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Abstract

Nab-paclitaxel, a nanoparticle conjugate of paclitaxel tohuman

albumin, exhibits efficacy in pancreatic cancer, non–small cell

lung cancer and breast cancer. However, there is a lack of predic-

tive biomarkers to identify patients whomight benefit most from

its administration. This study addresses this gap in knowledge by

identifying that caveolin-1 (Cav-1) is a candidate mechanism-

based biomarker. Caveolae are small membrane invaginations

important for transendothelial albumin uptake. Cav-1, the prin-

cipal structural component of caveolae, is overexpressed in the

cancers noted above that respond to nab-paclitaxel. Thus, we

hypothesized that Cav-1 may be critical for albumin uptake in

tumors and perhaps determine their response to this drug. Cav-1

protein levels correlated positively with nab-paclitaxel sensitivity.

RNAi-mediated attenuation of Cav-1 expression reduced uptake

of albumin and nab-paclitaxel in cancer cells and rendered them

resistant to nab-paclitaxel–induced apoptosis. Conversely, Cav-1

overexpression enhanced sensitivity to nab-paclitaxel. Selection

for cellular resistance to nab-paclitaxel in cell culture correlated

with a loss of Cav-1 expression. In mouse xenograft models,

cancer cells, where Cav-1 was attenuated, exhibited resistance to

the antitumor effects of nab-paclitaxel therapy. Overall, our

findings suggest Cav-1 as a predictive biomarker for the response

to nab-paclitaxel and other albumin-based cancer therapeutic

drugs. Cancer Res; 77(21); 5925–37. �2017 AACR.

Introduction

Albumin-boundor conjugated chemotherapeutics are a class of

drugs used and/or being tested in the treatment of cancer (1, 2).

The first clinically successful albumin-bound chemotherapeutic,

nab-paclitaxel (Abraxane), is paclitaxel bound to human albumin

and is commonly used in the treatment of pancreatic cancer, non–

small cell lung cancer (NSCLC), and breast cancer alone or

in combination with other chemotherapies (1, 3, 4). As an

example, gemcitabine had been the standard of care formetastatic

pancreatic cancer formany years until recently, when the addition

of nab-paclitaxel (Abraxane) to gemcitabine was found to signif-

icantly improve survival and other clinical outcomes in a large,

randomized trial (1). One particular advantage of using albumin

as a carrier of bound/conjugated drugs is that albumin may

potentially be better tolerated and/or less toxic, as in the case of

nab-paclitaxel, which avoids the need for the Cremophor-based

solvent used with standard paclitaxel. In addition, studies dem-

onstrate that nab-paclitaxel concentrates in tumor tissue better

than paclitaxel (5). However, all patients do not show benefit to

this class of chemotherapeutics, and there is a lack of biomarkers

predicting which patients will respond most to therapy. SPARC

(secreted protein acidic and rich in cysteine) was reported to be a

potential predictive biomarker of nab-paclitaxel efficacy in met-

astatic pancreatic cancer, but subsequent attempts to validate this

biomarker failed in a larger scale study (6). Given the poor

outcomes associated with pancreatic cancer, NSCLC, and certain

subtypes of breast cancer, novel therapies and biomarkers that

predict efficacy are urgently needed.

Caveolae are a clathrin-independent subdomain of lipid rafts

enriched in cholesterol and sphingolipids, and are 50–100 nm

flask-shaped invaginations of the plasma membrane, which are

involved in diverse functions such as endocytosis, cholesterol

homeostasis, signal transduction, as well as macromolecule

transport (7, 8). By raft-dependent endocytosis, these domains

cause internalization of ligands, receptors, and extracellular

molecules. Caveolin-1 (Cav-1/VIP21) is the principal structural

protein for caveolae, and is one of three members in the

caveolin gene family (CAV1, CAV2, CAV3; ref. 9). On the basis

of murine knockout studies, CAV1 is required for caveolae

formation in most cell types, while CAV2 is not required, and

CAV3 is muscle-specific (9). We and others have shown that

Cav-1 is upregulated in many cancer types including pancreatic

cancer, NSCLC, and breast cancer, in association with increased

invasion, metastasis, and poor prognosis (10–21). Further-

more, other groups have shown that Cav-1 can promote treat-

ment resistance to radiation and chemotherapy (22–24). Our
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recently published data also indicate that Cav-1 is overex-

pressed in pancreatic cancer, and that higher levels are asso-

ciated with worse clinical outcomes, as well as protumorigenic

functions and treatment resistance (25).

Another function of caveolae is albumin transport, and Cav-1–

deficientmice have defects in the uptake and transport of albumin

in the endothelium (26). Recently, it has been shown that

pancreatic cancer cells depend on albumin endocytosis and

breakdown for tumor energetics and growth through central

carbon metabolism pathways, and that blocking albumin

uptake impairs tumor growth (27). While the mechanism of

tumor cell uptake of nab-paclitaxel has been implicated to be

through caveolae/Cav-1, this has not been clearly established.

Because of a role for Cav-1 in albumin transport, we hypoth-

esized that Cav-1 expression facilitates entry and tumor

response to nab-paclitaxel, and that modulating Cav-1 expres-

sion could enhance the efficacy of nab-paclitaxel. We present

data here suggesting that Cav-1 expression mediates entry of

albumin and nab-paclitaxel, subsequent response to nab-

paclitaxel, and that downregulation or reexpression of Cav-

1 impairs or facilitates nab-paclitaxel uptake, respectively.

Furthermore, our in vivo data support our hypothesis that

Cav-1 facilitates uptake of nab-paclitaxel and its lack thereof

leads to increased resistance to nab-paclitaxel. These and

further studies will define a pathway that modulates the

efficiency of nab-paclitaxel uptake, and may allow for person-

alization of therapy by informing how to best select patients

for nab-paclitaxel therapy.

