lines were obtained from
ATCC, and low-passage cells were used for experiments. CT20p
(VTIFVAGVLTASLTIWKKMG) and biotin-tagged CT20p were
commercially synthesized (Biopeptide Co., Inc) at >98% purity,
with the N- and C- terminals capped with acetyl and amine
groups, respectively. For delivery to cells, CT20pwas encapsulated
in hyperbranched polyester nanoparticles (HBPE-NPs) as previ-
ously described (5, 8, 9). Typically, a peptide loading of 0.15 mg
CT20p to 1 mg nanoparticle is achieved. Purified recombinant
His-tagged CCTb derived from E. coli was obtained commercially
(MyBioSource) at >90% purity.

Measurement of cell viability
To determine IC50 concentrations of CT20p, cells at 60%

confluency were treated with a dose range of CT20p-HBPE-NPs
for 48 hours. Cell viability was determined using CellTiter-Glo
Luminescent Cell Viability Assay (Promega). IC50 determination
was performed with GraphPad Prism software. To determine
populations of live, apoptotic, andnecrotic cells, cellswere treated
with CT20p-HBPE-NPs (75-mg nanoparticles/mL). After defined
time points, cell death discrimination was performed with the
Sytox AADvanced and F2N12S Violet Ratiometric Apoptosis Kit
(Invitrogen). Data were acquired by flow cytometry on a FACS-
Canto (BD Biosciences) and analyzed with FCSExpress software
(DeNovo).

Calculation of metabolic capacity
Metabolic profiles for each cell line were obtained using a

Seahorse XFe24 analyzer, as detailed in Supplementary Materials.
Cells were treated with CT20p-HBPE-NPs (75-mg nanoparticles/
mL) for 3 hours before running the assay. Metabolic capacity was
defined as the maximum response in both mitochondrial and
glycolytic contexts. CT20p-treated results were calculated as a
percentage of untreated results.

Immunoblotting
Cell lysates were obtained by mechanical douncing, analyzed

by SDS-PAGE, and then transferred to Immobilon-FLmembranes
(Millipore). Blots were probed with primary antibodies against
CCTb (Millipore), CCTd (Abcam), CCTe (Abcam), or p38 MAPK
(Santa Cruz Biotechnology). Detection was performed by incu-
bation with IRDye secondary antibodies (LI-COR), followed by
imaging on the Odyssey detection system (LI-COR). Immuno-
blots were quantified with Image Studio software (LI-COR).
Proteins of interest were assessed relative to p38 MAPK loading
controls and then normalized to the MCF-10A control cells.

Quantitation of gene expression
RNA was isolated from cells using TRIzol (Invitrogen). cDNA

was synthesized using the iScript Advanced cDNA Synthesis Kit
(Bio-Rad). Quantitative real-time PCR was performed on a

Translational Relevance

Triple-negative breast cancer (TNBC) and other aggressive
forms of breast cancer have an increased tendency to metas-
tasize and become refractory to treatments. CT20p is a novel
therapeutic agent for cancer through its uniquemode of action
that targets themolecular chaperone, CCT. The amount ofCCT
in a cell predicts its susceptibility to CT20p. This, coupled with
the finding that CCT levels are elevated in human breast cancer
and correlate with disease progression, suggests that CCT
could be a companion diagnostic that predicts beneficial
outcomes of CT20p treatment. Furthermore, as a neoadjuvant
treatment, CT20p could reduce tumor size prior to surgery or
radiotherapy andmay sensitize cancer cells, reducing the need
for aggressive chemotherapy. As a result, debilitating side
effects associated with current treatments could be reduced.
The coupling of CCT as a diagnostic with CT20p as a treatment
provides a personalized treatment approach that, to date, is
lacking for recurrent cancers like TNBC.
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7900HT Fast Real-Type PCR system (Applied Biosystems). Reac-
tions were prepared in triplicate using SSoAdvanced Universal
SYBR Green Supermix (Bio-Rad) and PrimePCR Assays for the
following: CCT2, CCT4, CCT5, and GAPDH (Bio-Rad). Levels of
CCT subunits were compared with the endogenous control
GAPDH. Expression levels were calculated relative to the lowest
expressed subunit: CCT4 in MCF-10A cells. Relative expression
(RQ) values were calculated using the formulas:

DCT ¼ CT of target gene CCTð Þ
� CTof endogenous gene GAPDHð Þ

DDCT ¼ DCT � DCT of reference gene

CCT4 from MCF10A cellsð Þ
RQ ¼ 2�DDCT

Cellular adhesion assay
A standard crystal violet assaywas performed (9). Briefly, 96-well

tissue culture plates were coated with 20 mg/mL fibronectin
(Sigma). Cells were seeded at a density of 10,000 cells/well and
incubated overnight. Cells were treated CT20p-HBPE-NPs at vari-
ous doses for 48 hours. Plates were washed, fixed, and adhered
cells stained with 5 mg/mL crystal violet (Sigma). Absorbance was
measured at 595 nmusing an EnVision plate reader (Perkin Elmer).

