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C A N C E R

Nutrient scavenging-fueled growth in pancreatic cancer 
depends on caveolae-mediated endocytosis under 
nutrient-deprived conditions
Adam R. Wolfe1†, Tiantian Cui2†, Sooin Baie3, Sergio Corrales-Guerrero2, Amy Webb4,  
Veronica Castro-Aceituno2, Duan-Liang Shyu5, Joanna M. Karasinska6, James T. Topham6,  
Daniel J. Renouf6,7, David F. Schaeffer6,8, Megan Halloran5, Rebecca Packard5, Ryan Robb9,  
Wei Chen10, Nicholas Denko5, Michael Lisanti11,12, Timothy C. Thompson13, Philippe Frank14,15, 
Terence M. Williams2*

Pancreatic ductal adenocarcinoma (PDAC) is characterized by its nutrient-scavenging ability, crucial for tumor 
progression. Here, we investigated the roles of caveolae-mediated endocytosis (CME) in PDAC progression. Analy-
sis of patient data across diverse datasets revealed a strong association of high caveolin-1 (Cav-1) expression with 
higher histologic grade, the most aggressive PDAC molecular subtypes, and worse clinical outcomes. Cav-1 loss 
markedly promoted longer overall and tumor-free survival in a genetically engineered mouse model. Cav-1–deficient 
tumor cell lines exhibited significantly reduced proliferation, particularly under low nutrient conditions. Supplementing 
cells with albumin rescued the growth of Cav-1–proficient PDAC cells, but not in Cav-1–deficient PDAC cells under 
low glutamine conditions. In addition, Cav-1 depletion led to significant metabolic defects, including decreased 
glycolytic and mitochondrial metabolism, and downstream protein translation signaling pathways. These findings 
highlight the crucial role of Cav-1 and CME in fueling pancreatic tumorigenesis, sustaining tumor growth, and 
promoting survival through nutrient scavenging.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC), which is derived from 
the pancreatic exocrine compartment, accounts for more than 90% 
of pancreatic cancers, is highly aggressive, and is characterized by 
poor vascularization, high interstitial pressure, and hypoxia (1). To 
overcome barriers to growth in this harsh tumor environment, tu-
mor cells have developed strategies for the uptake of amino acids, 
glucose, and lipids that are required for growth and survival. These 
strategies include integrin-mediated nutrient scavenging, receptor-
mediated nutrient uptake, macropinocytosis, and entosis for the up-
take by entire cells (2). The presence of a KRAS oncogenic (activating) 
mutation circumvents the relatively poor nutrient environment 
through the up-regulation of several survival mechanisms such as 

increased macropinocytosis (3), autophagy (4), and metabolic re-
wiring (5). Therapeutic targeting of these pathways could lead to 
novel effective therapeutic strategies for both PDAC and other ag-
gressive tumor types that use nutrient scavenging for tumor growth 
and progression.

Caveolae are 50- to 100-nm flask-shaped invaginations of the 
plasma membrane that are important for endocytosis and mem-
brane trafficking in a process termed caveolae-mediated endocyto-
sis (CME) (6). Caveolin-1 (Cav-1) is the principal structural 22-kDa 
protein component required for the formation of caveolae (7, 8), 
and overexpression of Cav-1 has been shown to predict poor prog-
nosis in multiple cancers, including lung, kidney, esophageal, breast, 
and PDAC (9–15). Phenotypically, Cav-1 has been shown to pro-
mote aggressive PDAC cellular behaviors, including proliferation, 
migration, invasion, and resistance to radiation and chemotherapy 
(16–20). Furthermore, Cav-1 has been shown to have diverse roles 
in cellular processes that are important for cancer maintenance and 
growth, including membrane trafficking (21), vascular endothelial 
growth factor receptor signaling (22), metabolism (23), and focal 
adhesion dynamics (24). Because of the important role of CME in 
the uptake of extracellular albumin (25), a key protein that tumor 
cells use to obtain macromolecules for constructive metabolism 
(anabolism) and energy generation, we hypothesized that Cav-1 is 
up-regulated in the most aggressive forms of PDAC and mediates 
survival under low-nutrient conditions through nutrient scavenging 
to maintain the nutrient pool required for protein translation, cell 
metabolism, and cell growth.

In this study, we perform the most comprehensive study to date of 
the role of Cav-1 in PDAC, through analysis of large human PDAC 
datasets as well as our own institutional tumor tissue and blood sam-
ple dataset. We also developed a genetically engineered mouse model 
that allows conditional ablation of CAV1 in a tissue-specific fashion. 
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Pancreas-specific ablation of CAV1 alters PDAC tumorigenesis using 
a canonical clinically relevant mouse model of PDAC. Last, we eluci-
date previously unidentified roles for Cav-1 in tumor metabolism 
and nutrient scavenging that provide a mechanistic rationale to sup-
port PDAC aggressiveness.

RESULTS
Elevated Cav-1 expression correlates with tumor 
aggressiveness and worse prognosis in PDAC
We aimed to comprehensively determine whether Cav-1 expression 
correlates with more aggressive pathological features and worse 
clinical outcomes in patients with PDAC by integrating genome and 
transcriptome sequencing data. Sequencing data from patients with 
PDAC were interrogated as part of a comprehensive CAV1 bioinfor-
matics analysis. Genome and transcriptome sequencing data were 
integrated across three resectable PDAC cohorts: The Cancer Ge-
nome Atlas Program (TCGA) (n =  130 samples with at least one 
data type available), International Cancer Genome Consortium 
(ICGC) (n = 175) and Clinical Proteomic Tumor Analysis Consor-
tium 3 (CPTAC-3) (n  =  140) and two metastatic PDAC cohorts: 
Prospectively Defining Metastatic PDAC Subtypes by Comprehen-
sive Genomic Analysis (PanGen) (n = 69) and Comprehensive Mo-
lecular Characterization of Advanced PDAC For Better Treatment 
Selection (COMPASS) (n = 195). The frequency of SNV/indels and 
copy number variants (CNVs) affecting CAV1 was assessed in each 
of the five cohorts. No mutations likely to infer loss of function 
(nonsense, missense, frameshift, and in-frame indels) were found in 
CAV1 in any of the cohorts. Across all samples with CNV data avail-
able (n = 542), the frequency of CNVs affecting CAV1 was limited, 
with 61 (11.2%) samples showing a heterozygous loss, 17 (3.1%) 
showing amplification, and 1 (0.18%) showing a homozygous loss. 
Heterozygous loss affecting CAV1 was more frequent in metastatic 
(42 of 264; 16%) compared to resectable (19 of 278; 6.8%) cohorts 
(P = 9.8 × 10−4). CAV1 expression levels were not substantially dif-
ferent between metastatic samples with and without heterozygous 
loss of CAV1 (P = 0.83).

In each of the resectable and metastatic cohorts, normalized 
CAV1 expression levels were compared in each of the molecular sub-
groups of the several existing PDAC classification schemes: Moffitt 
(basal-like and classical), Karasinska (quiescent, cholesterogenic, gly-
colytic, and mixed), Collisson (classical, exocrine-like, and quasi-
mesenchymal), and Bailey (progenitor, immunogenic, ADEX, and 
squamous) subgroups (Fig. 1A) (26–29). Samples with clinical data 
available and overall survival (OS) greater than 1 month (TCGA 
n = 101, ICGC n = 147, CPTAC-3 n = 124, PanGen n = 63, COMPASS 
n = 187) were used for survival analysis. In each cohort, samples were 
stratified by low (<25% quantile), medium-low (25 to 50% quantile), 
medium-high (50 to 75% quantile), and high (>75% quantile) CAV1 
expression levels, and OS was compared between CAV1 low and high 
groups in each cohort (Fig. 1B). High CAV1 expression was associated 
with shorter survival in all resectable and metastatic cohorts [TCGA: 
hazard ratio (HR) = 2.5, 95% confidence interval (CI) = [1.1 to 6.0], 
P =  0.029; ICGC: HR =  2.2, 95% CI =  [1.3 to 3.6], P =  0.0035; 
CPTAC-3: HR =  2.5, 95% CI =  [1.3 to 4.7], P =  0.0029; PanGen: 
HR = 3.4, 95% CI = [1.4 to 8.5], P = 0.0052; COMPASS: HR = 2.1, 
95% CI = [1.3 to 3.4], P = 0.0019). Together, these data are consistent 
with the notion that heightened CAV1 transcriptional activity is 
associated with tumor aggressiveness in pancreatic cancer.

