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SUMMARY

Macropinocytosis has emerged as an important nutrient scavenging pathway that supports tumor 

cell fitness. By internalizing extracellular protein and targeting it for lysosomal degradation, this 

endocytic pathway functions as an amino acid supply route, permitting tumor cell growth and 

survival despite the nutrient-poor conditions of the tumor microenvironment. Here, we provide 

evidence that a subset of pancreatic ductal adenocarcinoma (PDAC) tumors are wired to integrate 

contextual metabolic inputs to regulate macropinocytosis, dialing-up or -down this uptake pathway 

depending on nutrient availability. We find that regional depletion of amino acids coincides with 

increased levels of macropinocytosis and that the scarcity of glutamine uniquely drives this 

process. Mechanistically, this stimulation of macropinocytosis depends on the nutrient stress-

induced potentiation of EGFR signaling that, through the activation of Pak1, controls the extent of 

macropinocytosis in these cells. These results provide a mechanistic understanding of how 

nutritional cues can control protein scavenging in PDAC tumors.
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eTOC Blurb

Macropinocytosis has emerged as an important protein scavenging pathway that supports tumor 

cell fitness in a variety of oncopathological settings. Lee et al. provide a mechanistic 

understanding of how nutritional status can modulate this endocytic pathway in PDAC tumors, 

showing that glutamine deprivation-induced potentiation of EGFR/Pak signaling regulates 

inducible macropinocytosis.

INTRODUCTION

A prevalent metabolic feature of PDAC cells is the acquisition of nutrients via 

macropinocytosis, an actin-dependent endocytic mechanism of fluid-phase uptake 

(Commisso et al., 2013; Davidson et al., 2017; Kamphorst et al., 2015; Palm et al., 2015; 

Recouvreux and Commisso, 2017). Macropinocytosis in these cancer cells drives the 

internalization of extracellular serum albumin, which is then degraded in a lysosome-

dependent fashion, releasing protein-derived amino acids that contribute to the intracellular 

amino acid pools, as well as to the biosynthesis of central carbon metabolites (Commisso et 

al., 2013). These protein-derived amino acids produced by the macropinocytosis pathway 

have the capacity to support cancer cell survival and proliferation under conditions where 

amino acids are limiting (Commisso et al., 2013; Kamphorst et al., 2015). Importantly, the 

pharmacological inhibition of macropinocytosis in vivo leads to the suppression of tumor 

growth (Commisso et al., 2013).

Assessments in human PDAC tumors reveal that tumor cells engage in macropinocytosis and 

that these tumors display deficiencies in amino acid levels relative to adjacent non-neoplastic 

tissue (Kamphorst et al., 2015). Direct measurement of protein catabolism in murine PDAC 

cells has demonstrated that amino acid deprivation can induce production of protein-derived 

amino acids (Nofal et al., 2017); however, it is unclear whether this occurs as a result of 
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increased macropinocytic induction or an enhanced capacity for lysosome-dependent protein 

degradation. Notably, the extent to which PDAC tumors display regional intratumoral amino 

acid deficiencies is unclear and how nutrient shortages might modulate macropinocytosis in 

tumors is unknown.

In this study, we demonstrate that PDAC tumors derived from human PDAC cells display 

regional amino acid depletion, with macropinocytic induction being most pronounced in 

tumor regions devoid of amino acids in a subset of tumors. We specifically attribute this 

macropinocytic enhancement to the deprivation of glutamine and define subsets of PDAC 

cells that display either glutamine depletion-dependent inducible macropinocytosis or 

glutamine-independent constitutive macropinocytic uptake. Mechanistically, we identify the 

potentiation of EGFR signaling as the driver of glutamine depletion-induced 

macropinocytosis and that EGFR ligands act to regulate macropinocytosis in a subset of 

PDAC cells through the activation of Pak1. These data provide important insights into the 

regulation of macropinocytosis in PDAC tumors.

RESULTS

Enhanced Macropinocytosis Coincides with Regional Amino Acid Deficiency in PDAC 
Tumors.