Pull-down experiments
Protein pull-downs were performed with 200-mg protein

lysates from MDA-MB-231 and MCF-10A cells by mechanical
douncing. Lysates were precleared with streptavidin-agarose
beads (Pierce), then incubated with 10 mg of biotin-CT20p or
biotin alone for 3 hours at room temperature, followed by
overnight incubation at 4�C with streptavidin-agarose beads.
Beads were washed with buffer (25 mmol/L Tris, 150 mmol/L
NaCl, 0.1% NP40, pH 7.4) and then heated in 4� loading buffer
(Invitrogen) for analysis by SDS-PAGE and immunoblot for
CCT. "In-cell" pull downs were performed by delivering biotin-
CT20p encapsulated in HBPE-NPs to cells at a dose of 75-mg
nanoparticles/mL. Cells were lysed by douncing, and 200 mg of
cell lysate was incubated with streptavidin-agarose beads over-
night at 4�C and then analyzed as above. Biotin-CT20p pull-
downs (0.1–4 nmol) with recombinant His-tagged CCTb protein
(0.1 nmol) were performed in 20 mmol/L Tris-HCl buffer.

Migration assay
Cell migration was assessed with the Oris Cell Migration

Assembly Kit (Platypus Technologies). Cells were stained with
CellTrace Violet (Life Technologies) before seeding at a density of
30,000 cells per well. Treatments with CT20p-HBPE-NPs (75-mg
nanoparticles/mL) began the day following seeding. After 24
hours of treatment, stoppers were removed and cells allowed to
migrate for additional time (10 hours for MDA-MB-231 and 20
hours for MCF-10A). After migration, fluorescent images were
obtained using a Plate Runner HD (Trophos). Control wells had
stoppers removed immediately before imaging to provide the
premigration area. Images were analyzed by ImageJ software
(NIH). Percentage closure was calculated as [(premigration area
� migration area)/premigration area] � 100.

Fixed-cell immunofluorescence
Cells were seeded on glass coverslips and then treated with

CT20p-HBPE-NPs (75-mg nanoparticles/mL) or left untreated for
24 hours. Cells were then stained with Mitotracker Red CMXRos

(Life Technologies) before being fixed and permeabilized. Sam-
ples were blocked in normal goat serum (Santa Cruz Biotechnol-
ogy) before incubationwitha-tubulin (DM1A) primary antibody
and goat a-mouse IgG-FITC secondary antibody (Santa Cruz
Biotechnology). Coverslip mounting media contained DAPI for
nuclear staining. Images were obtained with a Zeiss LSM 710
microscope, using a Zeiss 63x Pan-Apocromat oil immersion lens
and Zeiss Zen software. To determine average tubulin levels per
cell, the amount of FITC fluorescence per region of interest was
divided by the number of cells in the field. At least four images
containing between five and 12 cells were quantified for each
condition. Images were analyzed with Volocity software (Perkin
Elmer).

IHC
Lung and liver metastases were induced as described in Sup-

plementary Methods. Mouse organs were harvested and fixed as
described previously (23). Tissues were analyzed using anti-CCTb
primary antibody (LifeSpan Biosciences). Staining of tissue arrays
was performed by a Bond-Max Immunostainer (Leica), with an
epitope retrieval buffer of EDTA pH 9.0 and Polymer Refine
Detection reagents (Leica). Sequential tissue sections were stained
with hematoxylin and eosin reagents (Leica). Human breast
cancer tissue arrays were purchased from US Biomax (BR1002a,
BR10010b, BR963a, and HBre-Duc150-Sur01). Information
about tissue type, tumor grade, and receptor status was provided.
Array HBre-Duc150-Sur01 also provided information on surviv-
al/deceased status of the patient, aswell as duration ofmonitoring
in months. Tissues were stained for CCTb as described above.
Scoring of CCTb staining was done by a pathologist (A.S. Khaled)
following the guidelines in Supplementary Fig. S1.

Overexpression of CCTb
MCF-10A cells were transiently transfected, using TransIT LT1

reagent (Mirus), with pcDNA-CCT2 (GenScript). To assess pro-
tein expression, cells were harvested 24 hours following transfec-
tion and subjected to immunoblotting for CCTb. Mock transfec-
tion controls were treated with TransIT LT1 reagent. For viability
assessment, cells were treated with CT20p-HBPE-NPs (75-mg
nanoparticles/mL) for 24 hours. Treatments started 24 hours after
transfection.