Materials and Methods

Antibodies, chemicals, and cell culture

Anti-caveolin-1 antibody (N-20) was purchased from Santa

Cruz Biotechnology. Anti-cleaved caspase-9, cleaved PARP,

human albumin, b-actin, andGAPDHantibodies were purchased

fromCell SignalingTechnology. Albumin fromhuman serumwas

purchased from Sigma-Aldrich. Abraxane (nab-paclitaxel) was

supplied as lyophilized powder by Celgene. For in vitro and in

vivo studies, nab-paclitaxel was dissolved in normal saline (0.9%

NaCl in distilled water). MIAPaCa-2, BxPC3, AsPC1, HPAFII,

FHs74 Int, and Capan-2 cells were obtained from and authenti-

cated (via short tandem repeat profiling) by the ATCC, and grown

according to ATCC recommendations. A549, H23, H1299, H520,

H792 cells were kindly provided by Wenrui Duan at the Ohio

State University (Columbus, OH). HBEC3KT cells were provided

by David Carbone at Ohio State University (Columbus, OH).

Cells used for this study were cryopreserved after authentication

by short tandem repeat profiling. Cells were passaged for no

longer than 3 months and grown in a 37�C incubator with 5%

CO2.

Caveolin-1 knockdown and overexpression

For stable Cav-1 knockdown, MIAPaCa-2 and H23 cells were

transduced with shRNA lentiviral particles (Santa Cruz Biotech-

nology) and stable pools were selected with puromycin (1.0 mg/

mL) for at least 7 days. For overexpression studies, wild-type

human caveolin-1 pcDNA6 plasmid (kindly provided by Dr.

Richard Minshall, University of Illinois, Champaign, IL), was

transfected into low Cav-1–expressing HPAFII and AsPC-1 cells

using Lipofectamine (Invitrogen) according to themanufacturer's

protocol.

Immunoblotting

Immunoblotting was performed as described before (28).

Briefly, cell lysates were prepared in RIPA lysis buffer (1% NP-

40, 150 mmol/L NaCl, 50 mmol/L Tris-HCL pH 7.4, 0.25%

sodium deoxycholate, 1 mmol/L EDTA) supplemented with

1� protease inhibitor (Complete, Roche Applied Science) and

phosphatase inhibitors (PhosSTOP, Roche Applied Science). For

assessment of Cav-1 expression, n-octyl glucoside was added to

the RIPA buffer (final concentration 60 mmol/L). Protein con-

centrationwas determinedwith aDCProtein Assay Kit (Bio-Rad).

For albumin immunoblots, cells underwent at least 2 acid/salt

washeswith 0.1mol/L glycine and0.1mol/LNaCl, pH3.02on ice

for 2 minutes each, followed by several washes with PBS to

remove membrane-bound albumin. Proteins were resolved by

SDS/PAGE and transferred to nitrocellulose membranes. Primary

antibodies were allowed to bind overnight at 4�C, and used at a

dilution of 1:500–1,000. After washing in TBS-Tween, mem-

branes were incubated with horseradish peroxidase–conjugated

secondary antibodies diluted 1:2,500 for 1hour.Membraneswere

washed with TBS-Tween and incubated for 1 minute with

enhanced chemiluminescence reagent (Amersham Pharmacia)

prior to film exposure. For LI-COR blots, manufacturer's protocol

was followed and their proprietary products were used. Images

were obtained on Odyssey Clx (LI-COR).

Cell proliferation assays

Cells were plated in 96-well format and treated with normal

saline or nab-paclitaxel in logarithmic incremental doses (0.3–

300 ng/mL) for 72 hours before the assay. Cell proliferation assay

was performed with Alamar Blue reagent (Bio-Rad) according to

themanufacturer's protocol. Briefly, 10 mL of Alamar Blue reagent

was added to eachwell after treatment and incubated at 37�C for 4

hours. Absorbance was read at two wavelengths, 570 nm and 600

nm, for endpoint absorbance and background absorbance,

respectively. The percentage ofmaximum absorbance normalized

to control conditions was plotted on the y-axis with the treatment

conditions on x-axis.

Immunofluorescence

Cells were plated on coverslips and treated with 0.5% (w/v)

albumin or 10 ng/mL nab-paclitaxel for 1–2 hours. Cells under-

went a couple of acid/salt washes with 0.1 mol/L glycine and

0.1 mol/L NaCl, pH 3.02 on ice for 2 minutes each, followed

by several washes with PBS to remove any surface-bound albu-

min. They were then fixed with 2% paraformaldehyde for 15

minutes at room temperature, rinsed with PBS, and permeabi-

lized with 1% Triton-X-100 for 10 minutes on ice. After rinsing,

cells were blockedwith 3%BSA for 1hour or overnight at 4�C. In a

humidified chamber, primary antibodies (against human albu-

min) were added in blocking solution and incubated for various

times, rinsed, and secondary antibody (conjugated to Alexa Fluor

488) was added along with DAPI for 1 hour at room temperature.

Cells were then rinsed, mounted with coverslips, and sealed until

visualization with a confocal microscope (Olympus FV1000).

Mass spectrometry

Metabolite extraction/sample preparation. Nab-paclitaxel or pacli-

taxel-treated and control samples in both Cav-1–proficient or

Cav-1–depleted cells were trypsinized, washedwith cold PBS, and

cell pellets were resuspended with 300 mL of 2:1 acetonitrile and

water mixture. Metabolites were extracted by freeze-thawing the
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cell suspension in aqueous-acetonitrile (Aqu-ACN) followed by

vortexing for 45 seconds. This procedurewas repeated three times,

and then centrifuging the contents at 13,000 rpm for 10 minutes

at 4�C separated cell debris. The supernatantswere separated from

the debris and immediately the samples were analyzed in liquid

chromatography mass spectrometry Triple Quad (LC-MS QQQ,

Agilent 6430) instrument for quantitative estimation of paclitaxel

in the intracellular compartment.