We and others have previously demonstrated that macropinocytosis is a prevalent feature of 

PDAC tumors and that amino acid production by this uptake pathway supports cancer cell 

growth and survival when nutrients are limiting (Commisso et al., 2013; Davidson et al., 

2017; Kamphorst et al., 2015; Palm et al., 2015; Yoshida et al., 2015). In human PDAC 

tumors, many nutrients, including non-essential amino acids (NEAAs), are depleted relative 

to adjacent non-neoplastic pancreatic tissue (Kamphorst et al., 2015), but it remains unclear 

whether the extent of macropinocytosis in these tumors can be modulated by local 

intratumoral nutritional status. To determine whether regional amino acid deficiencies might 

be regulating intratumoral levels of macropinocytosis, we measured the concentrations of 

various polar metabolites in PDAC tissues originating from non-peripheral or peripheral 

regions of xenograft tumors. In tumors derived from either AsPC-1 or HPAF-II human 

PDAC cells, we found that the levels of many amino acids were appreciably lower in the 

non-peripheral regions relative to the periphery (Figures 1A and 1B). NEAAs, including 

asparagine, aspartate, glutamate, glutamine and serine, were the most significantly depleted 

amino acids in the non-peripheral regions (Figures 1C, 1D, S1A and S1B). To elucidate 

whether these regional amino acid deficiencies coincided with different levels of 

macropinocytosis, we assessed macropinocytic uptake in distinct intratumoral regions by 

microscopically demarcating the tumor periphery from the non-peripheral regions closer to 

the tumor core (Figure S1C). Interestingly, we found significantly higher levels of 

macropinocytosis in the non-peripheral areas of the tumor relative to the tumor periphery, as 

measured via the internalization of TMR-dextran, an established marker of macropinosomes 

(Figures 1E–1H and S1C). Together, these data indicate that the regional depletion of amino 

acids within PDAC tumors coincides with enhanced macropinocytic capacity.
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Glutamine Depletion Specifically Stimulates Macropinocytosis in a Subset of PDAC Cells.

PDAC cancer cells are exquisitely sensitive to glutamine depletion, as they utilize glutamine 

as a major carbon and nitrogen source for their growth and glutamine is the most depleted 

amino acid in human PDAC tumors (Biancur et al., 2017; Cluntun et al., 2017; Hensley et 

al., 2013; Hosios et al., 2016; Hui et al., 2017; Kamphorst et al., 2015; Son et al., 2013); 

therefore, we tested the idea that glutamine deprivation could be mediating the observed 

enhancing effects on macropinocytosis. To determine whether starvation of glutamine has 

the ability to induce macropinocytosis, we treated human PDAC cells in vitro with media 

containing or devoid of glutamine. We found that cells starved of glutamine displayed 

increased levels of macropinocytosis relative to nutrient-replete control conditions (Figure 

2A). Importantly, the observed stimulatory effects on uptake by glutamine starvation were 

independent of NEAAs, as the presence or absence of NEAAs failed to modulate 

macropinocytosis (Figure 2A). Dose-response assays indicated that macropinocytic 

induction was significantly stimulated by a range of sub-physiological glutamine 

concentrations (Figure S2A).

To further explore the idea that the induction of macropinocytosis in response to nutrient 

scarcity might be specific to glutamine, we deprived PDAC cells of other nutrients and 

assessed the extent of uptake. In tumor cells, cystine through its conversion to cysteine, is 

critical to glutathione generation and recently, it was reported that glutamine dependence 

could be influenced by cystine levels via the cystine/glutamate antiporter (Muir et al., 2017). 

We found that depletion of cystine did not stimulate macropinocytosis, nor did cystine 

starvation modulate the ability of glutamine to control uptake (Figure S2B). Also, although 

leucine regulates cancer cell proliferation through its ability to activate mTORC1 and 

glutamine is used to import leucine via the SLC7A5 antiporter (Hara et al., 1998; Nicklin et 

al., 2009; Sancak et al., 2008), leucine starvation did not recapitulate the effects of glutamine 

deprivation on macropinocytosis (Figure S2C). Lastly, in addition to glutamine, glucose is a 

critical nutrient for cancer cells, but glucose starvation failed to appreciably induce 

macropinocytosis in PDAC cells (Figure S2D), further supporting the notion that the 

induction of macropinocytosis in response to nutrient deprivation is glutamine-specific.