Statistical analysis and data mining
All experiments were performed at minimum three times, and

with at least three technical replicates where appropriate. Repre-
sentative data are presented in this report. For migration and
microscopy experiments, data were analyzed using a Student t test
to compare treated and untreated results. For scoring of CCTb
staining in tissue samples, one-way ANOVAwas used to compare
staining between the various groups. Survival data were analyzed
by log-rank (Mantel–Cox) test. Calculations were performed
using GraphPad Prism software (GraphPad). Statistical signifi-
cance was defined as P < 0.05. Interrogation of The Cancer
Genome Atlas (TCGA) database was accomplished using the
websource cBioPortal for Cancer Genomics (http://cbioportal.
org/; refs. 24, 25).

Results
CT20p is cytotoxic to TNBC cells

TNBC can be characterized into molecular subtypes, such
as basal-like 1 and 2 (BL1, BL2), mesenchymal (M), and
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mesenchymal stem-like (MSL), by gene expression profiling
(26). On the basis of this information, we assessed the cyto-
toxicity of CT20p in different TNBC subtypes: MDA-MB-468
(BL1), BT-549 (M), MDA-MB-231 (MSL), and MDA-MB-436
(MSL) cells. As a control, we used the breast epithelial line
MCF-10A. For delivery of CT20p to cells, the peptide was
encapsulated in HBPE-NPs as described previously (5, 8). Our
earlier work showed that dye-loaded HBPE-NPs were not toxic
(5, 8, 9) and that nanoparticle uptake was comparable across
cell lines (representative data for MDA-MB-231 and MCF-10A
cells is shown in Supplementary Fig. S2A and S2B). Hence, all
experiments involving CT20p were performed with peptide-
loaded HBPE-NPs.

Using the various TNBC cell lines, we determined the IC50

concentrations of CT20p-HBPE-NPs (Fig. 1A). MDA-MB-231
cells were killed at the lowest dose of CT20p-HBPE-NPs (IC50 ¼
57 mg/mL), followed by MDA-MB-436, with BT-549 cells dis-
playing susceptibility at the highest dose (IC50 ¼ 962 mg/mL).
Supporting information concerning IC50 determination is pro-
vided in Supplementary Fig. S2C and S2D. We previously
showed that MDA-MB-231 cells, but not MCF-10A, were sus-
ceptible to killing by CT20p-HBPE-NPs (9). These data are
recapitulated in Fig. 1B, using a standard cell death discrimi-
nation assay that detects changes in membrane asymmetry and
permeability. At the 48-hour time point, about 29% of MDA-
MB-231 cells were viable after treatment with CT20p-HBPE-
NPs (75 mg/mL), compared with 84% of MCF-10A cells. Next,
we examined the response of the other TNBC cell lines when
similarly treated with CT20p-HBPE-NPs (75 mg/mL; Fig. 1C).
MDA-MB-436 cells were most susceptible to CT20p, displaying
characteristics of cell death as early as 6 hours after treatment.
This supported the IC50 data (Fig. 1A), indicating that MDA-
MB-231 and MDA-MB-436 cells (MSL subtype) were the most
susceptible to CT20p. The range of responses to CT20p also
suggested that the target of the action of peptide could be a
variable factor in cancer cells.

Because we previously observed that CT20p associated with
mitochondria (9), we examined whether differences in cellular
bioenergetics could account for the effects of CT20p.Whilewe did
determine that the TNBC cell lines had different metabolic pro-
files (Supplementary Fig. S3A–S3D), treatment with the peptide
did not appreciably change glycolytic or respiratory capacities in
manner that correlated with CT20p-mediated decreases in via-
bility (Fig. 1D and E). For example, CT20p did slightly reduce the
glycolytic capacity of BT-549 cells, but these cells were the most
resistant to the cytotoxic effects of the peptide. Hence, we con-
cluded that CT20p was unlikely to cause cell death by metabolic
disruption.

CT20p associates with the chaperonin CCT
To discover intracellular proteins that interact with CT20p and

account for its biologic effects (9), we performed a pull-down
experiment using biotin-tagged CT20p (biotin-CT20p). Protein
lysates were derived from MDA-MB-231 and MCF-10A cells, and
interacting proteins were "pulled-down" for analysis by gel elec-
trophoresis and identification by mass spectrometry. Biotin-
CT20p associated with a number of proteins unique to MDA-
MB-231 cells not found in MCF-10A (Supplementary Fig. S4A–
S4C; Supplementary File). We identified CCT as a protein whose
inhibition could result in the cytotoxic effects observed for CT20p,
such as cytoskeletal disruption (9). Biotin-CT20p pulled down 7

of the 8 subunits of the CCT complex and numerous CCT client
proteins (27–29). CCT is a type II chaperonin, composed of eight
individual subunits denoted as alpha, beta, gamma, delta, epsi-
lon, eta, theta, and zeta (CCT1–8 in yeast), and is principally
responsible for the folding of actin and tubulin into their native
forms (19, 21, 22). To confirm that CT20p associated with CCT,
we directly probed cytosolic lysates from the TNBC andMCF-10A
cells with biotin-CT20p and confirmed the CT20p–CCT interac-
tion by detecting the beta subunit of CCT (CCTb; Fig. 2A).