To assess Cav-1 at the protein level, we used two independent 
tissue microarrays (TMAs) to score Cav-1 expression levels and cor-
relate them with tumor characteristics and clinical outcomes. We 
first developed and stained our institutional pancreatic TMA de-
rived from resected tumor samples from 114 patients with PDAC. We 
observed little to no presence of Cav-1 expression in the normal 
pancreatic epithelium and the precancerous lesions known as pan-
creatic intraepithelial neoplasia (PanIN), which are known to prog-
ress into PDAC. This contrasted with the expected positive Cav-1 
staining observed in blood vessel endothelial cells and other stromal 
cell types (30). However, there was a marked increase in Cav-1 ex-
pression as the differentiation of the tumor progressed from moder-
ately differentiated (Mod Diff) to poorly differentiated (Poorly Diff) 
(Fig. 2A). As tumor grade increased, we found a statistically signifi-
cant increase in the pathological Cav-1 H-score (Fig. 2B). Cav-1 ex-
pression in the commercially available pancreas Biomax TMA also 
demonstrated significantly increased levels of Cav-1 expression in 
poorly differentiated PDAC tumors compared to either Mod Diff or 
PanIN-1 or -2 samples (Fig. 2C). These results suggested that Cav-1 
overexpression is a late event in PDAC tumorigenesis.

Clinical outcomes were retrospectively annotated per patient 
from our institutional TMA (OSU), and patients were grouped by 
either positive (+) or negative (−) Cav-1 expression (i.e., H-score > 0 
versus 0). Patients with Cav-1(+) tumors had a significantly shorter 
time to death or metastasis than those with Cav-1(−) tumors. Me-
dian OS and distant metastasis–free survival (DMFS) were 22.7 and 
19.1 months, respectively for Cav-1 (−) tumors, versus 15.2 and 10.0 
months for Cav-1 (+) tumors [HR  =  1.5 for Cav-1(+), log-rank 
P = 0.018 and P = 0.03 for OS and DMFS, respectively] (Fig. 2, D to 
E). Patient and clinical characteristics in terms of age, gender, CA-
19-9 levels, and margin negative resection were not found to be sta-
tistically substantially different between Cav-1(+) and Cav-1(−) 
patients (table S1).

Cav-1 protein can be detected in the serum of patients with 
cancer and has been associated with a worse prognosis in other 
cancers, such as prostate cancer (31). While we did not have access 
to blood samples from patients included in the TMAs, we assessed 
Cav-1 protein levels in the serum of patients with metastatic 
PDAC (MP) using a prospective protocol and found significantly 
increased levels of Cav-1 compared to those in healthy volunteers 
(P = 0.0007; Fig. 2F). In addition, tumor expression of Cav-1 was 
significantly increased in metastatic biopsy specimens compared 
to that in patients with localized, resected pancreatic cancer 
(P < 0.0001; Fig 2G). Together, these robust human clinical and 
molecular data confirm the association of high Cav-1 expression, 
a marker of CME, with increased PDAC aggressiveness and poor 
clinical outcomes.

Genetic ablation of CAV1 attenuates pancreatic tumor 
growth and improves survival in mice
To examine the role of Cav-1 in PDAC tumorigenesis, we developed 
a CAV1 conditional knockout mouse model (exon 3 floxed; fig. S1). 
We then interbred this mouse with an autochthonous mouse model 
of PDAC (KPC; LSL-KrasG12D/+, LSL-p53R270H/+, and Pdx1-cre) (32, 
33) to generate a pancreas-specific homozygous Cav-1–deficient 
mouse model (KPC-​CAV1fl/fl) (Fig. 3A). CAV1 deletion and loss of 
Cav-1 protein expression were confirmed in KPC-​CAV1fl/fl tumors 
by immunohistochemistry (IHC; Fig. 3A), Southern blotting, and 
polymerase chain reaction (PCR) (Fig. 3B). KPC-​CAV1fl/fl mice had 
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a significantly longer OS than heterozygous KPC-​CAV1fl/+ and KPC 
mice (median OS 168 versus 128 versus 105 days, P  <  0.0001; 
Fig.  3C). KPC-​CAV1fl/fl mice also had significantly longer tumor-
free survival than KPC mice (P < 0.0001, Fig. 3D), and the tumor 
burden measured as the pancreas/body weight ratio at 4 months of 
age was significantly lower in KPC-​CAV1fl/fl mice than in KPC mice 
(1.7% versus 4.8%, P  <  0.0001; Fig.  3E). Tumor incidence in the 
pancreas was also higher in KPC mice than in both KPC-​CAV1fl/+ 
and KPC-​CAV1fl/fl mice (76.7% versus 46.2% versus 52.4%, respec-
tively, P < 0.05; Fig. 3F). The presence of low-grade and high-grade 
PanIN, as measured using quantitative digital pathology, did not 
substantially differ between KPC and KPC-​CAV1fl/fl mice at 12 weeks 
of age, suggesting that CAV1 loss does not attenuate the develop-
ment of precancerous lesions or tumor initiation. This finding cor-
roborates the notion that up-regulation of CAV1 occurs later during 
tumor progression.

Loss of Cav-1 impairs cell proliferation and growth during 
serum starvation
To better understand how Cav-1 affects PDAC tumorigenesis, we gen-
erated tumor-derived cell lines (TDCL) from KPC and KPC-​CAV1fl/fl 

mice. Cav-1 protein expression was present in the KPC TDCLs but 
absent in the KPC-​CAV1fl/fl TDCLs, as expected (Fig. 4A). In addi-
tion, we generated stable Cav-1 knockdown human PDAC cell lines 
in MIA PaCa-2 (MP2) and PANC-1 cells via transfection of short 
hairpin RNA (shRNA) targeting CAV1(Fig. 4, B and C). Under sup-
raphysiological nutrient conditions [10% fetal bovine serum (FBS)], 
high Cav-1 cells proliferated at a rate similar to that of Cav-1–
deficient cell lines (Fig. 4, D to F). Since PDAC is known to develop 
strategies for survival and progression in a low-nutrient environ-
ment (34), we posited that Cav-1 is critical for growth in nutrient-
deprived conditions and that loss of Cav-1 would attenuate growth 
under such conditions. As expected, Cav-1–deficient TDCLs and 
Cav-1 knockdown human PDAC cell lines showed impaired growth 
under nutrient-deprived conditions (1% FBS) compared to Cav-1–
proficient controls (Fig. 4, G to I). Similar results were demonstrated 
in colony-forming assays, where KPC and KPC-​CAV1fl/fl TDCLs 
showed no differences in colony formation in 10% FBS growth me-
dia; however, when grown in serum deprivation conditions (1% 
FBS), KPC TDCL formed colonies, whereas KPC-​CAV1fl/fl TDCL 
were unable to form colonies (Fig. 4J). Similarly, MP2 cells demon-
strated no differences in colony formation in 10% FBS but showed 