To evaluate whether the stimulation of macropinocytosis by glutamine depletion is a general 

phenomenon occurring in PDAC cancer cells, we analyzed macropinocytic uptake in a panel 

of cell lines. We found that in cell lines that exhibited high levels of basal macropinocytosis, 

starvation of glutamine had little to no effect on macropinocytic activity, indicating that 

uptake in these cells is largely glutamine-independent and constitutive (Figures 2B–2D). In 

contrast, in cell lines that displayed low levels of basal macropinocytosis, glutamine 

deprivation strongly enhanced uptake, showing that macropinocytosis in these PDAC cells is 

inducible (Figures 2B–2D and S2E). To understand whether the observed effects on 

macropinocytosis were linked to glutamine metabolism, we treated PDAC cells with 6-

diazo-5-oxo-L-norleucine (DON), a glutamine analogue that acts as a glutamine antagonist, 

broadly inhibiting glutamine-utilizing enzymes. In the presence of glutamine, DON 

treatment selectively caused a dramatic enhancement of macropinocytosis only in the 

inducible cells (Figures 2E, 2F, S2F and S2G). Consistent with the notion that constitutive 

macropinocytosis is independent of glutamine, we did not observe regional differences in 
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macropinocytic uptake in xenograft tumors derived from MIA PaCa-2 cells, despite the fact 

that the tumors displayed depletion of glutamine and other NEAAs in non-peripheral regions 

(Figures S2H and S2I).

In cancer cells, glutamine contributes carbon to fuel the tricarboxylic acid (TCA) cycle via 

its conversion to glutamate, which is further converted to α-ketoglutarate (α-KG). To 

ascertain whether metabolites downstream of glutamine catabolism could reverse the 

macropinocytic response to glutamine starvation, we cultured inducible PDAC cells in 

glutamine-free media supplemented with cell-permeable forms of either glutamate or α-KG. 

Either exogenous glutamate or α-KG had the ability to rescue the elevated levels of 

macropinocytic uptake in response to limiting glutamine (Figures 2G, 2H, S2J and S2K). 

Moreover, administration of epigallocatechin gallate (EGCG), an inhibitor of glutamate 

dehydrogenase, under nutrient-replete conditions enhanced macropinocytosis (Figures S2L 

and S2M). Collectively, these data indicate that glutamine depletion regulates the degree of 

macropinocytosis in a subset of PDAC cells, and that this enhancement can be suppressed by 

glutaminolytic metabolites.

Glutamine Starvation Enhances Macropinocytosis through Potentiation of EGFR Signaling.

To gain a broad perspective on the impact of glutamine deprivation on the PDAC 

transcriptome and to pinpoint the mechanism driving macropinocytosis in response to 

nutrient stress, we performed RNA-Seq analyses in two inducible PDAC cell lines that were 

deprived of glutamine for 12 hours. There were 1,003 and 1,251 genes up- and down-

regulated, respectively, in AsPC1 cells and 404 and 398 genes up- and down-regulated, 

respectively, in HPAF-II cells (Figure 3A, Tables S1 and S2). Gene set enrichment analysis 

(GSEA) revealed that EGF-induced genes were significantly upregulated in response to 

glutamine starvation (Figure 3B and Table S3). In accordance with this finding, several of 

the seven EGFR ligands were upregulated across multiple inducible PDAC cell lines upon 

glutamine withdrawal and induction of these ligands in response to glutamine deprivation 

was suppressed by the addition of exogenous glutamate or α-KG (Figures 3C, 3D and S3A–

S3C). Because EGFR signaling plays an important role in stimulating macropinocytosis in 

other biological contexts (Brunk et al., 1976; West et al., 1989), we further explored the 

possibility that EGFR activation was driving macropinocytosis upon glutamine depletion. 

Indeed, we determined that EGFR was substantially activated in response to glutamine 

starvation, as measured by the extent of EGFR phosphorylation and the activation of 

downstream effector pathways, such as Erk and Akt, which were suppressed by EGFR 

inhibition (Figures 3E and S3D–S3F). Attenuation of EGFR signaling by either 

pharmacological inhibition or knockdown of EGFR resulted in the abrogation of glutamine 

depletion-induced macropinocytosis (Figures 3F–3J, S3G and S3H). Furthermore, EGFR 

ligands had the capacity to stimulate macropinocytosis in nutrient-replete media, with HB-

EGF having the most profound effect on uptake and displaying significantly elevated 

expression levels in non-peripheral tumor regions relative to the periphery (Figures S3I and 

S3J). Similar to the findings we previously reported in PDAC cells with constitutive 

macropinocytosis (Commisso et al., 2013), inducible macropinocytosis drives the uptake and 

degradation of extracellular serum albumin, conferring a viability advantage to the cells 

when glutamine is limiting (Figures 3K and S3K). Importantly, EGFR knockdown in this 
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context suppressed the viability advantage provided by serum albumin supplementation 

(Figure 3K). Altogether, these data indicate that in PDAC cells with inducible 

macropinocytosis, EGFR activation in response to glutamine depletion drives increased 

uptake to support PDAC cell survival when there is a paucity of nutrients.