Wedesigned an "in-cell" pull-downassay to determinewhether
CT20p interacted with CCTwithin cells. Biotin-CT20pwas encap-
sulated in HBPE-NPs and delivered to MDA-MB-231 and MCF-
10A cells. After 3 hours, cells were lysed and biotin-CT20p was
recoveredwith streptavidin beads and the pull-down analyzed for
CCTb (Fig. 2B). This experiment revealed two important findings:
(i) that theCT20p–CCT interaction occurs intracellularly inMDA-
MB-231 cells and is detectable by 3 hours and (ii) that biotin-
CT20p could escape from the nanoparticles and enter the cyto-
solic compartment in a biologically active form. Furthermore,
CT20p treatment did not decrease total CCTb protein levels, as
shown by examining whole-cell lysates (Fig. 2B). Control HBPE-
NPs containing DiI dye did not pull-down CCTb, excluding the
possibility that the nanoparticles themselves contributed to the
interaction with CCT (Supplementary Fig. S4D and S4E).

Next,we examinedwhether biotin-CT20pbounddirectly to the
CCT subunits or whether the recovery of CCT in the pull downs
was due to an indirect interaction (e.g., through a client protein of
CCT). Biotin-CT20p and recombinant His-tagged CCTb protein
were mixed in a pull-down experiment in which these were the
only components (Fig. 2C). By varying the molar ratio of biotin-
CT20p to CCTb, we determined that CT20p does interact directly
withCCTb at ratios of 1:1 (faint band at the limit of detection) and
higher (Fig. 2C). This does not exclude the possibility of CT20p
binding to multiple subunits of the CCT complex (e.g. CCTe),
thereby increasing the efficiency of the pull-down when the entire
complex is present. The results of the in-cell pull down (Fig. 2B)
indicate that the reverse is not true—the quaternary structure of
the assembled CCT complex does not mask CT20p binding sites.

CCT levels vary across TNBC cell lines
To assess CCT expression in cells that were susceptible or

resistant to CT20p, we assayed the basal protein levels of three
CCT subunits: beta (b), delta (d), and epsilon (e; ref. 30). MDA-
MB-231 and MDA-MB-436 cells had the highest levels of the
CCT subunits (Fig. 3A), which was confirmed by replicates and
quantified (Fig. 3B). These two cell lines were also the most
sensitive to CT20p (Fig. 1), suggestive of a correlation between
CCT protein levels and the cytotoxic effect of CT20p. Note,
while MDA-MB-231 and MDA-MB-436 had similar amounts of
CCT, MDA-MB-231 cells were more sensitive to the cytotoxicity
of CT20p. This could result from increased chaperone activity
or client proteins like actin or STAT3 that enhance the sensi-
tivity of MDA-MB-231 cells to CCT inhibition. We next tested
an in vivometastasis model to evaluate CCT levels in the disease
state. Intravenous administration of MDA-MB-231/Luc cells via
tail vein injection in NOD-SCID-gamma (NSG) mice resulted
in lung and liver metastases (ref. 31; Supplementary Fig. S5).
Using this model, we examined the expression of CCTb in
metastatic tissue by IHC (Fig. 3C and D). Metastatic regions in
both the lung and liver displayed more intense staining for
CCTb than normal tissue. This confirmed that MDA-MB-231
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cells retained high-level and prolonged expression of CCTb in
an in vivo environment.

CCT gene expression was examined by RT-PCR for the three
subunits assessed above in the TNBC and control cell lines (Fig.
3E).While all the TNBC cell lines expressed highermRNA levels of
the CCT subunits than the MCF-10A cells, relative gene and
protein expression did not necessarily correlate, most notably in
the case of BT-549 and MDA-MB-436 cells. Other groups also
observed that CCT gene expression did not always correlate with
protein activity (17). Hence, control of CCT gene expression by
cells is likely complex and involves additional regulatory com-
ponents yet to be determined.

As our data indicated that susceptibility to CT20p could
correlate with the amount of cellular CCT protein and perhaps
activity, rather than the transcript level, we assessed a func-
tional consequence of CCT inhibition—cellular detachment.
To assess adhesion, TNBC cells were treated with CT20p-
HBPE-NPs at varying doses and adhesion measured at the
endpoint of 48 hours (Fig. 3F). CT20p-HBPE-NPs caused a
dose-dependent loss of adhesion, most notable in the MSL
subtype cell lines, MDA-MB-231 and MDA-MB-436, correlat-
ing with both the IC50 values (Fig. 1A), cell death (Fig. 1C),
and the high CCT protein levels these cell lines displayed
(Fig. 3A).