HPLC-triple-quad: quantitative analysis. Cells were treated with

paclitaxel or nab-paclitaxel and quantification of intracellular

paclitaxel was performed in the control and Cav-1–depleted cell

samples. The optimizer program (Agilent) was used to find the

optimum collision energy and fragmentor voltage for each quan-

tifier ion to estimate the intracellular concentration of paclitaxel

in the samples. For the estimation of product ion of precursor ion,

5 mL of each sample was injected onto a reverse-phase 2.1 � 50

mm x 1.8 micron SB-C18 (Agilent) column. The mobile phase

consisting of water containing 0.1% acetic acid (solvent A) and

ACN containing 0.1% acetic acid (solvent B) was used for ana-

lyzing all the samples. The sampleswere resolved for 12.5minutes

at a flow rate of 0.4 mL/minute and the column temperature was

maintained at 60�C. The gradient consisted of 100% A for 0.5

minute, with ramp of curve 0%–45% B from 0.5 to 4.5 minutes,

then 45%–90%B from 4.5 to 7.5minutes, and it was held at 90%

B from 7.5 to 9.5 minutes. Then the gradient was brought back to

100% A from 9.5 to 9.6 minutes, before being placed on hold at

100% A from 9.6 to 12.5 minutes. The column eluent was

introduced directly into the mass spectrometer by electrospray.

Multiple reactionmonitoring (MRM)method was used for quan-

tifying the paclitaxel in the intracellular compartment. The MRM

was performed on a LC-MS QQQ, Agilent 6430 instrument,

operating in the positive ion electrospray ionization mode. First,

the standard calibration curve was generated with synthetic com-

pound of nab-paclitaxel then the quantifier ions in the samples

were fitted into it. The MassHunter quantitative program was

used to quantify the product ion of nab-paclitaxel in the samples.

The MS spectrum of nab-paclitaxel, qualifier, and quantifier ions

selected is shown in Supplementary Fig. S1A, whereas Supple-

mentary Fig. S1B is the standard curve that was used for quan-

tifying the intracellular concentration of paclitaxel in nab-pacli-

taxel–treated cells.

Flow cytometry

Flow cytometry was performed as described previously (28).

Briefly, cells were plated in 6-well dishes, and treated with or

without 10 ng/mL nab-paclitaxel. After 48 hours of treatment, the

percentage of apoptotic cells was determined using ApoDETECT

Annexin V-FITC kit (Invitrogen) according to the manufacturer's

protocol. Briefly, cells were harvested with trypsin, washed with

medium, centrifuged, and resuspended in 1-mL PBS. Cells were

centrifuged again, supernatant decanted, and resuspended in 1�

binding buffer provided. Cell density was adjusted to 2–5 � 105

cells/mL. Ten microliters of Annexin V-FITC was added to 190 mL

of cell suspension and mixed gently. After 10 minutes of incu-

bation at room temperature, cells were washed again with 1�

binding buffer, spun down, resuspended in 190 mL binding buffer

and 10 mL of 20 mg/mL propidium iodide stock solution was

added. Cells were then transferred to 5 mL polystyrene round

bottom tubes and analyzed on a BD LSR II Flow Cytometer (BD

Biosciences). Data were fit using FlowJo software.

Animal experiments

In vivo experiments were conducted as described previously

(28). Six- to 8-week-old male athymic nude mice (Taconic Farms

Inc.) were caged in groups of five or less, and fed a diet of animal

chow and water ad libitum. MIAPaCa-2 and H23 stable cell lines

bearing control or Cav-1 shRNA (2–4 � 106 cells each) were

injected subcutaneously into the flanks of each mouse. For nab-

paclitaxel treatment studies, once tumors reached approximately

150mm3 in size, nab-paclitaxel (22.3mg/kg, dose recommended

byCelgene)was administered to thesemice via tail vein injections

ondays 1, 5, and9. Toobtain a tumor growth curve, perpendicular

diameter measurements of each tumor were measured every

3 days starting from the first day of injection with digital calipers,

and volumes were calculated using the formula (L � W � W)/2.

Tumorswere also isolated to generate lysates (inRIPAbuffer), and

portions fixed in formalin, before embedment into paraffin for

IHC and the terminal deoxynucleotidyl transferase (TdT) dUTP

Nick-End Labeling (TUNEL) Apoptosis Detection Kit per manu-

facturer's protocol (EMD Millipore). Animal studies were con-

ducted in accordance with an approved protocol adhering to the

Institutional Animal Care and Use Committee policies and pro-

cedures at The Ohio State University (Columbus, OH).

Statistical analysis

Data are presented as the mean� SEM for proliferation assays,

mass spectrometry data, and tumor growth experiments. The

group comparisons of the percent change in tumor volume were

performed at individual time points. Statistical comparisons were

made between the control and experimental conditions using the

unpaired two-tailed Student t test with significance assessed at P <

0.05. For correlation plot, datawere converted to logarithmic scale

and Pearson coefficient was calculated on the linearized data.

GraphPad Prism (GraphPad Software Inc.) was used to perform

the statistical analyses.

Results

Cav-1 expression across pancreatic cancer andNSCLC cell lines

correlates with sensitivity to nab-paclitaxel therapy

We quantified endogenous Cav-1 expression across a panel of

pancreatic cancer and NSCLC cell lines (Fig. 1A; Supplementary

Fig. S2). Next, we determined IC50 values for each cell line to nab-

paclitaxel using standard cytotoxicity assay (Supplementary Fig.

S2).We found expression of Cav-1 negatively correlated with IC50

values, indicating a direct correlation with sensitivity to nab-

paclitaxel (Fig. 1B). In other words, higher Cav-1 expression led

to lower IC50 values or more sensitivity to nab-paclitaxel therapy,

and vice versa.