EGFR Signaling Driven by Glutamine Deprivation Stimulates Macropinocytosis Through 
Pak1.

EGFR signaling has the ability to boost macropinocytic capacity by modulating membrane 

ruffling and cytoskeletal dynamics through p21-activated kinase (Pak1) (Amstutz et al., 

2008; Redelman-Sidi et al., 2013; Walsh and Bar-Sagi, 2001); therefore, we next 

investigated whether metabolic stress caused by glutamine deprivation has the capacity to 

activate Pak1. In PDAC cells with inducible macropinocytosis, we observed a marked 

increase in phosphorylated Pak1 in response to glutamine starvation, which was attenuated 

by EGFR inhibition (Figures 4A, 4B, S4A and S4B). In accordance with our finding that 

glutaminolytic metabolites rescue inducible macropinocytosis, supplementation of the media 

with cell-permeable glutamate or a-KG suppressed glutamine depletion-induced Pak1 

activation (Figures S4C–S4F). To elucidate whether the observed increase in Pak1 activation 

has the ability to regulate nutrient stress-induced macropinocytosis, we starved PDAC cells 

of glutamine, treated with FRAX597, an inhibitor of Pak1, and assessed macropinocytic 

uptake. FRAX597 strongly attenuated inducible uptake when glutamine was limiting 

(Figures 4C, 4D and S4G–S4I). Although glutamine starvation induced the activation of 

other EGFR effector pathways, such as Akt and Erk (Figures S3E and S3F), inhibitors for 

these pathways failed to abrogate macropinocytosis (Figures S4J–S4N). PI3K signaling 

plays a well-documented role in macropinosome formation (Araki et al., 1996; Swanson, 

2008; Yoshida et al., 2018) and in line with previous reports, PI3K inhibition blocked 

inducible macropinocytosis (Figures S4J–S4N).

To examine the role of EGFR in inducible macropinocytosis in vivo, we treated tumor-

bearing mice with erlotinib and assessed uptake. Consistent with a role for amino acid 

depletion in EGFR activation, control tumors derived from AsPC-1 cells displayed increased 

levels of activated p-EGFR in the non-peripheral regions of the tumor relative to the 

periphery, while total EGFR levels were similar across the tumor (Figure 4E). As expected, 

EGFR activation was ablated by erlotinib treatment, as indicated by the reduction in p-

EGFR staining (Figure 4E). Importantly, examination of macropinocytosis in these tumors 

revealed that erlotinib treatment significantly attenuated the uptake that is normally observed 

in the non-peripheral tumor regions (Figures 4F and 4G). Consistent with a role for Pak1 in 

the regulation of inducible macropinocytosis, we observed elevated levels of activated p-

Pak1 selectively in the tumor non-periphery (Figures 4H, S4O and S4P). This heightening of 

p-Pak1 staining was diminished in erlotinib-treated tumors (Figures 4H and S4O). Total 

Pak1 expression was not appreciably altered by erlotinib treatment and did not vary in 

different regions of the tumors (Figure S4Q). Altogether, these data demonstrate that 

activation of EGFR and Pak1 coincide with regional amino acid deficiencies within PDAC 

tumors and that EGFR inhibition suppresses both Pak1 activation and inducible 

macropinocytosis in vivo.
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EGFR/Pak1 Signaling Regulates Inducible, But Not Constitutive Macropinocytosis.

Constitutive macropinocytosis occurs independent of glutamine availability; therefore, we 

evaluated whether such uptake also transpires independent of EGFR or Pak1 signaling. 