Fig. 1. CAV1 expression is associated with aggressive molecular subtypes and shorter survival in patients with resectable and metastatic PDAC. (A) Boxplots 
comparing CAV1 expression levels between molecular subtype groupings for the Moffitt, Karasinska, Collisson, and Bailey subtyping methods (left to right) in each of the 
five patient cohorts (top to bottom). Box plots indicate the median (central line), 25 to 75% interquartile range (IQR; bounds of box), and whiskers extend from box bounds 
to the largest value no further than 1.5 times the IQR. Two-tailed Wilcoxon mean rank sum P values are shown. (B) Kaplan-Meier plots showing overall survival (OS) be-
tween groups stratified by CAV1 expression levels. Hazard ratio (HR), 95% confidence interval (CI), and log-rank P value are shown and represent the comparison between 
low and high CAV1 groups. Tables showing the number at risk are included below.
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Fig. 2. Cav-1 expression in Human PDAC TMA. (A) Representative immunohistochemistry (IHC) images of Cav-1 protein expression in normal pancreatic epitheli-
um, pancreatic intraepithelial neoplasia (PanIN), moderately differentiated (Mod Diff ), and poorly differentiated (Poorly Diff ) pancreatic cancer tissue (original mag-
nification, ×200) from samples in the OSU TMA. (B) Mean Cav-1 H-score correlated with tumor grade. (C) The BioMax TMA correlated with Cav-1 expression via IHC. 
(D and E) OS and distant metastasis–free survival (DMFS) in the patients with resected PDAC. The numbers below figure represent the number at risk for each time 
point. (F) Circulating Cav-1 in pancreatic cancer patients with metastasis (MP) compared to healthy volunteers (HV). (G) Cav-1 expression (H-score) compared be-
tween primary resected pancreatic tumors (RP) compared to sites of metastasis (MP) in those patients with developed metastatic disease and had metastatic tumors 
that were biopsied. *P < 0.05.
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significant differences in colony formation in 1% FBS (Fig. 4K). For 
PANC-1 cells, shCAV1 cells formed fewer colonies in both 10 and 
1% FBS, with a more significant reduction in the colony formation 
fold change in the latter condition (Fig. 4L). Together, these results 
suggest that Cav-1 plays a critical role in the optimal growth of 
PDAC cells under serum-depleted conditions.

Loss of Cav-1 impairs glycolytic capacity and mitochondrial 
metabolism and reduces TCA cycle intermediates
Cav-1 has been implicated in metabolic alterations in cancer, such 
as glycolysis, mitochondrial bioenergetics, glutaminolysis, and 
fatty acid metabolism (5). However, the role of Cav-1 in regulating 
energy metabolism under nutrient stress in PDAC has not been 

Fig. 3. CAV1 deletion reduces tumorigenesis in the KPC mouse model. (A) The generation of the KrasLSL-G12D;p53LSL-R270H/þ;Pdx1-cre; CAV1flox/flox (KPC-​CAV1fl/fl) 
mice (top). Representative IHC for Cav-1 protein in the KPC and KPC-​CAV1fl/fl mice (bottom). (B) Southern blotting CAV1neo allele in tail DNA of F1 offspring (top left); 
Southern blotting for CAV1flox allele in tail DNA of mice after deletion of neo cassette (top right); genotyping of tail DNA from KPC, KPC-​CAV1fl/+, and KPC-​CAV1fl/fl mice 
(bottom left); genotyping of tail DNA from KPC and KPC-​CAV1fl/fl mice or genotyping of pancreatic tumor DNA from KPC-​CAV1fl/+ or KPC-​CAV1fl/fl mice (bottom right). 
(C) Kaplan-Meier analysis of OS of KPC, KPC-​CAV1fl/+, KPC-​CAV1fl/fl, and CAV1fl/fl;Pdx1-cre mice. Numbers of animals per group are indicated. (D) Kaplan-Meier analysis 
of tumor-free survival of KPC, KPC-​CAV1fl/+, KPC-​CAV1fl/fl, and CAV1fl/fl; Pdx1-cre mice. (E) The tumor-to-body weight ratio (%) was calculated for each of the four groups 
of mice. *P < 0.0001. (F) Tumor incidence in the pancreata of mice in the KPC mice compared to either the KPC-​CAV1fl/+ or KPC-​CAV1fl/fl mice. *P < 0.05; ns, not 
significant.



Wolfe et al., Sci. Adv. 10, eadj3551 (2024)     1 March 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 16

elucidated. We first tested the impact of Cav-1 loss on glycolytic 
flux using the glycolysis stress test on the Seahorse XF analyzer. 
This assay measures the net proton production following the addi-
tion of glucose, oligomycin (mitochondrial proton pump inhibi-
tor), and 2-deoxyglucose (2-DG; inhibits step 2 of glycolysis) to 
the cell system. Glycolytic capacity was significantly impaired in 
KPC-​CAV1fl/fl compared to that in the wild-type KPC TDCL 
(Fig. 5A). These results were replicated in MP2 shControl (shCtrl) 
versus shCAV1 cell lines (Fig. 5B). We next tested mitochondrial 

respiration in TDCLs and MP2 cells using the mitochondrial stress 
test to measure oxygen consumption rates (OCR) in cells grown 
overnight in serum-repleted (10% FBS) or serum-starved (1% 
FBS) conditions. The OCR measurements of basal oxygen con-
sumption, adenosine 5′-triphosphate (ATP) production, and max-
imal respiration were not statistically notable between KPC and 
KPC-​CAV1fl/fl TDCLs grown in 10% FBS [including glucose (4.5 g/
liter) and l-glutamine (584 mg/ml)] (Fig. 5, C and E). However, 
under serum-depleted conditions (1% FBS), KPC cells produced 