Figure 2.
CT20p binds CCTb in the cellular
environment. A, biotin-CT20p (denoted
C) was used to pull-down interacting
proteins in TNBC cell lysates as
described in Materials and Methods.
Biotin only (denoted B) was used as a
control in each cell lysate. Pull downs
were analyzed by immunoblotting for
CCTb. B, an "in-cell" pull down was
performed inMDA-MB-231 andMCF-10A
cells as described in Materials and
Methods. Briefly, CT20p-biotin
encapsulated in HBPE-NPs was
delivered to viable cells, followed by cell
lysis and recovery of interacting
proteins. Pull downs, as well as whole-
cell lysate samples, were analyzed, and
CCTb and p38 were detected by
Western blotting. C, biotin-CT20p was
used to pull down His-tagged
recombinant CCTb, and the results were
analyzed by immunoblotting for CCTb.
Lane 1 contains 0.1 nmol CCTb, the
amount used for all the pull-downs. Lane
2 is a pull-down with biotin alone and
serves as a negative control. Lanes 3, 4,
and 5 are pull-downs with 0.1, 1, and 4
nmol Biotin-CT20p, respectively.

Figure 1.
CT20p has cytotoxic activity in TNBC cell lines. A, TNBC cell lines and a control breast epithelial line (MCF-10A) were treated with CT20p at increasing doses for 48
hours, then assessed with a luciferase-based viability assay as described in Materials and Methods. Viability was determined as a percentage relative to dose 0. IC50

values were calculated as shown in Supplementary Fig. S2C and S2D. B, CT20p encapsulated in HBPE-NPs was delivered to MDA-MB-231 and MCF-10A
cells for 48 hours as described previously (9). Cell death discriminationwas achieved by stainingwith Sytox AADvanced and F2N12S dyes, which assessesmembrane
permeability and membrane asymmetry, respectively. Quadrants are displayed to divide cell populations, based on the comparison of untreated cells to a
staurosporine-treated control, an example of which is shown in the key. The percentage of viable cells in the lower right quadrant is indicated in bold. As
cells undergo apoptosis and necrosis, the population will lose membrane symmetry and increase permeability, shifting to the left and up. C, CT20p was delivered to
several breast cancer cell lines for the length of time indicated in the figure, and cell viability was assessed as described in B. D and E, cells were treated
with CT20p for 24 hours before performing metabolic stress tests (Supplementary Fig. S3), and glycolytic capacity (D) and mitochondrial coupling efficiency (E) of
untreated and CT20p-treated cells were determined.
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Figure 3.
CCT expression varies across TNBC cell lines.A, levels of three CCT subunits (beta, delta, and epsilon)were examined byWestern blotting across TNBC cell lines. p38
MAP kinase is used as a loading control. B, protein levels of the subunits were quantified per total protein and normalized to the levels in MCF-10A cells.
C,MDA-MB-231 metastasis in the lung and liver were obtained from NSGmice as described in Materials and Methods. Sequential tissue slices were stained with H&E
and with anti-CCTb antibody for IHC. Tumor tissue is outlined and labeled T, whereas normal tissue is labeled N. Images are taken at 100� total magnification.
D,highmagnification imagesof CCTb IHCof lung and livermetastasis demonstrate the high staining intensity of tumor cells. Images are taken at 400�magnification.
E, gene expression of the three subunits was analyzed by quantitative RT-PCR as described in Materials and Methods. The values were determined relative
to MCF-10A gene expression of each subunit. The genes CCT2, CCT4, and CCT5 correspond to CCTb, CCTd, and CCTe, respectively. F, TNBC andMCF-10A cells were
treated with CT20p at increasing doses for 48 hours, and adhesion was determined using a crystal violet adhesion assay as described in Materials and
Methods. The percentage of adhesion relative to dose 0 is displayed.
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CT20p's interaction with CCT has functional consequences
We previously reported that in MDA-MB-231 cells, CT20p-

HBPE-NPs treatment caused loss of F-actindistribution, especially
in thefilapodia, and reduced integrin levels (9). As actin dynamics
are necessary for cellular migration, we examined the effect of

CT20p on themotility ofMDA-MB-231 cells. Cells were seeded at
high density in wells containing stoppers and then treated with
CT20p-HBPE-NPs for 24hours. Stopperswere removed to create a
zone of exclusion, and cells were allowed to migrate. The migra-
tion area of untreated cells was compared with those treated with