To assess whether Cav-1 loss affects nab-paclitaxel sensitivity,

we performed stable knockdown of Cav-1 by shRNA (versus

control shRNA) in relatively high Cav-1 expressing MIAPaCa-2

and H23 cell lines, and performed cytotoxicity assays. Cells

depleted of Cav-1 (shCav-1) showed loss of morphologic caveo-

lae (Supplementary Fig. S3), relative resistance to nab-paclitaxel

compared with control shRNA–treated cells (Fig. 1C and D), but

no difference in sensitivity to paclitaxel (Fig. 1E and F), suggesting

a role for Cav-1 and caveolae in mediating internalization of the

albumin-bound chemotherapy. Other pancreatic cancer and

NSCLC cell lines were tested with similar results (Supplementary

Fig. S4A and S4B). In addition, sensitivity to free paclitaxel was

directly compared with nab-paclitaxel in MIAPaCa-2 and H23
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cells, and both Cav-1–proficient cells showed higher sensitivity to

nab-paclitaxel (Supplementary Fig. S4C and S4D).

Cav-1 expression mediates albumin uptake in cancer cells

We tested whether Cav-1–expressing tumor cells (H23 and

MIAPaCa-2) would take up albumin when pulsed with albumin

for a short period. By immunofluorescence, we could readily

detect albumin uptake when Cav-1–proficient H23 and MIA-

PaCa-2 cells were pulsed with 0.5% (w/v) human albumin for

30 minutes in medium (Fig. 2A and B), but could not detect

albumin in shCav-1 H23 and MIAPaCa-2 tumor cells (not

shown). There was no to minimal observable albumin uptake

in low Cav-1–expressing tumor cells, such as AsPC-1 and HPAFII

(Supplementary Fig. S5A and S5B), or immortalized nontumor

small intestinal epithelial FHs74Int and HBEC3KT bronchial

epithelial cell lines pulsed with albumin (Fig. 2C and D). To

more directly determinewhetherCav-1 loss alters albuminuptake

in tumor cell lines, we added human serum albumin to both

control and shCav1 knockdown cells and performed immuno-

blotting with a human-specific primary antibody to albumin. As

shown in Fig. 2E and F, loss of Cav-1 resulted in significant

reductions in albumin uptake when cells were treated for 0.5

hours, or up to 24 hours with albumin. HepG2 (an albumin-

expressing human liver cancer cell line) is shown as a positive

control for albumin. Taken together, these findings suggest that

tumor cell lines expressing high levels of Cav-1 and/or caveolae

internalize albumin abundantly, compared with tumor cells (or

normal cells) with low Cav-1.

Figure 1.

Caveolin-1 expression across pancreatic cancer and NSCLC cell lines correlates with sensitivity to nab-paclitaxel. A, Immunoblotting showing expression of Cav-1

across a panel of cell lines. B, Pearson correlation plot of log-IC50 for each cell line (x-axis) comparedwith Cav-1 expression (y-axis), demonstrating that higher Cav-1

expression is associated with lower IC50 for nab-paclitaxel. C and D, Cytotoxicity dose–response curves with control (scrambled shRNA) and shCav1 H23 (C) and

MIAPaCa-2 (D) cells treated with increasing doses of nab-paclitaxel. Loss of Cav-1 protects cells from nab-paclitaxel cytotoxicity. Insets show degree of

Cav-1 knockdown by immunoblotting for each cell line after stable transduction with shCav-1 lentivirus. E and F, Cytotoxicity dose–response curves with control and

shCav1 H23 (E) and MIAPaCa-2 (F) cells treated with increasing doses of nab-paclitaxel. Loss of Cav-1 does not significantly affect nab-paclitaxel cytotoxicity.
� , P < 0.05.
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Cav-1 expression mediates uptake of nab-paclitaxel

in cancer cells

As Cav-1 expression appears critical for albumin uptake, we

extended our studies to investigate the role of Cav-1 in nab-

paclitaxel uptake. We treated MIAPaCa-2 and H23 control

shRNA and shCav-1 stable cell lines with nab-paclitaxel and

determined uptake of nab-paclitaxel by immunofluorescence.

Using albumin as a surrogate for nab-paclitaxel uptake, we

found significantly reduced uptake in the Cav-1–depleted cells,

but not the control cells (Fig. 3A and B). To more directly

quantify our observations, we performed mass spectrometry

analysis and measured uptake of paclitaxel in both control and

stable knockdown MIAPaCa-2 cells (Fig. 3C). While loss of

Cav-1 did not substantially impact intracellular paclitaxel con-

centrations in tumor cells treated with free (standard) pacli-

taxel, we found dramatic reductions in paclitaxel uptake in the

Cav-1–depleted tumor cells treated with nab-paclitaxel. Taken

together, our data suggests that Cav-1 is required for optimal

uptake of nab-paclitaxel into cancer cells.

Cav-1 overexpression enhances uptake and sensitivity to Nab-

paclitaxel in low Cav-1–expressing cancer cells

As Cav-1 depletion resulted in reductions in albumin and nab-

paclitaxel uptake, we tested whether reexpression of Cav-1 could

enhance nab-paclitaxel uptake and sensitivity. We chose low or

moderate Cav-1–expressing cells lines such as HPAFII (low) and

AsPC-1 (moderate), and overexpressed human wild-type Cav-1.

We found that overexpression of Cav-1 in both these cell lines

increased sensitivity to nab-paclitaxel using cytotoxicity assays, as

evidenced by a significant decrease in viability in human Cav-1

(hCav-1)-transfected cells compared with control (empty vector)

cells (Fig. 4A and B). The percentage decrease in hCav-1–treated

cells after nab-paclitaxel treatment was 50% and 80% in AsPC1

and HPAFII cells, respectively, compared with control (empty

vector)–transfected cells. This observation was supported by

immunofluorescence and immunoblotting for albumin, wherein

hCav-1–transfected cells showmarkedly increased uptake of nab-

paclitaxel (Fig. 4C and D).