Fig. 4. Loss of Cav-1 renders cells with decreased proliferative capabilities in serum-deprived conditions. (A) Western blot analysis of Cav-1 expression in cell lysates 
from TDCLs from the KPC and KPC-​CAV1fl/fl tumors. Numbers refer to individual cell lines from different tumors. (B and C) Western blot analysis of (B) MiaPaca-2 (MP2) and 
(C) PANC-1 cells transfected with scrambled short hairpin RNA (shCtrl) or shRNA targeting CAV1 (shCAV1). (D to F) Proliferation assays measuring the change in confluence 
over time in regular media supplemented with 10% fetal bovine serum (FBS) in (D) KPC versus KPC-​CAV1fl/fl, (E) MP2 shCtrl versus shCAV1, and (F) PANC-1 shCtrl versus 
shCAV1 cells. (G to I) Proliferation assays measuring the change in confluence over time in regular media supplemented with 1% FBS in (G) KPC versus KPC-​CAV1fl/fl, 
(H) MP2 shCtrl versus shCAV1, and (I) PANC-1 shCtrl versus shCAV1 cells. (J to L) Cells were plated as single cells and incubated in either 10 or 1% FBS-supplemented media 
and colonies were assessed (>50 cells) after 2 weeks in (J) KPC versus KPC-​CAV1fl/fl, (K) MP2 shCtrl versus shCAV1, and (L) PANC-1 shCtrl versus shCAV1 cells. *P < 0.05.
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Fig. 5. Cav-1 regulates metabolic capacity in PDAC cells. (A) The glycolysis stress test was performed in the Seahorse XFe96 Analyzer on KPC #1 and #4 as well as KPC-​
CAV1fl/fl #2 and #3 TDCLs. The extracellular acidification rate (ECAR) over time was plotted after treatment at set time points of glucose (10 mM), oligomycin (1 μg/ml), and 
2-DG (at 50 mM, inhibition of glycolysis). The maximal glycolytic capacity was significantly higher in KPC versus KPC-​CAV1fl/fl cells. (B) The glycolysis stress test was per-
formed in MP2 shCtrl and shCAV1 cells as described above. The maximal glycolytic capacity was significantly higher in MP2 shCtrl versus shCAV1 cells. (C) The mitochon-
drial stress test was performed in the Seahorse XFe96 Analyzer KPC #1 and #4 TDCL and KPC-​CAV1fl/fl #2 and #3 TDCL following either overnight seeding in 10% FBS (left) 
or 1% FBS (right). The oxygen consumption rate (OCR) over time was plotted after injection of oligomycin (0.5 μM), carbonyl cyanide p-trifluoromethoxyphenylhydrazone 
(FCCP) (1 μM), and rotenone/antimycin A (AA/Rot) (1 μM). Each data point represents an OCR measurement. (D) The mitochondrial stress test in MP2 shCtrl and shCAV1 
cells following either overnight seeding in 10% FBS (left) or 1% FBS (right). (E) Basal consumption, adenosine 5′-triphosphate (ATP) production, and maximal respiration 
in 10% and 1% FBS media in the KPC cells compared to KPC-​CAV1fl/fl cells. (F) Basal consumption, ATP production, and maximal respiration in both 10 and 1% FBS condi-
tions in MP2 shCtrl and shCAV1 cells. (G) Liquid chromatography–tandem mass spectrometry chromatograms of TCA cycle intermediates extracted from KPC and KPC-​
CAV1fl/fl TDLC TDCLs after overnight incubation in 1% FBS. Data are expressed as means ± SEM, n = 2 independent experiments. (H) Diagram of the TCA cycle displaying 
the conversion of glutamine into alpha-ketoglutarate. *P < 0.05.
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significantly higher OCR values than KPC-​CAV1fl/fl cells (Fig. 5, C 
to E). MP2 control cells demonstrated higher OCR, basal oxygen 
consumption, ATP production, and maximal respiration under 
both serum-repleted and serum-starved conditions (Fig. 5, D and 
F). Next, we used liquid chromatography–tandem mass spec-
trometry to profile TCA cycle intermediates in the KPC and 
KPC-​CAV1fl/fl TDCLs. After overnight incubation in serum-starved 
media, KPC cells demonstrated significantly increased levels of 
citric acid and isocitric acid compared with KPC-​CAV1fl/fl cells 
(Fig. 5G). The levels of malic acid, succinic acid, and oxoglutaric 
acid were not notably different between the two cell lines (Fig. 5G). 
These results revealed the critical role of Cav-1 in maintaining 
cellular metabolism in PDAC cells, especially under serum-deprived 
conditions.

Cav-1 loss sensitizes tumor cells to glutamine deprivation 
through reduced albumin uptake
The two TCA metabolites, isocitrate and citrate, were found to be 
significantly reduced in the KPC-​CAV1fl/fl cells, and metabolites im-
mediately downstream of glutamine (Q) metabolism are used in the 
reductive carboxylation pathway, especially in hypoxic environ-
ments (35) (Fig. 5H). Therefore, we hypothesized that cells deficient 
in Cav-1 would require increased levels of glutamine for growth and 
would be more susceptible to glutamine deprivation. We found that 
KPC TDCLs maintained proliferation rates in glutamine concentra-
tions as low as 0.4 mM but could not proliferate in glutamine con-
centrations of 0.2 mM and lower (Fig.  6A). On the other hand, 
KPC-​CAV1fl/fl cells could only maintain proliferation at glutamine 
concentrations of 1 mM or higher, and proliferation was completely 
abrogated at threshold concentrations of 0.8 mM or lower (Fig. 6B). 
Thus, there was a 2.5-fold difference in glutamine requirement be-
tween the two TDCLs. Similar results were observed in the MP2 
cells (Fig. 6, C and D).

Cav-1 plays an important role in albumin uptake in non-cancer 
and cancer cells as well as in susceptibility to albumin-bound che-
motherapeutics (36). PDAC cells can use extracellular albumin for 
breakdown into constituent amino acids and central carbon metab-
olism, ultimately supporting growth under low glutamine condi-
tions (34). We tested whether supplementation with physiological 
albumin concentrations under low glutamine conditions could res-
cue the growth of Cav-1–proficient cells. As predicted, mouse se-
rum albumin (3%) was able to markedly rescue growth at 0.2 mM 
threshold glutamine concentration in KPC cells (Fig.  6E), while 
albumin supplementation could not rescue the growth of KPC-​
CAV1fl/fl cells at the threshold concentration of 0.8 mM glutamine 
(Fig.  6F). These results were replicated in the MP2 cells (Fig.  6, 
G and H).

Next, we tested whether Cav-1 expression correlated with albu-
min uptake. A panel of 10 human PDAC cell lines with varying lev-
els of Cav-1 expression was serum-starved overnight, and then 
pulsed with human serum albumin (HSA) for 30 min before fixing 
cells for quantitative indirect immunofluorescence (Fig.  6I). The 
Cav-1 index in the 10 cell lines plotted against the albumin index 
showed a strong direct correlation (r2 = 0.657, P = 0.0005; Fig. 6J), 
indicating that elevated Cav-1 expression was correlated with ele-
vated albumin uptake. These results revealed that Cav-1 is required 
for albumin uptake and that albumin can rescue proliferation in nu-
trient (glutamine)-deficient environments only in cells express-
ing Cav-1.

Cav-1 loss inhibits activation of ribosomal S6
To determine the potential molecular mechanisms by which Cav-1 
regulates growth under serum-depleted conditions, we performed 
reverse-phase protein microarray (RPPA) analyses on KPC and 
KPC-​CAV1fl/fl TDCLs. The top three proteins found in RPPA with 
the largest fold change in levels between KPC and KPC-​CAV1fl/fl cells 
were Cav-1, phospho-S6 (S240/244), and phospho-S6 (S235/236) 
(Fig. 7A). S6 is a component of ribosomal subunit 40S and is regulated 
by the mammalian target of rapamycin (mTOR) pathway. Following 
phosphorylation by S6 kinase (S6K) at the serine-235 or -236 residue, 
phosphorylated S6 increases cell proliferation, protein translation, and 
cell size (37). The RPPA data from the PAAD TCGA dataset also 
confirmed a direct correlation between phospho-S6 (S235/236) and 
Cav-1 protein levels (P = 0.0064; fig. S2). IHC using anti–phospho-S6 
antibodies was performed on the KPC and KPC-​CAV1fl/fl tumors and 
showed markedly higher levels of phospho-S6 (S235/236) in KPC tu-
mors, compared to weak expression in KPC-​CAV1fl/fl tumors (Fig. 7B). 
We also confirmed reduced levels of phospho-S6 in KPC-​CAV1fl/fl, 
PANC-1 shCAV1, and MP2 shCAV1 cells compared to those in con-
trol cells (Fig. 7C), as well as other associated proteins in this pathway 
upstream of S6 in both PANC-1 and MP2 shCAV1 cells compared to 
those in shCtrl cells (fig. S3, A and B). Next, we tested whether serum-
depleted conditions (1% FBS) could modify the phosphorylation of 
S6. The levels of phospho-S6 observed under serum deprivation (1% 
FBS) in KPC and PANC-1 shCtrl cells were significantly reduced, with 
attenuated cell proliferation compared to serum-repleted conditions 
(10% FBS) (Fig. 7, D and E). In addition, inhibition of upstream p70-
S6K with LY-2584702 (LY) effectively abrogated S6 phosphorylation 
in both Cav-1–proficient and–deficient cells (Fig. 7D and fig. S4, A 
and B) and inhibited cell proliferation under nutrient-deprived condi-
tions in KPC and PANC-1 shCtrl cells (Fig. 7E). p70-S6K inhibition 
had no additional negative impact on growth over Cav-1 deficiency in 
KPC-​CAV1fl/fl or PANC-1 shCAV1 cells (fig. S4, C and D).