Figure 4.
Consequences of CT20p treatment include loss of migration ability and tubulin architecture. A, MDA-MB-231 cells were fluorescently stained and seeded around
stoppers in a 96-well plate, as described in Materials and Methods. Cells were then treated with CT20p at 75 or 150 mg/mL for 24 hours. Removal of the stoppers
created an exclusion zone, outlined in white. Control cells had stoppers removed immediately before data acquisition and represent the premigration area.
Remaining conditions were allowed to migrate into the exclusion zone for 10 hours before images were obtained with a Plate Runner HD. The leading
edge of migrating cells after the migration period is outlined in red. B, migration areas were analyzed using ImageJ software, and the percentage closure of the
exclusion zone was calculated as in Materials and Methods. �� , P < 0.001; ��� , P < 0.0001. C–F, MDA-MB-231 cells (C) and MCF-10A cells (E) were stained
withDAPI (blue),Mitotracker Red (red), anda-DM1a antibody to tubulin (green) as described inMaterials andMethods. Untreated cellswere comparedwith cells that
had been treated with CT20p for 24 hours. Tubulin architecture and mitochondrial distribution can be seen in the inset. Scale bars represent 50 mm, and
inset is magnified by a factor of 2.2�. The average amount of tubulin per cell in MDA-MB-231 (D) and MCF-10A (F) cells was determined. ��� , P < 0.0001.
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Figure 5.
CCTb is highly expressed in breast cancers and correlateswith decreased survival.A–C,genomic analysiswas performedon theBreast InvasiveCarcinomadata set of
TCGA (49) containing 971 cases of invasive carcinoma with sequencing and copy number analysis. A, genomic alterations in the eight subunits of CCT were
queried, and 51% of cases were found to have alterations in at least one CCT subunit. Individually, the highest alteration rate occurred in CCT3 (31%). CCT2 was
altered in 14% of cases, with the majority of these being gene amplification and mRNA upregulation. B, survival analysis of patients displaying CCT3
alterations revealed no association between survival rate and CCT3 alterations. (Continued on the following page.)
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CT20p-HBPE-NPs at 75 and 150 mg/mL (Fig. 4A), and percentage
of closure was calculated for each condition (Fig. 4B). CT20p
significantly impaired the movement of MDA-MB-231 cells in a
dose-dependent manner. A comparable experiment with MCF-
10A cells was limited by the fact that minimal migration of these
cells is observed within a similar time frame. The migration of
MCF-10A cells at a later time frame is presented in a subsequent
figure.

Having previously shown that CT20p-HBPE-NP treatment
caused mitochondrial clustering (9), we examined the effect
of CT20p on the other main client of CCT, tubulin, which
forms microtubules that move cargo like mitochondria (32).
We visualized tubulin in MDA-MB-231 cells before and after
24 hours of CT20p-HBPE-NP treatment by staining cells with
a-DM1A antibody specific to tubulin (pseudo-colored green).
Mitotracker Red and the nuclear stain DAPI (pseudo-colored
blue) were also used, and images were obtained by confocal
microscopy. Apparent is the significant loss of tubulin archi-
tecture in CT20p-HBPE-NP treated cells compared with untreat-
ed cells (Fig. 4C). Decreased mitochondrial distribution is also
evident but not nuclear fragmentation (Fig. 4C). Quantification
of the amount of tubulin per cell confirmed a significant
reduction after CT20p-HBPE-NP treatment (Fig. 4D). For com-
parison, we performed a parallel experiment with MCF-10A
cells (Fig. 4E). Unlike MDA-MB-231 cells, there was minimal
loss of tubulin per cell in MCF-10A cells (Fig. 4F), and overall
cell shape and mitochondrial distribution remained normal
after CT20p-HBPE-NP treatment.

The CCTb subunit displays potential as a clinical prognostic
marker

We queried The Cancer Genome Atlas (TCGA) database
(24, 25) for clinical breast cancer cases with genomic alterations
in CCT. Alterations in the genes encoding the 8 subunits forming
the CCT complex were found to occur in 51% of the breast cancer
cases (Fig. 5A) with a significant probability of co-occurrence
(Supplementary Fig. S6A). The genes for specific subunits dis-
played high alteration rates, including CCT2 (14%) and CCT3
(31%). However, when genomic alternations in these subunits
were examined for impact on patient outcomes (Fig. 5B and C),
CCT2 (P¼ 0.00013), but not CCT3 (P¼ 0.776), associated with a
decrease in patient survival rate. Hence, alterations of the genes of
individual CCT subunits may therefore have different clinical
relevance. These results led to examining tissue levels of CCT2
(CCTb) using human breast cancer tissue microarrays (TMA) by
IHC (Fig. 5D and Supplementary Fig. S6B). A scoring scheme for
CCTb staining was developed by a pathologist and is described in
Supplementary Fig. S1.

Examination of CCTb levels in cancer and normal specimens
revealed that tissues from invasive ductal carcinoma (IDC) dis-
played staining at least three times greater than cancer-adjacent

tissue (CAT; Fig. 5E). In addition, CCTb staining was significantly
increased inmore highly invasive primary tumors characterized as
T3 or T4 (Fig. 5E). We also examined possible connections
between CCTb and the estrogen receptor (ER), progesterone
receptor (PR), and HER2. With the exception of PR, we found
no correlations of CCT with hormone receptors (Supplementary
Fig. S6C). The PR signaling pathway could be involved in CCT
expression; however, in the absence of correlations with ER, it is
more likely that CCT is independent of cancer lineagemarkers like
the hormone receptors.