Presence of Cav-1 enhances apoptosis in cells treated

with nab-paclitaxel

Our data indicate that Cav-1 is important for albumin and nab-

paclitaxel uptake in tumor cells, and subsequent cytotoxicity

induced by the paclitaxel that is ultimately dissociated from the

albumin. To determine whether increased uptake leads to

increased apoptosis, we performed Annexin V flow cytometry

analysis on control and shCav-1 knockdown cells with or without

nab-paclitaxel treatment, and found that loss ofCav-1 reduced the

percentage of apoptotic cells induced by nab-paclitaxel treatment

(Fig. 5A). This was supported by immunoblotting, as Cav-1

depletion resulted in substantial reductions in activation of

cleaved caspase-9 and cleaved PARP (Fig. 5B).

A

B

C

D

E

F

H
e
p
G

2

N
e

g
. 

c
tr

l

H23

0.5 1 4 24 0.5 1 4 24

Control shRNA Cav-1

(hrs)

Albumin

GAPDH

H
e
p
G

2

N
e

g
. 

c
tr

l

MIAPaCa-2

0.5 1 4 24 0.5 1 4 24

Control shRNA Cav-1

(hrs)

Albumin

GAPDH

Control H23 Control H23 + Albumin

Control MIAPaCa-2 Control MIAPaCa-2+Albumin

Control HBEC3KT Control HBEC3KT+Albumin

Control FHs74 Int Control FHs74 Int + Albumin

Figure 2.

Cav-1 expressionmediates uptake of albumin.A andB,Confocal immunofluorescence images showing uptake of 0.5% (w/v) human serumalbumin in control H23 (A)

and MIAPaCa-2 (B) cells. C and D, Confocal immunofluorescence images showing lack of uptake of 0.5% (w/v) human serum albumin in normal FHs74 Int (C) and

HBEC3KT (D) cells. H23 (E) or MIAPaCa2 (F) control and shCav-1 stably transduced cells were treated with 0.5 mg/mL human serum albumin in cell culture

medium for 0.5, 1, 4, or 24 hours before lysis. Loss of Cav-1 results in reduction in albumin uptake as measured by immunoblotting with a human albumin–specific

primary antibody. Negative control (no albumin) and HepG2-positive control (albumin-expressing cancer cell line) are shown.
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Similarly, overexpression of Cav-1 in HPAFII and AsPC1 cells

led to higher expression of these apoptotic protein markers as

compared with control cells after nab-paclitaxel treatment (Fig.

5C). Taken together, these data provide further support that Cav-1

expression facilitates increased sensitivity to nab-paclitaxel ther-

apy, and may serve as a predictive biomarker for nab-paclitaxel.
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Figure 3.

Cav-1 expressionmediates uptake of albumin-bound paclitaxel (nab-paclitaxel).A andB,MIAPaCa2 (A) or H23 (B) control shRNAand shCav-1 stably transduced cells

were treated with 10 ng/mL nab-paclitaxel in cell culture for 30 minutes before fixation and immunocytochemistry for human albumin. Loss of Cav-1 results in

substantial reductions in intracellularly detected albumin, suggesting reductions in nab-paclitaxel uptake. Cells treated with equivalent doses (10 ng/mL)

of free paclitaxel are shown as a negative control.C,Percentage offinal intracellular concentration of paclitaxel in control shRNAand shCav-1MIAPaCa-2 cells treated

with either nab-paclitaxel (1 ng/mL) or paclitaxel (10 ng/mL). For each drug, percent final concentration is expressed as percent change compared with the control

shRNA value (� , P < 0.05).
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Nab-paclitaxel–resistant cell lines demonstrate a decrease in

Cav-1 expression

As development of acquired resistance to chemotherapeu-

tics is a common problem, we sought to determine whether

the mechanism of acquired resistance to nab-paclitaxel could

involve alteration of the Cav-1/caveolae pathway. We created

50 and 100 nmol/L nab-paclitaxel–resistant cell lines by

chronically treating MIAPaCa-2 and H23 cells to increasing

doses of the drug over approximately 3 months, (initial dose 1

nmol/L) by increasing the dose 2-fold at each incremental

step. Then, we selected pools of resistant cells for additional

passaging. Cytotoxicity assays confirmed these cells were

indeed more resistant to nab-paclitaxel when compared with

their parental (control) cell lines (100 nmol/L resistant cells

shown in Fig. 6A and B). Immunoblotting of these resistant

cell lines revealed a substantial reduction in Cav-1 expression

in the resistant cells compared with parental control cells

(Fig. 6C). The resistant cells likewise demonstrated significant

decrease in albumin uptake compared with controls (Fig. 6D).

Taken together, these results suggests that development of

acquired resistance to nab-paclitaxel may involve disruption

of Cav-1/caveolae–mediated drug uptake, and provide more

support that Cav-1 is linked to drug uptake and subsequent

sensitivity.

Knockdown of Cav-1 attenuates sensitivity to nab-paclitaxel

in vivo

Based upon our in vitro data, we extended our studies to

determine whether loss of Cav-1 could affect sensitivity to nab-

paclitaxel in xenograft models of pancreatic cancer and NSCLC.

We injected MIAPaCa-2 and H23 cells stably expressing control

shRNA or shCav-1 in athymic mice, and treated the mice with

nab-paclitaxel (22.3 mg/kg) once every four days for a total of

three treatments. Tumors bearing shCav-1 demonstrated sig-

nificant resistance to nab-paclitaxel compared with control

shRNA cells (Fig. 7A and B). In addition, tumors isolated from

shCav-1 xenografts 6 hours after nab-paclitaxel injection

showed reductions in human albumin uptake as well as expres-

sion of cleaved PARP, suggesting reductions in drug uptake

and subsequent activation of apoptotic programs compared

Figure 4.