To validate that the Cav-1–S6K-S6 pathway is critical for cell sur-
vival and growth under low-nutrient conditions, we transiently ex-
pressed constitutively active p70S6K1 and p70S6K2 mutant plasmids 
(S6K1mut and S6K2mut, respectively) in PDAC cells (38, 39). First, 
as expected, growth in nutrient-depleted (1% FBS) conditions in 
the PANC-1 shCtrl and shCAV1 cells resulted in the reduction of 
phospho-S6 (Fig. 7F). We confirmed that transfection with these mu-
tant S6K plasmids partially or fully restored the phosphorylation of S6 
in PANC-1 shCtrl and shCAV1 cells (Fig. 7F), as well as in MP2 cells 
(fig. S5A). In terms of growth, we found no substantial changes in the 
proliferation rate of S6K1/2 mutant-expressing PANC-1 shCAV1 cells 
under nutrient-replete conditions (Fig. 7G, left). However, in nutrient-
deficient conditions, S6K1/2 mutant-expressing PANC-1 shCAV1 cells 
proliferated at a substantially higher rate compared to either S6K wild-
type or control (no vector) transfected cells (Fig.  7G, right; and 
fig. S5B). Last, albumin can be used as a fuel source in tumor cells, al-
lowing for growth and survival in nutrient-deprived environments 
(40). To further investigate whether albumin contributes to the activa-
tion of S6 under nutrient-deprived conditions, we treated PANC-1 
shCtrl and shCAV1 cells with albumin and found elevated albumin 
uptake and phospho-S6 levels in PANC-1 shCtrl cells compared to 
shCAV1 cells (Fig. 7H), which was also confirmed in KPC/ KPC-​
CAV1fl/fl cells (Fig. 7I). These findings suggest that Cav-1 is critical for 
protecting PDAC cells from nutrient deprivation by promoting the 
uptake of albumin and other nutrients, thereby stimulating S6K-
S6 signaling to restart tumor cell growth and proliferation.
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DISCUSSION
Cancer cells have a high nutrient requirement to support an accelerated 
rate of proliferation and have evolved mechanisms to identify and take 
in amino acids, lipids, glucose, macromolecules, and either live/dead 
cells to be repurposed into the building blocks for new growth, ATP 
production, and anabolism. This adaptation is often accomplished by 

transporting the material to lysosomes for degradation. Here, we iden-
tified that CME is critical for the survival of patients with pancreatic 
cancer. To our knowledge, this is the first study to develop a condi-
tional (tissue-specific) knockout of CAV1 in a spontaneous pancreatic 
cancer mouse model, to clearly demonstrate that Cav-1 promotes 
tumor metabolism and nutrient scavenging in PDAC in a clinically 

Fig. 6. Cav-1 regulates growth under low glutamine environments and albumin uptake. (A to D) KPC #4 TDCL, KPC-​CAV1fl/fl #2 TDCL, MP2 shCtrl, and MP2 shCAV1 
cells were grown in glutamine dilutions (0 to 4 mM) and proliferation was assessed by IncuCyte confluence measurements every 4 hours. (E to H) Cells were grown in the 
glutamine concentration just below the glutamine threshold of each individual cell line (KPC #4 =  0.2 mM, KPC-​CAV1fl/fl =  0.8 mM, MP2 shCtrl =  0.4 mM, and MP2 
shCAV1 = 1.0 mM) with or without supplementation with either mouse serum albumin (KPC) or human serum albumin (MP2) at 3% per volume and proliferation capacity 
measured by the IncuCyte. (I) Representative immunofluorescence images of 10 pancreatic cell lines after treatment with albumin for 30 min showing expression of 
Cav-1 (red), albumin (green), and 4′,6-diamidino-2-phenylindole (DAPI) (blue). Experiments were performed in triplicate and repeated three times with similar results. 
(J) The Cav-1 index was plotted against the albumin indexes to determine correlations.



Wolfe et al., Sci. Adv. 10, eadj3551 (2024)     1 March 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 16

Fig. 7. Cav-1 regulates the activation of ribosomal S6 under nutrient stress. (A) Mean comparisons of RPPA data for KPC versus KPC-​CAV1fl/fl cells. Differential protein 
abundance was used using RPPA measures through limma to compare the two cell lines. P values are from a two-sided, unpaired t test comparing the mean of KPC cells 
versus KPC-​CAV1fl/fl cells. Error bars denote SEM. (B) Representative IHC images of S6 (p235/236) protein expression KPC and KPC-​CAV1fl/fl tumors (n = 3 each). (C) Immu-
noblots showing levels of phosphorylated S6 (Ser235/236), total S6, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in KPC/ KPC-​CAV1fl/fl, MP2, and PANC-1 
shCtrl/shCAV1 cells. (D) Immunoblots displaying levels of phosphorylated S6 (234/235), total S6, Cav-1, and GAPDH in KPC and PANC-1shCtrl cells in both 10 and 1% FBS 
± LY-2584702 (5 μM, 2 hours). (E) Proliferation assays in the KPC #4 or PANC-1 shCtrl cells in 10 or 1% FBS ± 5 μM of LY-2584702 (**P < 0.01). (F) PANC-1 shCtrl and shCAV1 
cells transfected with S6K mutant plasmids (S6K1 Mut or S6K2 Mut) for 48 hours followed by media exchange with 1% FBS overnight. Levels of phospho-S6 (S235/236), 
total S6, Cav-1, and GAPDH are shown. (G) Proliferation assays in the PANC-1 shCAV1 cells transfected with the S6K plasmids (S6K1 WT, S6K1 Mut, or S6K2 Mut) following 
48-hour transfection with the S6K plasmids in either 10 or 1% FBS (*P < 0.05). (H) Immunoblots showing higher albumin uptake in PANC-1 shCtrl cells compared to shCAV1 
cells, with induction of phospho-S6 activation at 1 hour. (I) Immunoblots indicating S6 activation in KPC cells compared to KPC-​CAV1fl/fl cells. *P < 0.05 and **P < 0.01.
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relevant model. We found that mice with spontaneous pancreatic tu-
mors lacking Cav-1 expression had longer survival and reduced tumor 
growth. We demonstrated that Cav-1 is highly associated with the most 
aggressive subtypes of PDAC and Cav-1 loss leads to reduced glycoly-
sis, mitochondrial metabolism, and ribosomal signal transduction. 
Mechanistically, Cav-1 plays a critical role in cell growth and survival 
under low-nutrient conditions, in part through albumin uptake and 
S6K/S6 signaling, thereby reversing the metabolic and proliferative re-
wiring that occurs when Cav-1 is depleted.

Cav-1, the critical structural component of caveolae, is increas-
ingly being studied for its role in tumorigenesis. Cav-1 is a small pro-
tein (~22 kDa), yet is necessary for caveolae formation, as genetic 
depletion of CAV1 ablates the development of caveolae (6). Cav-1 
has diverse cellular roles depending on tissue type and environment 
(7, 41). Alterations in Cav-1 expression affect a diverse array of non-
cancer disease phenotypes, such as diabetes, bladder dysfunction, 
and muscular dystrophy (8, 42–44). In cancer cells, Cav-1 has been 
shown to regulate a multitude of critical pro-tumorigenic functions 
including invasion (45), apoptosis (46), cell signaling (47), choles-
terol metabolism (48), autophagy (49), metabolism (23), angiogene-
sis (22), and treatment resistance (19, 50). Specifically, in patients 
with PDAC, our work and that of others have shown that elevated 
Cav-1 expression correlates with worse clinical outcomes (15, 51, 
52). We showed that genetic ablation of CAV1 in the pancreata of 
mice that spontaneously developed pancreatic tumors resulted in 
longer survival and reduced tumor burden compared to CAV1 wild-
type mice, corroborating our patient data that showed elevated 
Cav-1 expression in pancreatic cancer occurs late in the disease 
course and predicts poor prognosis for cancer progression (Fig. 2).