Importantly, we examined survival rates of patients with IDC
containing low and high levels of CCTb. Patient tissues scoring
0–2 were characterized as low expressers, and specimens scor-
ing 3 to 4 were characterized as high expressers. Using patient
data, we determined the percent survival over time between the
two groups (Fig. 5F). Patients with tumors contained high
CCTb exhibited a poorer outcome and survival percentage of
59.98%, whereas the low CCTb group had a more favorable
survival percentage of 77.03% (Fig. 5F). These results support
the findings in Fig. 5C that alternations in CCT2 gene accom-
pany poor patient outcomes.

CCTb overexpression enhances susceptibility to CT20p
Having established that MCF-10A cells were more resistant to

CT20p cytotoxicity (Fig. 1A), we determined whether increasing
CCTb in these cells could enhance susceptibility to CT20p. MCF-
10A cells can be highly sensitive to cell confluency and, when
grown sparsely, will spontaneously undergo an epithelial-to-
mesenchymal transition (EMT)-like process (33). We cultured
MCF-10A cells at suboptimal confluency until phenotypic
changes were observed. The transitioned MCF-10A cells, referred
to as MCF-10A (CCT), exhibited increased migration, indicating
that MCF-10A (CCT) cells had acquired migratory characteristics
(Fig. 6A). We also transiently overexpressed CCT2 (CCTb) in
MCF-10A cells, referred to as MCF-10A (b).

We confirmed that MCF-10A (b) and MCF-10A (CCT) cells
expressed higher levels of CCTb than MCF-10A cells (Fig. 6B
and C). MCF-10A (CCT) cells also contained high levels of
CCTd and CCTe, indicating that these cells had likely over-
expressed the entire CCT complex. Transfection of MCF-10A
with the CCT2 gene did not increase the other subunits, a
phenomenon previously reported in yeast (34). We examined
viability of the MCF-10A variants after 24 hours of CT20p-
HBPE-NP treatment (75-mg nanoparticles/mL). MCF-10A cells
exhibited a minimal decrease in viability (Fig. 6D and E),
whereas both MCF-10A (b) and MCF-10A (CCT) cells were
more susceptible to CT20p cytotoxicity with viability decreas-
ing to 64% and 39%, respectively (Fig. 6D and E). As a control,
MCF-10A cells were mock transfected (Fig. 6D and E). Increas-
ing CCTb levels therefore enhanced susceptibility to CT20p in
cells that were normally resistant. We were also able to increase

(Continued.) C, survival analysis of CCT2 revealed an association between alterations in CCT2 and a decreased median survival rate, with a 30-month difference
in median survival between the two groups. D, human breast cancer tissue arrays were analyzed by IHC for CCTb, as explained in Materials and Methods.
Tissue cores were scored by a pathologist on the basis of intensity of staining (Supplementary Fig. S1). For analysis, tissues were characterized as CAT and
IDC. IDC was furthermore divided by tumor severity as T1/T2 (early) and T3/T4 (locally advanced). Representative images of CAT and IDC at various T grades
are provided to illustrate varied levels of CCTb. Pathologist's score is indicated in parenthesis. Images are at 200� total magnification. E, CCTb staining was
compared between CAT and IDC samples, with � indicating P < 0.05 and ��� indicating P < 0.0001. F, human breast cancer tissue array containing samples of
invasive ductal carcinoma from 146 patients was analyzed by IHC for CCTb. Survival data, including survival/deceased status and duration of monitoring in
months, were provided for each tissue sample. CCTb staining intensity was scored as described in Supplementary Fig. S1. Samples scoring 0, 1, and 2 were
categorized as low CCTb (n ¼ 45), whereas samples scoring 3 or higher were categorized as high CCTb (n ¼ 101). Percent survival was compared between these
two groups. P ¼ 0.0608.
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Figure 6.
CCT overexpression increases the susceptibility of MCF-10A cells to CT20p.A,MCF-10A andMCF-10A (CCT) cellswere subjected to amigration assay for 20 hours as
described in Fig. 4A and in Materials and Methods. The premigration area is outlined. B, MCF-10A cells were transfected to overexpress CCTb as described in
Materials and Methods and are denoted here as MCF-10A (b). The levels of CCT subunits were examined by immunoblotting in these cells, as well as in MCF-10A and
MCF-10A (CCT) cells. p38 MAPK is used as a loading control. C, level of CCTb relative to total protein was quantified in the three MCF-10A variants. D,
MCF-10A variants were treated with CT20p at a dose of 75 mg/mL for 24 hours. Cell death discrimination was determined by staining with Sytox AADvanced and
F2N12S, followed by flow cytometry as described in Fig. 1. The viable cells are in the lower-right quadrant, and their percentage is displayed in bold. As a
control, mock-transfected MCF-10A were similarly analyzed. E, viability data of the MCF-10A variants was quantified. ��� , P < 0.001; ���� , P < 0.0001.
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the resistance of MDA-MB-231 cells to the cytotoxic effects of
the peptide by silencing the gene for CCT2 (Supplementary
Fig. S7A and S7B). In total, these results indicate that CCT
is the likely target of CT20p because increasing or decreasing
the levels of the CCTb subunit altered susceptibility to the
peptide.