Interestingly, EGFR inhibition did not block constitutive macropinocytosis (Figures 5A and 

5B). Additionally, consistent with a selective role for EGFR in inducible uptake, EGF 

stimulation had the capacity to induce macropinocytosis under nutrient-replete conditions in 

inducible PDAC cells, but not in constitutive cells (Figures 5C and 5D). Similarly, Pak1 

inhibition with FRAX597 did not attenuate constitutive macropinocytosis (Figures 5E and 

5F). Our previous findings reported that constitutive macropinocytosis is dependent on 

KRAS expression (Commisso et al., 2013). To investigate whether inducible 

macropinocytosis similarly involves KRAS, we performed knockdown experiments and 

evaluated uptake upon glutamine depletion. KRAS knockdown led to the suppression of 

inducible macropinocytosis and a reduction in Pak1 activation (Figures S5A–S5D). These 

data suggest that while both constitutive and inducible macropinocytosis require KRAS, 

PDAC cells with constitutive uptake might be independent of EGFR/Pak activity due to an 

inability to initiate or potentiate a growth factor-mediated signal.

To investigate the dynamics of EGFR signaling in the inducible versus constitutive setting, 

we treated PDAC cells with EGF and assessed pathway readouts at different time points. 

EGF stimulation had the capacity to increase the p-EGFR/EGFR ratio in all PDAC cells 

evaluated; however, EGFR activation in the cells with inducible macropinocytosis was 

sustained, while in the constitutive cells, EGFR activation dissipated rapidly (Figures 5G, 

5H, S5E and S5F). Notably, the dynamics of activation of the EGFR effector Erk were 

consistent with these observations (Figures 5G, 5H, S5E and S5F). Interestingly, EGF-

stimulated Pak activation was highest in inducible PDAC cells and these inducible cells had 

substantially higher levels of total Pak1 (Figures 5G, 5H and S5E–S5G). To investigate 

signaling in the context of glutamine depletion and to assess responsiveness to EGFR 

inhibition, we starved inducible and constitutive PDAC cells of glutamine and treated with 

erlotinib. In response to glutamine deprivation, EGFR activation was only detected in the 

inducible cell lines (Figures 5I and 5J). Erlotinib treatment suppressed glutamine-regulated 

EGFR activation in the inducible PDAC cells to below baseline, but in the constitutive cells 

p-EGFR levels were suppressed to a lesser extent (Figures 5I and 5J). It should be noted that 

increases in Erk and Pak activation upon glutamine depletion in the constitutive PDAC cells 

were not dependent on EGFR (Figures S5H and S5I). Altogether, these data indicate that 

EGFR/Pak signaling is selectively involved in orchestrating glutamine depletion-induced 

macropinocytosis, and that EGFR signaling dynamics vary between inducible and 

constitutive PDAC cells.

DISCUSSION

Our work demonstrates that the extent of macropinocytosis within PDAC tumors can be 

controlled by nutrient availability. Indeed, there is a recent appreciation for the range of 

metabolic heterogeneity that occurs within a tumor, both from the perspective of nutrient 

abundance and how tumor cells rewire to adapt to these regional nutrient variances (Hensley 

et al., 2016; Vander Heiden and DeBerardinis, 2017). Overall, our data reveal that when 
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confronted with glutamine deficiency, a subset of PDAC cells have the ability to initiate 

macropinocytosis through the potentiation of EGFR/Pak signaling in order to compensate 

for the nutrient-poor conditions of the tumor microenvironment.

Our findings point to a critical role for glutamine in the modulation of macropinocytosis. 

The observed boost in macropinocytic capacity in response to glutamine deprivation was 

rescued by cell-permeable variants of both glutamate and α-KG. Mechanistically, we 

showed that supplementation with these glutaminolytic metabolites suppresses the 

transcriptional upregulation of the EGFR ligands upon glutamine withdrawal. We also 

demonstrated that inhibition of glutamate dehydrogenase, which is responsible for α-KG 

production, stimulates macropinocytosis. Altogether, these data suggest that the role of 

glutamine in replenishing TCA cycle intermediates, called anaplerosis, might be driving the 

observed macropinocytic induction. How the starved cells sense the diminishment of 

glutamine and how downstream glutaminolytic metabolites regulate EGFR ligand 

transcription remain an important area for further exploration. The mechanistic 

underpinnings that link nutrient availability and the EGFR pathway are unclear, but there are 

some examples of amino acid sensing pathways regulating EGFR ligands at the level of 

transcription. Gcn2 is a serine/threonine-protein kinase that detects amino acid scarcity by 

binding to uncharged tRNAs and controls cellular adaptations to nutrient deprivation through 

the phosphorylation of eIF2α. Activation of eIF2α leads to the preferential translation of 

ATF4, a master regulator of stress responses. Via overexpression studies, AREG was 

identified as an ATF4-responsive gene in human hepatoma cells (Maruyama et al., 2016). 