Glutamine is an essential amino acid for cancer cells undergoing 
proliferation, and studies have found that PDAC cells are in effect, 
“glutamine-addicted” (53, 54). Glutamine is the most depleted amino 
acid in pancreatic tumor tissue compared to that in adjacent normal 
tissue (3). Oncogenic KRAS reprograms cells to convert glutamine into 
the reductive pathway while simultaneously suppressing the oxidative 
metabolism of glutamine (55). In contrast, non-​KRAS-transformed 
cells are not affected by glutamine depletion (56). We found that 
Cav-1–depleted PDAC cells were more sensitive to glutamine restric-
tion compared to Cav-1–expressing cells and that albumin could res-
cue proliferation only in Cav-1–expressing cells, not in Cav-1–deficient 
cells. These results suggested that Cav-1 plays a crucial role in main-
taining glutamine supply for cancer cell growth. We found that Cav-1–
depleted PDAC cells were more sensitive to glutamine restriction 
compared to Cav-1–expressing cells and that albumin could rescue 
proliferation only in Cav-1–expressing cells, but not in Cav-1–deficient 
cells. These results suggest that Cav-1 plays a crucial role in maintain-
ing the glutamine supply for growth. In addition, in our metabolite 
analysis, we found lower levels of citrate in KPC-​CAV1fl/fl cells than in 
KPC cells. One possible explanation for this finding could be related to 
reduced pyruvate availability due to decreased glycolysis in Cav-1–
deficient cells, leading to a higher dependence on glutamine in TCA.

Cav-1 plays a pivotal role in maintaining the integrity of the lipid 
rafts within the cell membrane. Caveolae are enriched with a variety 
of transmembrane receptors, including insulin and growth factor 
receptors (57–59). The activation of these receptors triggers com-
plex signaling pathways that influence various cellular activities 
such as energy production, protein biosynthesis, and cell prolifera-
tion, which aligns with the results of our study. Studies demonstrat-
ing that Cav-1 facilitates proper insulin and growth factor receptor 

signaling implicate that these receptors are actively regulated and 
modulated by Cav-1. Our study identified changes in metabolic re-
sponses based on relative levels of Cav-1. Therefore, it is plausible 
that the interaction between Cav-1 and these receptors may have a 
substantial impact on the observed outcomes and underscores the 
importance of considering these transmembrane receptors as po-
tential key players in our findings. In the future, we will explore the 
molecular mechanisms by which Cav-1 and these receptors interact 
in relation to PDAC growth, survival, and progression, thereby en-
hancing our understanding of the biological processes underpin-
ning our present findings.

Another finding from this study is the mechanistic association 
between Cav-1 expression and activation of ribosomal translation 
pathways (through phosphorylated rpS6 expression). The rpS6 pro-
tein is a substrate of S6K1 and S6K2 and plays important roles in 
regulating cell size, protein synthesis, glucose metabolism, and au-
tophagy (60). We found that Cav-1–expressing cells were able to 
maintain the phosphorylation of rpS6 in nutrient-depleted concen-
trations in contrast to the Cav-1–deficient cell lines. Furthermore, 
we showed that inhibiting S6K-mediated phosphorylation of rpS6 
resulted in decreased cell proliferation under serum deprivation, 
whereas induction of S6 phosphorylation (through S6K constitu-
tively active mutants) could rescue growth in nutrient-challenged 
conditions. Our findings also support the notion that S6 may serve 
as a biomarker for tumor growth under nutrient-replete conditions. 
Together, these results indicate previously unknown roles of Cav-1 
and CME in tumor metabolism, anabolism, and ribosomal transla-
tion to facilitate tumor growth and proliferation.

It is important to note several limitations of our study as well as 
future directions. First, the absence of blood samples from the 114 
patients with PDAC was included in our TMA studies. Evaluation of 
systemic Cav-1 levels in correlation with metastatic outcomes could 
provide valuable insights into disease progression and warrant fur-
ther investigation. Future prospective studies should explore the po-
tential association between blood Cav-1 levels and the occurrence of 
metastasis. In addition, we were unable to perform a comprehensive 
pathologic analysis of metastases in our KPC mouse model to quan-
tify the effects of Cav-1 on promoting metastasis in individual or-
gans. In addition, while we have previously linked Cav-1 to cell death 
and apoptosis in PDAC cells (20), a more thorough understanding of 
the relationship between Cav-1, cell death pathways, and autophagy 
should be explored, given the central role of S6 in autophagy. Last, 
our findings that Cav-1 plays a role in optimal glycolytic capacity and 
mitochondrial energetics in PDAC also need further investigation, 
given that both alterations in glycolysis and mitochondrial function 
can occur in a complex relationship within tumor cells.

In summary, we demonstrated that PDAC is dependent on CME 
and Cav-1 in fueling pancreatic tumorigenesis and maintaining tu-
mor growth and survival in nutrient-deprived conditions. These 
compelling results support the rationale for nominating this critical 
scavenging pathway as a target for therapeutic intervention, either 
as monotherapy or in combination with other therapies to attenuate 
tumor growth and progression.

MATERIALS AND METHODS
Sequencing data
Somatic mutation and RNA sequencing (RNA-seq) data for 
PanGen (NCT02869802) and COMPASS (NCT02750657) samples 
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were generated and processed as described previously (27, 61). 
Publicly available TCGA, ICGC, and CPTAC-3 data were down-
loaded from their online data portals (https://portal.gdc.cancer.
gov/, https://dcc.icgc.org/, and https://portal.gdc.cancer.gov/, re-
spectively). All normalized gene expression values were log10-
transformed before any analysis. RNA-seq batch correction was 
performed on all RNA-seq samples using ComBat v3.30.1, with 
default parameters. All somatic mutation data were based on hu-
man genome build GRCh37 (hg19).

PDAC molecular subtyping
Classification of samples into the Moffitt basal-like and classical 
groups was performed using the RNA-seq version of the Moffitt 
PurIST algorithm (26). PurIST scores (basal-like probability values) 
were used to stratify patients into basal-like (score > 0.75), classical 
(score < 0.25), and intermediate (score 0.25 to 0.75) subtype groups 
(26). Basal-like (n = 25) and classical (n = 25) genes from the original 
Moffitt subtyping manuscript (62) were used when directly investigat-
ing the expression values of Moffitt subtyping genes. Collisson and 
Bailey subtypes were determined separately using a consensus clustering 
approach, as previously described (27). Collisson classical (n = 22), 
exocrine-like (n = 20), and quasi-mesenchymal (n = 20) genes from 
the original Collisson subtyping paper (28) were used when directly 
investigating the expression values of Collisson subtyping genes. 
ADEX (n = 240), immunogenic (n = 370), squamous (n = 1061), 
and progenitor (n = 268) genes from the original Bailey subtyping 
paper (29) were used when directory comparing expression values of 
Bailey subtyping genes. Karasinska subtypes were determined on the 
basis of the relative expression of glycolytic (GAPDH, ALDOA, PKM, 
ENO1, TPI1, PGK1, GPI, PGAM1, PFKP, PFKFB3, ENO2, PPP2R5D, 
PFKM, and PFKFB4) and cholesterogenic (FDPS, FDFT1, DHCR24, 
EBP, IDI1, MVD, HMGCS1, SQLE, NSDHL, DHCR7, HMGCR, LSS, 
SC5D, MVK, and HSD1787) genes, as previously described (27).