Overexpression of Cav-1 in low Cav-1–expressing cells enhances uptake and increases sensitivity to nab-paclitaxel. A and B, AsPC1 (A) and HPAFII (B) cells

were transfected with human Cav-1 (hCav-1) and treated with 10 ng/mL nab-paclitaxel for 72 hours in a cytotoxicity assay. Cav-1 overexpression resulted in

increased cytotoxicity with nab-paclitaxel compared with control (empty vector)–transfected cells. Insets show immunoblotting for Cav-1 overexpression.
� , P < 0.05. C, Confocal immunofluorescence images showing uptake of 10 ng/mL nab-paclitaxel after 30 minutes in control (empty vector) and human Cav-1

(hCav-1)–overexpressing AsPC1 and HPAFII. Negative controls with vehicle (normal saline) also shown on left.D,AsPC-1 cells transfectedwith either empty vector or

hCav-1 plasmid show increased albumin uptake by immunoblotting after treatment with 0.5 mg/mL albumin for 30 minutes.
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with control cells (Fig. 7C). Finally, assessment of TUNEL

staining in another group of shCav-1 MIA-PaCa-2 tumors

isolated approximately 48 hours after nab-paclitaxel treatment

showed no significant increase in TUNEL staining compared

with untreated (vehicle control) shCav-1 tumors (Fig. 7D,

right). In contrast, control shRNA tumors showed significantly

increased TUNEL-positive staining after nab-paclitaxel treat-

ment (Fig. 7D, left). Thus, loss of Cav-1 in tumor xenografts

results in reduced nab-paclitaxel uptake (as detected by albu-

min immunoblotting), reduced activation of apoptosis, and

subsequent protection from nab-paclitaxel–mediated cytotox-

icity in vivo.

Discussion

Human serum albumin is the most abundant protein in

plasma, and is synthesized by the liver. Albumin has a half-

life of about 19 days and has a number of important func-

tions, including maintaining osmotic pressure of blood (29).

Albumin can bind many molecules, waste products, and drugs

in the blood including bilirubin, ibuprofen, warfarin, zinc,

copper, calcium, long-chain fatty acids, steroids, and amino

acids. Generally speaking, albumin is commonly found in the

extracellular space, with low intracellular concentrations in

normal tissues (29). Interestingly, prior studies and a more

recent study suggests that tumor cells take up increased levels

of albumin, and breakdown albumin to generate products for

energy, metabolism, and subsequent tumor growth (27, 30,

31). Interestingly, the low serum albumin observed in patients

with cancer may be a result of albumin catabolism by the

tumor (31). In addition, solid tumors commonly display a

highly permeable, and immaturely developed vasculature with

defective lymphatic drainage, that results in accumulation and

retention of macromolecules such as albumin within the

tumor interstitium (32, 33). These two points suggest that

utilizing albumin-bound or -conjugated chemotherapies may

serve as a way to transport and retain chemotherapy or other

drugs in solid tumors and the tumor microenvironment

selectively, resulting in enhanced benefit over nonalbumin-

bound drugs.
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Cav-1 depletion protects cells from nab-paclitaxel–mediated apoptosis, while Cav-1 overexpression enhances nab-paclitaxel–mediated apoptosis.A,Annexin V flow

cytometry comparing % Annexin V–positive control shRNA and shCav1 MIAPaCa-2 cells after treatment with vehicle (saline) or 10 ng/mL nab-paclitaxel for

48 hours. Loss of Cav-1 protects cells from nab-paclitaxel–induced apoptosis. B,MIAPaCa-2 control and shCav-1 cells were treated with vehicle or nab-paclitaxel (10

ng/mL for 48 hours) before lysis. Cav-1 shRNA depletion protects cells from activation of proapoptotic signaling, as reflected by decreased cleaved caspase-9

and cleaved PARP. C, Human Cav-1 reexpression sensitizes HPAFII and AsPC-1 cells to activation of apoptotic signaling, as reflected by increased cleaved

caspase-9 and cleaved PARP.
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The prototypical member of albumin-bound chemotherapy

is nab-paclitaxel (Abraxane). Nab-paclitaxel (originally ABI-

007) was initially formulated to avoid the toxicity of the

Cremophor-EL solvent, normally used to dissolve free pacli-

taxel (3, 5, 34). Early preclinical studies suggested that nab-

paclitaxel concentrated in tumor cells better than paclitaxel (5).

Indeed, multiple trials have shown that nab-paclitaxel has

improved toxicity profiles and/or improved efficacy than stan-

dard paclitaxel in breast and non–small cell lung cancer (3, 4).

More recently, nab-paclitaxel was the first drug in a long-line of

tested agents to shift the bar and result in significantly

improved outcomes for patients with pancreatic cancer receiv-

ing gemcitabine chemotherapy (35, 36). However, a predictive

biomarker to select patients who might benefit most from nab-

paclitaxel is lacking. Furthermore, the mechanism of how nab-

paclitaxel enters cells has been theorized to be through caveo-

lar-gp60 endocytosis. Indeed, here we show that Cav-1, the

principal structural component of caveolae, mediates internal-

ization of both albumin and nab-paclitaxel in vitro, and that

Cav-1 expression predicts for internalization and sensitivity to

nab-paclitaxel.

Receptors for albumin include gp60 (albondin) and have been

widely investigated (37–39). It has been demonstrated that gp60

is localized in caveolae and thatCav-1 interactswith gp60 to aid in

vesicle formation and trafficking in endothelial cells (40). G-

protein–coupled Src has also been shown to interact downstream

of this process and is activated by gp60–Cav-1 interactions (38,

40). As nab-paclitaxel is albumin-bound paclitaxel, it seems

highly likely that this same internalization process takes place,

which would then involve Cav-1 as an important mediator of the

process. We evaluated whether Cav-1 expression could correlate

with nab-paclitaxel sensitivity in a panel of pancreatic andNSCLC

cell lines. As shown in Fig. 1A and B, sensitivity to nab-paclitaxel

directly correlates with higher Cav-1 protein expression. To defin-

itively measure whether loss of Cav-1 expression could alter

sensitivity to nab-paclitaxel, we genetically downregulated Cav-

1 by shRNA and found sensitivity was significantly decreased,

with no change in response toward free (standard or unbound)
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Figure 6.