Interestingly, although AREG expression was also induced by ER stress, induction in this 

context was not dependent on ATF4 (Maruyama et al., 2016). mTORC1 is the hub of a 

complex signaling network that broadly regulates cell growth and metabolism through 

environmental cues stemming from growth factors and nutrients. The TSC1-TSC2 complex 

is a critical negative regulator of mTORC1 activity and there is evidence suggesting that 

TSC2 localizes to the nucleus and functions as a transcription factor (Pradhan et al., 2014). 

In TSC2 overexpressing cells, EREG was found to be the most downregulated gene and 

TSC2 was found to bind to the EREG promoter to negatively regulate expression. How the 

transcriptional activities of TSC2 relate to its function in suppressing mTORC1 activity 

remains to be elucidated. Further interrogation into the upstream amino acid sensing 

pathways that orchestrate the EGFR response leading to inducible macropinocytosis in 

PDAC is an important avenue for future research.

We demonstrate that a subset of PDAC cell lines exhibit nutrient-independent constitutive 

macropinocytosis, while another subset upregulates macropinocytosis in response to 

glutamine deprivation, defining a new, inducible form of this uptake pathway. We show that 

like its constitutive counterpart, inducible macropinocytosis is KRAS-dependent and 

functions to catabolize extracellular protein, supporting PDAC cell viability under 

conditions of nutrient limitation. Our work defines the ability to potentiate EGFR signaling 

as a differentiating factor between constitutive and inducible cell lines, but what genetic or 

phenotypic characteristics drive the dissimilarity between the macropinocytosis subclasses is 

uncertain. Collisson et al. defined three subtypes of PDAC based on transcriptional profiling 

and characterized their responses to erlotinib treatment (Collisson et al., 2011). The three 

subtypes that were defined are classical, quasimesenchymal and exocrine-like. For the 
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various subtypes, KRAS-dependency was scrutinized, together with sensitivity to erlotinib. 

Several of the PDAC cell lines utilized in our study were also used in Collisson et al. 
(HPAF-II, CFPAC-1, SW1990, Panc-1 and MIA PaCa-2) and based on their analyses, there 

is no correlation between our “constitutive” and “inducible” macropinocytosis classifications 

and any of these PDAC subtypes nor with KRAS-dependency or erlotinib sensitivity. 

Whether our macropinocytosis classes overlap with other, more recently described PDAC 

subtypes remains to be determined (Daemen et al., 2015; Moffitt et al., 2015). Additionally, 

all the PDAC cell lines we interrogated in our study are known to harbor oncogenic KRAS 
mutations, but no clear correlation exists between the mode of macropinocytosis and KRAS 
mutational status. Further research is required to assess the mechanisms underlying why 

some PDAC cells are responsive to glutamine to propel their macropinocytosis whereas 

others are not.

In PDAC cancer cells with inducible macropinocytosis, we delineate how EGFR signaling 

acts through Pak to instigate macropinocytic induction in response to glutamine starvation. 

Relative to cells with constitutive macropinocytosis, we find that inducible cells display 

much higher levels of total Pak1 and that Pak activation in response to EGF stimulation was 

highest in inducible cells. These findings raise the possibility that total Pak protein 

expression levels or the extent of Pak activation could represent a molecular marker 

associated with macropinocytic phenotypes. Moreover, the low Pak expression levels 

detected in the constitutive cell lines might serve as a predictive indicator that EGFR 

inhibition would fail to suppress macropinocytosis. These observations could have 

implications to patient selection strategies in the clinical treatment of PDAC. EGFR 

signaling has been previously shown to play an important role in the development of PDAC 

(Ardito et al., 2012; Navas et al., 2012), and although EGFR inhibitors have only been of 

marginal clinical benefit, improving patient selection strategies and/or targeting sensitization 

or resistance mechanisms in PDAC may still hold some promise (Chiramel et al., 2017; Hao 

et al., 2016; Ioannou et al., 2016; Jang et al., 2017; Mathew et al., 2015). Interestingly, Pak 

inhibitors have been shown to synergize with chemotherapy in mouse models of PDAC and 

our findings suggest that an added benefit to Pak-targeting therapies, at least in a subset of 

tumors, could be the inhibition of macropinocytosis (Jagadeeshan et al., 2016; Radu et al., 