Cell lines, antibodies, and drugs
The human PDAC cell lines AsPC1, BxPC3, CAPAN-1, CAPAN-2, 
CFPAC-1, G37, HPAF-II, MIAPaCa-2, PANC-1, and PL-45 were 
obtained from American Type Culture Collection (Manassas, VA). 
G37 PDX TDCL was obtained from Dr. J. Trevino. TDCLs were 
generated as follows (63, 64): The collected tumors were washed 
three times with phosphate-buffered saline (PBS) and transferred 
into a petri dish containing the complete Dulbecco’s modified Eagle’s 
medium (DMEM) media. The tumor was finely minced with a ster-
ile scalpel and transferred into a sterile centrifuge tube with the 
complete medium containing collagenase P (10 mg/ml; Thermo 
Fisher Scientific, Waltham, MA). The mixture was incubated at 37°C 
for 30 min. The tubes were inverted every 3 min to ensure proper 
mixing. Following two washing cycles in a complete medium, the 
pellet obtained after centrifugation was suspended in the complete 
DMEM medium. Cell suspension without tissue debris was trans-
ferred into a new sterile 10-cm petri dish. After incubating over-
night at 37°C in 5% CO2, the medium was replaced with fresh 
medium. Cells were trypsinized once confluent. Cells were main-
tained at 37°C in 5% CO2 in DMEM media supplemented with 10% 
or 1% FBS as indicated (Millipore-Sigma, St. Louis, MO) and 
penicillin/streptomycin (100 U/ml; Life Technologies, Grand Island, 
NY). Cells were cultured for no more than 3 months continuously. 
Cav-1 primary antibody (N-20) was purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA). S6 ribosomal protein, phospho-S6 

ribosomal protein (Ser235/236), p70 S6 kinase, phospho-p70 S6 ki-
nase (Thr389), and GAPDH antibodies were purchased from Cell 
Signaling Technology (Danvers, MA). Anti-rabbit immunofluores-
cent secondary antibodies were purchased from LI-COR Biosci-
ences (Lincoln, NE).

Cav-1 knockdown
For stable Cav-1 knockdown, MIAPaCa-2 and PANC1 cells were 
transduced with shRNA lentiviral particles (Millipore-Sigma) using 
hexadimethrine bromide (Sigma-Aldrich) as a transfection agent, 
according to the manufacturer’s protocol, and stable pools were se-
lected with puromycin (1.0 mg/ml) for at least 7 days.

Expression analysis in RNA-based molecular subtype 
systems and TCGA dataset
CAV1 RNA expression was validated in three patient-derived se-
quencing cohorts, PanGen/POG (NCT 02869802 and NCT02155621, 
respectively), COMPASS (NCT02750657), and ICGC. For compari-
son of CAV1 expression between molecular subgroups of patient 
datasets, two-tailed Wilcoxon mean rank sum tests were used, and 
P values were subjected to Benjamini-Hochberg multiple test correc-
tion. For correlation analysis between Cav-1 and phosho-S6 (S235-
236) at protein levels, the TCGA RPPA dataset was downloaded 
from www.cbioportal.org.

Tissue microarray
A TMA was created from 114 patients treated surgically for local-
ized pancreatic cancer at The Ohio State University. The study was 
approved by The Ohio State University institutional review board 
(2014C0077), and informed consent was deemed not to be required. 
All hematoxylin and eosin (H&E) slides of PDAC were reviewed, 
and the most representative non-necrotic tumor areas were chosen 
by an experienced pancreas pathologist (W.C.). TMAs were con-
structed, and all tissue cores were obtained from diagnostic surgical 
samples (formalin-fixed paraffin-embedded tissue blocks from pan-
createctomy specimens). Tissue cores (1.0 mm in diameter) were 
taken from spatially separate tumor areas in a single donor block 
from each case using a tissue microarrayer (Chemicon Advanced 
Tissue Arrayer, Temecula, CA, USA). The cores were arrayed into a 
recipient block at predetermined coordinates (two cores per pa-
tient). H&E sections from donor and recipient paraffin blocks were 
used to confirm the area of the tumor from which the cores were 
retrieved. Each case was duplicated using two tissue cores to ensure 
adequate tissue representation. After immunohistochemical stain-
ing, the expression of Cav-1 was scored using the H-score method 
(65) by an independent pathologist blinded to patient data (W.C.) by 
determining the average intensity score (0 = none, 1 = weak, 2 = in-
termediate, 3 = strong) and percent cell staining score (0 to 100%) 
and summing the scores for a range of 0 to 300. The scores from 
each of the two cores were averaged.

Histological analysis of pancreas tissues
Pancreatic tissues from the mice were collected at 1 to 4 months of 
age and fixed in 10% formalin buffer (Thermo Fisher Scientific). Af-
ter 48 hours of fixation, tissues were processed for H&E staining. For 
histopathological analysis, H&E slides were scanned and converted 
into digital images, and the pathologist determined the pancreatic 
pathology as PanIN (low and high grade) and PDAC (well, moder-
ately, and poorly differentiated).

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://dcc.icgc.org/
https://portal.gdc.cancer.gov/
http://www.cbioportal.org
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Mouse models and care
Cav-1 conditional knockout (CAV1flox) mice were generated by Oz-
gene (Bentley, Australia) using standard homologous recombination 
cloning techniques (66). Briefly, a CAV1 targeting vector was designed 
to target exon 3 using the loxP/Cre system. A linearized targeting vec-
tor was used in standard homologous recombination techniques to 
introduce the targeted allele into mouse embryonic stem cells (ESC). 
The correctly recombined ESCs were injected into blastocytes and 
implanted into foster females to generate chimeric mice. The tail 
DNA from F1 offspring of chimeric mice (with Neo/TK) was con-
firmed by Southern blotting using ScaI digestion and EnP probes, as 
well as two probes that were located outside of 5′ or 3′ homology 
arms. The neomycin cassettes were removed using the FLP-FRT sys-
tem in ESCs from the F1 offspring to generate the CAV1 conditional 
knockout mouse (CAV1flox). Southern blotting was performed using 
the ScaI restriction enzyme and EnP probe to confirm the floxed 
CAV1 mouse (deleted Neo/TK cassette). CAV1flox mice were bred 
with LSL-KrasG12D/+;LSL-p53R270H/+;Pdx-Cre (KPC) mice using the 
Targeted Validation Shared Resource at Ohio State University Com-
prehensive Cancer Center. CAV1flox/flox;KPC mice and CAV1+/+;KPC 
mice were on a mixed background (FVB/N, 129v/Sv, and C57BL/6). 
The use of mice was approved by the Institutional Animal Care and 
Use Committee. Mice were housed under standard husbandry condi-
tions in a vivarium with a 12-hour light/dark cycle. Genotyping anal-
ysis was performed on the tails of 17-day-old mice or pancreatic 
tissues using standard PCR methods.