Acquired resistance to nab-paclitaxel is associated with decrease in Cav-1 expression. Nab-paclitaxel–resistant cells were generated by chronic increasing exposure

to nab-paclitaxel, such that resistant cell lines could readily grow in 50 and 100 nmol/L of nab-paclitaxel. A and B, Cytotoxicity assays showing relative resistance of

100nmol/L resistantMIAPaCa-2 (A) andH23 (B) cells comparedwith control (parental) cells (� ,P<0.05).C, Immunoblotting images demonstrate a decrease in Cav-1

expression in 50 nmol/L and 100 nmol/L nab-paclitaxel–resistant MIAPaCa-2 and H23 cell lines compared with their respective parental (control) cell lines. D,

MIAPaCa-2 and H23 control and resistant cell lines were pulsed with 0.5 mg/mL human albumin for 1 hour. Immunoblot showing a reduction in intracellular albumin

uptake in the nab-paclitaxel–resistant cell lines.
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paclitaxel (Fig. 1C–F). To test whether this change in sensitivity

was due to a defect in uptake of nab-paclitaxel, immunoblotting,

immunofluorescence, and mass spectrometry studies were done

to show that albumin and nab-paclitaxel uptake were negatively

affected by Cav-1 knockdown (Figs. 2 and 3). Our studies also

showed that albumin uptake appears to be selectively taken up in

tumor cells with high Cav-1 expression, and not normal cells (Fig.

2, FHs74 Int,HBEC3KT), suggesting that this treatmentmight be a

more selective therapy for certain tumors.

Mass spectrometry quantification provided strong supportive

evidence that Cav-1 loss results in reductions in nab-paclitaxel

uptake, by directly measuring intracellular concentrations of

paclitaxel (Fig. 3C). Interestingly, Cav-1 knockdown also led to

a slight decrease in intracellular paclitaxel in free paclitaxel–

treated shCav-1 cells. The reason for this is unclear but may be

attributed to slightly slower growth and metabolic activity

resulting from Cav-1 knockdown that has been observed before

(25, 41). To provide further support for Cav-1 expression

mediating sensitivity to nab-paclitaxel, we overexpressed

Cav-1 in low Cav-1–expressing cells, and found them to be

more sensitive to nab-paclitaxel (Fig. 4). To provide a mech-

anistic understanding of the effects of nab-paclitaxel uptake

on cell cytotoxicity and viability, apoptosis was measured by

flow cytometry and immunoblotting for proapoptotic signaling

proteins, including cleaved caspase-9 and cleaved PARP. Loss of

Cav-1 led to protection from nab-paclitaxel–induced apoptosis,

supporting our hypothesis (Fig. 5). Interestingly enough, cre-

ation of nab-paclitaxel–resistant cell lines after several months

of treatment helped lend further support to the role of Cav-1 in

mediating sensitivity to the drug. Remarkably, in all four

resistant daughter cell lines developed, Cav-1 expression was

noted to be decreased (Fig. 6). The mechanism of how Cav-1

expression is downregulated (e.g., epigenetic, transcriptional,

posttranslational) remains to be determined. Extending our

results to in vivo models, we confirmed that Cav-1 knockdown

tumors are resistant to nab-paclitaxel therapy as measured by

tumor growth kinetics. (Fig. 7A and B) These changes appear to

be due to reductions in nab-paclitaxel uptake (as measured by

albumin as a surrogate) and therapy-mediated apoptosis, reca-

pitulating the in vitro results (Fig. 7C and D).
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Cav-1 depletion attenuates sensitivity to nab-paclitaxel in vivo.A–D, Tumor xenografts were formed by subcutaneously injecting cells into the flanks of athymic nude

mice. Once tumors reached the initial starting volume,mice were treatedwith three doses of nab-paclitaxel (22.3mg/kg) every 4 days (day 0, day 4, day 8).A andB,

Tumor growthwas followed for 30–35 days after treatment.MIAPaCa-2 (A) andH23 (B) shCav-1 bearing tumor xenografts demonstrated resistance to nab-paclitaxel

compared with control shRNA tumor xenografts. For each cell line, at least n ¼ 10 mice per study group were used. (n ¼ 10 mice per study group; � , P < 0.05). C,

Lysatesmade from two tumors isolated from control and shCav1MIAPaCa-2 andH23 tumor-bearing independentmicewere subjected to immunoblotting for human

albumin and cleaved PARP. Loss of Cav-1 was associated with reduced albumin uptake and cleaved PARP in tumor lysates. D, Quantification of TUNEL assay

results for both control (left) and shCav-1 (right) MIAPaCa-2 tumors where more than 50 random image fields were counted for apoptotic cells. Average number of

apoptotic cells was plotted for each treatment condition. Insets show representative TUNEL staining images. Loss of Cav-1 in tumors resulted in no substantial

increase in TUNEL-stained positive cells.
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A number of questions remain from these studies. How long

does paclitaxel remain bound to albumin after treatment of

cells with Abraxane, and at what point does paclitaxel become

dissociated? In general, when caveolae are internalized, caveo-

lae fuse with endosomes and eventually fuse with lysosomes,

leading to degradation of caveolar contents (42). We believe

this is how paclitaxel is released (through lytic degradation of

albumin), but additional cellular and biochemical studies need

to be done to clarify this pathway of biochemical dissociation.