2014; Yeo et al., 2016). Overall, our data underscore the idea that it would be beneficial to 

consider tumor heterogeneity as we develop approaches to therapeutically target 

macropinocytosis in cancer, and since macropinocytosis has been implicated in a plethora of 

oncological malignancies (Commisso, 2019; Kim et al., 2018; Seguin et al., 2017), 

examining the molecular nuances of this nutrient uptake mechanism has the potential to 

impact PDAC and many other cancers.

STAR METHODS

Contact for reagent and resource sharing

Further information and requests for resources and reagents may be directed to and will be 

fulfilled by the Lead Contact, Cosimo Commisso (ccommisso@sbpdiscovery.org).
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Experimental model and subject details

Cells—All cell lines were obtained from American Type Culture Collection (ATCC), 

maintained in 100 units/mL penicillin/streptomycin under 5% CO2 at 37°C and routinely 

tested for mycoplasma contamination using ABM’s PCR Mycoplasma Detection Kit. Cells 

were cultured in the following media: AsPC-1 (female) and HPAF-II (male) in RPMI 

(Corning) supplemented with 10% fetal bovine serum (FBS) and 1 mM sodium pyruvate; 

SW1990 (male), MIA PaCa-2 (MP-2; male) and Panc-1 (male) in DMEM (Corning) with 

10% FBS; CFPAC-1 (male) in IMDM (Sigma) with 10% FBS. All cell lines in this study 

have been authenticated via short tandem repeat fingerprinting.

Mice—Female nude mice (Foxn1nu/Foxn1nu) between 6 and 8 weeks of age were purchased 

from Taconic or Jackson Lab. Female nude mice were used in the xenograft experiments due 

to their lower aggressiveness relative to that of male nude mice. All animals were housed in 

sterile caging and maintained under pathogen-free conditions. All animal handling and 

experimental procedures conformed to institutional guidelines and were approved by the 

SBP Medical Discovery Institute Institutional Animal Care and Use Committee.

Method details

Nutrient Deprivation—All nutrient deprivation experiments were performed in the 

absence of serum for 24 hours, unless otherwise indicated. Cells were plated in complete 

culture media, which was exchanged with nutrient-deprived media (described below) 1–3 

days after cell seeding. Nutrient-deprived media was not changed throughout the course of 

the experiments, unless otherwise indicated. For non-essential amino acid deprivation 

experiments, MEM medium without glutamine (Sigma) was used, and 1X MEM non-

essential amino acids (Sigma) and/or 4 mM glutamine (Corning) were added for the 

corresponding controls. For cystine deprivation experiments, DMEM medium without 

methionine, cystine and glutamine (Sigma) was used, and 0.030 g/L methionine (Sigma), 

0.063 g/L cystine (Sigma) and/or 4 mM glutamine were added for the corresponding 

controls. For glutamine deprivation experiments, glutamine-free RPMI (Corning), 

glutamine-free DMEM (Corning) or glutamine-free IMDM (Sigma) was used. For leucine 

deprivation experiments, leucine-free RPMI (Crystalgen) or leucine-free DMEM 

(Crystalgen) was used. For glucose deprivation experiments, glucose-free RPMI 

(Crystalgen) or glucose-free DMEM (Corning) was used. In Figures S3D, S4A and S4B, 

SW1990 cells were starved of glutamine in the presence of dialyzed FBS for 24 hours (S4A 

and S4B) or 48 hours (S3D).

Chemical Treatments—Treatment with 6-diazo-5-oxo-L-norleucine (DON) (2 mM), 

dimethyl α-ketoglutarate (DM-α-KG) (7 mM), dimethyl DL-glutamate (DM-Glu) (15 mM), 

epigallocatechin gallate (EGCG) (5 μM or 10 μM) was done for 24 hours under glutamine-

replete or glutamine-free conditions. Treatment with erlotinib (25 μM, unless otherwise 

indicated) or FRAX597 (1 μM) was done for 2 hours by directly adding to the media. 

Treatment with EGF, HB-EGF, EREG or AREG was done by adding directly to the media.