Generation of CAV1 conditional mice
CAV1flox mice were generated by Ozgene company (Bentley, Austra-
lia) using standard homologous recombination cloning techniques 
(66). Briefly, the CAV1 targeting vector was designed to target exon 3 
using the loxP/Cre system. Linearized targeting vector was used for 
standard homologous recombination techniques to introduce the 
targeted allele into mouse ESCs. The correctly recombined ESCs 
were injected into blastocytes and implanted into foster females to 
generate chimeric mice. The tail DNA from F1 offspring of chimeric 
mice (with Neo/TK) was confirmed by Southern blots using ScaI di-
gestion and EnP probes as well as two probes that were located out-
side of 5′ or 3′ homology arms. The neomycin cassettes were removed 
by the FLP-FRT system in ESCs from the F1 offspring to generate the 
CAV1 conditional knockout mouse (CAV1flox). Using the ScaI re-
striction enzyme and EnP probe, Southern blotting was performed 
to confirm the floxed CAV1 mouse (deleted Neo/TK cassette).

Immunoblotting
For assessment of Cav-1 expression, octyl-β-​d-glucopyranoside 
(Millipore-Sigma; St. Louis, MO) was added at 60 mM final concen-
tration to radioimmunoprecipitation assay buffer (Thermo Fisher Sci-
entific, Waltham, MA) containing protease and phosphatase inhibitor 
cocktails (Roche, Basel, Switzerland). Protein concentration was de-
termined with a DC Protein Assay Kit (Bio-Rad, Hercules, CA). Pro-
teins were resolved by SDS–polyacrylamide gel electrophoresis and 
transferred to nitrocellulose membranes. Membranes were incubated 
in 5% bovine serum albumin (BSA) in a TBS-Tween blocking buffer 
for 1 hour at room temperature. Primary antibodies were allowed to 
bind overnight at 4°C and used at a dilution of 1:500 to 1:1000. Cav-1 
primary antibody (N-20) was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). S6 ribosomal protein, phospho-S6 ribosomal 
protein (Ser235/236), p70 S6 kinase, phospho-p70 S6 kinase (Thr389), 

phospho-AKT (T308), phospho-mTOR (Ser2448), mTOR, phospho-
4Ebp1 (Thr37/46), and GAPDH antibodies were purchased from Cell 
Signaling Technology (Danvers, MA). Anti-rabbit immunofluores-
cent secondary antibodies were purchased from LI-COR Biosciences 
(Lincoln, NE). After washing in TBS-Tween three times for 10 min 
each, the membranes were incubated with immunofluorescent sec-
ondary antibodies at a 1:5000 dilution for 1 hour at room tempera-
ture. Membranes were washed with TBS-Tween before imaging via 
LI-COR Odyssey CLx Imaging System (Lincoln, NE).

Immunofluorescence
Cells were plated on coverslips overnight. Two hours before fixation, 
cells were pulsed with 0.05% of HSA. To remove membrane-bound 
albumin, two acid/salt washes were performed with 0.1 M glycine 
and 0.1 M NaCl (pH 3.02) on ice for 2 min each, followed by two 
washes with PBS to remove membrane-bound albumin. Cells were 
then fixed with 4% paraformaldehyde for 10 min at room tempera-
ture and washed with PBS two times for 5 min each. Cells were in-
cubated in 1% Triton X-100 for 10 min to permeabilize, and then 
washed twice with PBS before blocking with 3% BSA in PBS over-
night at 4°C. In a humidified chamber, primary antibodies diluted 
1:50 in blocking buffer were added and incubated for 1 hour at 4°C, 
followed by three 10-min rinses with blocking buffer. A secondary 
antibody (conjugated to Alexa Fluor 488 or Alexa Flour 594, 
Invitrogen, Waltham, MA) was added along with DAPI for 1 hour 
at room temperature. Cells were then rinsed, and coverslips were 
mounted onto slides and then sealed. Cells were then imaged with a 
confocal microscope as previously described (64).

Cell proliferation using IncuCyte
Cells (500 to 2000 per well) were seeded in 96-well plates and treated 
according to schedule. Cell confluence as a measure of cell growth 
over time was monitored every 2 to 6 hours for up to 3 to 7 days us-
ing the IncuCyte Live-Cell Imaging System (Essen Biosciences).

Seahorse assay
Following procedures previously described in (67), OCR rates were 
measured with the Seahorse Biosciences Extracellular Flux Ana-
lyzer (XFe96). A total of 5 × 104 cells were seeded per well in nor-
mal growth media (RPMI 1640 with 10% FBS) and allowed to 
attach for 24 to 30 hours at 38.5°C and 8.5% CO2 before the study. 
Basal measurements were collected following 4 hours of incuba-
tion with either 10 or 1% FBS supplementation. SRC (maximal re-
spiratory capacity-basal respiration rate) and total reserve capacity 
were measured by injecting the mitochondrial uncoupler FCCP 
(1.5 μM) and Complex III inhibitor antimycin (20 μM) from the 
XF24 ports as indicated. The extracellular acidification rate was 
monitored using a Seahorse XF96 Flux Analyzer (Seahorse Biosci-
ence), according to the manufacturer’s instructions. Before the day 
of the assay [as previously described in (68)], the cartridge sensor 
was hydrated overnight with Seahorse Bioscience XF96 Calibra-
tion Buffer at 37°C without CO2. KPC and MP2 cells were seeded 
in a 96-well plate at a density of 1  ×  104 cells per well, and the 
growth medium was replaced with serum-free DMEM/F12 medi-
um lacking sodium bicarbonate. For assessment of the real-time 
glycolytic rate, an indicator of net proton loss during glycolysis, 
cells were incubated with unbuffered medium followed by a se-
quential injection of 10 mM glucose, 1 μM oligomycin (Agilent), 
and 80 mM 2-DG (Agilent).
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Metabolic profiling by LC/ESI-MS
The cells (1 × 106) were grown in six-well plates for direct extraction 
from each well. Fresh media were added to the cells 24 hours before 
metabolite extraction. The six-well plates were placed on ice and 
washed with ice-cold PBS (pH 7.4). Next, 400 μl of ice-cold HPLC-
grade methanol (Thermo Fisher Scientific, #A454-4) was added. 
Cells were scraped off the plate and transferred to a 1.5-ml Eppen-
dorf tube. For the separation of polar metabolites from nonpolar 
metabolites, 400 μl of HPLC-grade chloroform was added (Thermo 
Fisher Scientific, C607-4). The samples were vortexed every 5 min 
for 15 to 30 min. The top aqueous layer was then transferred to a 
new tube containing glycolytic intermediates. The contents of both 
the tubes were dried using a vacuum concentrator. The samples 
were stored at −80°C until analysis. MS measurements were per-
formed according to the methods described in the instrument doc-
umentation section. LC/ESI-MS analysis of the relative quantities of 
glycolytic intermediates was performed for KPC and KPC-​CAV1 
cells (69).

Statistical analysis
Fisher’s exact test was used to test differences in CNV frequency be-
tween resectable and metastatic patient groups. Log-rank tests were 
used to calculate P values in the Kaplan-Meier analysis. Wilcoxon 
mean rank sum tests were used for a two-group comparison of con-
tinuous variables. Gene set enrichment analysis was performed us-
ing two-tailed hypergeometric tests. Spearman’s correlation tests 
were used to correlate CAV1 expression versus other genes. All 
group comparison tests were two-tailed. All P values were subjected 
to Benjamini-Hochberg multiple test correction. All analyses were 
performed using R v3.6.3.

For cell and animal experiments, data are presented as means ± SEM 
for proliferation assays, mass spectrometry data, and tumor growth 
experiments. Group comparisons of the percentage change in tumor 
volume were performed at individual time points. Spearman’s rank 
correlation was used for correlation analysis. Kaplan-Meier survival 
analysis was performed. Statistical comparisons were made between 
the control and experimental conditions using the unpaired two-tailed 
Student’s t test, with significance assessed at P < 0.05. GraphPad Prism 
(GraphPad Software Inc.) was used for the statistical analyses.
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