Similarly, how long does paclitaxel stay bound to albumin in

vivo? Could enhanced bioavailability of Abraxane also be

accounting for greater effect, rather than purely an effect on

increased uptake? In animal and human studies, comparisons

of nab-paclitaxel and paclitaxel showed that the volume of

distribution at steady state and clearance of nab-paclitaxel was

significantly greater than paclitaxel, arguing that nab-paclitaxel

allows better distribution of paclitaxel out of the circulation

and into tissues (43). Additional animal studies by Desai and

colleagues showed that nab-paclitaxel (at equitoxic doses to

paclitaxel) resulted in more complete tumor regression, longer

time to recurrence, longer tumor doubling time, and improved

survival (5). At equal doses, Desai and colleagues also showed

that tumor paclitaxel area under the curve was 33% higher for

nab-paclitaxel than paclitaxel, suggesting more effective intra-

tumoral accumulation of nab-paclitaxel. Finally, as Cav-1 is

highly expressed in endothelial cells, what is the role of Cav-1

in tumor vasculature in mediating response to nab-paclitaxel?

In addition, does paclitaxel remain bound to albumin by the

time it reaches the tumor? Certainly, the high Cav-1 expression

in endothelium could potentially explain the enhanced efficacy

of nab-paclitaxel compared with paclitaxel in earlier preclinical

and clinical studies. Indeed, Desai and colleagues also dem-

onstrated that nab-paclitaxel bound to endothelial cells better

than paclitaxel, and underwent enhanced endothelial transcy-

tosis in in vitro model systems with human umbilical vascular

endothelial cells (5). Nevertheless, our data suggest a clear role

for tumor-specific Cav-1 expression as mediating response to

nab-paclitaxel. Future studies could address whether Cav-1–

specific deletion in tumor vasculature (or stroma) significantly

attenuate nab-paclitaxel response, independent of tumor-spe-

cific expression of Cav-1. Thus, while our studies clearly delin-

eate a tumor-intrinsic role for Cav-1 expression in nab-pacli-

taxel response and argue for testing of tumor Cav-1 expression

as a predictive biomarker, additional work is needed to provide

a better understanding on the pharmacokinetics, transendothe-

lial transport, tumor cell uptake, and pharmacodynamics of

Abraxane.

The role of Cav-1 as a prognostic biomarker has been studied

extensively. In pancreatic, prostate, and non–small cell lung

cancer, the majority of the data suggests that higher Cav-1 is

associated with worse clinical outcomes (10, 16, 19, 20, 25, 44–

46). However in other tumor types (e.g., breast cancer), the

opposite finding has been observed, with loss of Cav-1 being

associated with enhanced tumor growth, metastasis, and worse

clinical outcomes (47–51). This may be related to tissue-specific

functions of Cav-1. Alternatively, this may represent multiple,

opposing roles of this protein, as has been shown for other

proteins. For example, TGFb is important for inhibiting tumor

growth in early stages of transformation and tumorigenesis, while

increased TGFb expression at later stages can promote invasion,

angiogenesis, and metastasis (52). Our own data suggests that

Cav-1 promotes resistance in pancreatic cancer cells to chemo-

therapy treatment such as gemcitabine and fluorouracil (25). It is

interesting that with regard to nab-paclitaxel, we observe the

opposite finding: Cav-1 levels promote sensitivity to Abraxane.

Taken together, thesefindings supports that Cav-1 promotes entry

of nab-paclitaxel into cancer cells. With regard to Cav-1 and

paclitaxel sensitivity, one publication in breast cancer cells sug-

gests that Cav-1 promotes paclitaxel-mediated apoptosis, through

phosphorylation of tyrosine 14 (53). Thus, at least part of the

effects we are observing could be related to promotion of apo-

ptosis. However, other publications in lung cancer and breast

cancer cells suggest that Cav-1 or a shorter Cav-1 isoform may be

promoting resistance to paclitaxel (54, 55). Additional clarifica-

tion of these potential roles for Cav-1 in mediating paclitaxel

cytotoxicity and how this impacts nab-paclitaxel response is

warranted.

Predictive biomarkers (such as EGFR mutations for EGFR

inhibitors in NSCLC, or estrogen receptor expression for tamox-

ifen therapy in breast cancer) are critically important for selection

of therapy, by determining which patients are most likely to

benefit fromaparticular treatment, such as chemotherapy. SPARC

expression in the tumor or tumor microenvironment was

reported to be a potential predictive biomarker for nab-paclitaxel

therapy in pancreatic cancer (35). However, subsequent large-

scale evaluation of SPARC expression from tissue samples from

patients treated in the MPACT randomized trial (gemcitabine vs.

gemcitabineþ nab-paclitaxel) did not validate SPARC as a useful

predictive biomarker (6). In support of our preclinical data, we

performed Cav-1 IHC in a group of patients with advanced

NSCLC treated on a phase II trial with carboplatin and nab-

paclitaxel, and found that higher Cav-1 expression in the tumor

microenvironment (particularly the stroma) correlated with

improved tumor response and longer survival (56). Additional

datasets are needed to explore the relationship between Cav-1

expression and nab-paclitaxel response, and determine whether

stromal Cav-1 is also important for response. Furthermore, it will

be interesting to determine if gp60 expression and other protein

components of caveolae (cavins, dynamin, etc.)may be predictive

biomarkers of nab-paclitaxel efficacy and/ormediating tumor cell

albumin uptake.

In summary, our data indicate that tumor cell specific Cav-1

expression correlates with nab-paclitaxel sensitivity in vitro, and

that Cav-1 expression is directly important for albumin and

albumin-bound chemotherapy uptake and subsequent apoptotic

response in tumor cells in vitro. In addition, forced Cav-1 reex-

pression may sensitize cells to nab-paclitaxel, while Cav-1 loss

may serve as a commonmethodof acquired resistance to this class

of drugs. Additional studies are needed to further elucidate the

molecular mechanism of uptake and trafficking of albumin-

bound or -conjugated drugs through Cav-1/caveolae in both

endothelial and tumor cells, and to identify mechanisms of

resistance development. These studies support further testing of

Cav-1 as a predictive biomarker for patients receiving nab-pacli-

taxel or other albumin-conjugated therapies, and provide ratio-

nale for identifying novel methods to increase Cav-1 or caveolae-

mediated endocytosis/transcytosis in tumor and endothelial cells,

to enhance response and circumvent development of resistance to

these class of agents.
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