Discussion
In this study, we present evidence that CT20p mediates its

cytotoxic action by inhibiting the molecular chaperone, CCT.
As its mode of action, CT20p could reduce the pool CCT client
proteins like actin, tubulin, or STAT3 (21, 22, 27) that are
necessary for the maintenance, attachment, and survival of
cancer cells, leading to cell death. As a result, treatment with
CT20p could reverse resistance to anoikis, a form of cell death
normally caused upon cell detachment from the extracellular
matrix (ECM), and impair the EMT transition. We found that
CCT levels in TNBC cell lines correlated with CT20p killing,
indicating that the cytotoxicity of the peptide was independent
of cancer cell lineage markers and was effective in cancers, like
TNBC that lack hormone receptors. While investigating the
inhibitory action of CT20p on CCT is the subject of ongoing
study, we determined that CT20p makes one or more direct
contacts with the CCTb subunit, which contains both ATP- and
substrate-binding sites (30, 35); overexpression or inhibition of
which altered susceptibility to CT20p.

We, and others, noted that CCT2 (CCTb) levels corresponded
with cancer severity and decreased patient survival. A recent
study reported that CCT contributed to the metastasis of breast
cancer to bone by folding AIB1 (36). Another determined that
the genes for CCTa and CCTb were amplified in breast cancer
and necessary for cancer growth and proliferation (37). In
hepatocellular carcinomas, the CCTz subunit acted in an onco-
genic manner, correlating with increased cancer severity and
poor prognosis (38). CCTb and CCTe were also overexpressed
in both hepatocellular and colorectal cancers (39, 40). These
studies concluded, as we do, that CCT subunit expression could
be an indicator of cancer progression.

In addition to the clinical potential of CCT in disease
characterization, we showed that targeting CCT for inhibition
with CT20p is a viable cancer treatment. For example, depletion
of CCT subunits by RNA interference in cancer cell lines caused
cell-cycle arrest (41). An inhibitory antibody against CCTe,
which modulated the folding activity of CCT, caused loss of
motility and cytoskeletal disorganization (41) in manner sim-
ilar to that observed with CT20p. Therapeutically inhibiting
CCT would be feasible if cancer cells relied on the chaperonin
more than normal cells. In support, studies in mice revealed
that levels of CCT correlated to the cell's needs for CCT client
proteins, especially when cells are rapidly proliferating (42,
43). In mouse cell lines, CCT expression correlated with growth
rate and was regulated in a cell-cycle–dependent manner (44).
In the context of cancer, this effect would be multiplied, due to
proliferative demands. For example, CCT was highly expressed
in cancer cells compared to noncancerous cells (17). Our work
also demonstrated this principle, with the highly migratory
MCF-10A (CCT) cells expressing more CCT than the original
MCF-10A cell line.

CCT subunits may exhibit unique individual functions. CCTe,
for example, regulates actin expression via the serum response

factor pathway (45), whereas CCTd associates with the plasma
membrane and alters cell shape (46). CCTa alleviates toxicity
resulting from aggregates of polyglutamine-extended huntingtin
(47). Furthermore, experiments in yeast determined that over-
expression of individual CCT subunit yielded unique physiologic
consequences (34). Similar results were also observed when each
subunitwas individuallymutated (48).While nounique function
is attributed to CCTb, our data suggest that it may have indepen-
dent functions in cancer cells, as overexpression or inhibition of
this subunit was able to modulate the outcome of CT20p
treatment.

In summary, CT20p is an effective cytotoxic agent for breast
cancer due to its ability to cause cytoskeletal disruption and loss of
cell motility, followed by cell detachment and death in cells that
upregulate CCT. Intravenous delivery of CT20p encapsulated in
nanoparticles could regress human tumors in mice, indicating
that the peptide has potential clinical application (5, 9). Targeted
nanotechnologies can enable delivery of CT20p to circulating
tumor cells as well as metastatic tumor sites. Having demonstrat-
ed the links between CCT and breast cancer patient survival,
determiningwhether the chaperone is diagnostic for other cancers
will have broader implications, establishing CT20p and its inhi-
bition of CCT as a powerful new therapeutic approach for met-
astatic disease.
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