In vitro Macropinocytosis Assay—Cells were plated onto glass coverslips for 2–3 days 

and then subjected to serum starvation with or without nutrient deprivation for 24 hours. 
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Macropinosomes were assayed as previously described and as outlined below (Commisso et 

al., 2014; Galenkamp et al., 2019). 70-kDa FITC-dextran or TMR-dextran (Thermo Fisher 

Scientific) were added directly to the culture media at a final concentration of 1 mg/mL with 

no medium replacement. After incubation for 30 minutes at 37°C, cells were rinsed five 

times on ice with ice-cold PBS and then fixed in 3.7% formaldehyde. Following DAPI 

staining for nuclei, coverslips were mounted onto glass slides using Dako mounting medium 

(Agilent Tech). Images were captured at 40X magnification using the EVOS FL Cell 

Imaging System (Thermo Fisher Scientific) and analyzed using ImageJ software (NIH). The 

‘Smooth’ feature in ImageJ was employed after background subtraction and before threshold 

adjustments. The number of labeled macropinosomes was determined using the ‘Analyze 

Particles’ feature in ImageJ, and the macropinocytic (MP) index was computed by the total 

particle area per cell.

Immunoblotting—Cells were lysed in RIPA buffer (10mM Tris-HCl [pH 8.0], 150mM 

NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100) with protease and 

phosphatase inhibitors (Roche). Protein concentrations were measured using the DC Protein 

Assay Kit (Bio-Rad). SDS–PAGE and protein transfer were performed using Mini Gel Tank 

and Mini Blot Module (Life Technologies). Immunoblotting was detected using near-

infrared fluorescence (LI-COR) and the Odyssey CLx imager (LI-COR). Quantitative 

analysis of immunoblots was performed using Image Studio Lite software (LI-COR). The 

following primary antibodies were used: EREG (1:1000) [Cell Signaling Technologies 

(CST), 12048], HB-EGF (1:10000) (Abcam, ab185555), p-EGFR (Y1068) (1:1000) (CST, 

3777), EGFR (1:1000) (CST, 4267), p-PAK1 (S199/204)/p-PAK2 (S192/197) (1:500) (CST, 

2605), PAK1 (1:300) (Santa Cruz, sc-882), p-Erk1/2 (T202/Y204) (1:2000) (CST, 4370), 

Erk1/2 (1:1000) (CST, 4695), p-Akt (S473) (1:1500) (CST, 4060), pan-Akt (1:1000) (CST, 

4691), α-tubulin (1:10000) (Sigma, T6074), and β-actin (1:20000) (Sigma, A1978). To 

analyze phosphorylation of proteins, membranes were probed with phospho-specific 

antibodies first, stripped with NewBlot IR Stripping Buffer (LI-COR) and then reprobed 

with pan antibodies.

RNA-Seq and qRT–PCR—Total RNA was isolated from cells using the PureLink RNA 

Mini Kit (Thermo Fisher Scientific). RNA-Seq was performed by the Sanford Burnham 

Prebys Genomics Core. Poly(A) RNA was isolated using the NEBNext Poly(A) mRNA 

Magnetic Isolation Module (NEB) and barcoded libraries were made using the NEBNext 

Ultra II Directional RNA Library Prep Kit for Illumina (NEB). Libraries were pooled and 

single-end sequenced (1x75 bp) on the Illumina NextSeq 500 using the High-Output V2 Kit 

(Illumina). Read data was processed in BaseSpace, and reads were aligned to Homo sapiens 

genome (hg19) using STAR aligner with default settings. Differential transcript expression 

was determined using the Cufflinks Cuffdiff package. For quantitative real-time PCR (qRT–

PCR), cDNA was synthesized from total RNA using the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific). cDNA samples were then subjected to real-

time PCR quantification in triplicate with SYBR Premix Ex Taq II master mix (Takara) on 

the LightCycler 96 Instrument (Roche). The primer sequences (human) used for qRT–PCR 

are listed in the Key Resources Table.
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siRNA Transfection—Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher 

Scientific) was used with a final siRNA concentration of 25 nM according to the 

manufacturer’s protocol. 24 hours after the second transfection, the transfected cells were 

trypsinized and plated for experiments. The negative control siRNA and siRNAs targeting 

EGFR and KRAS are listed in the Key Resources Table.

Cell Viability Assays—Cells were seeded in complete culture media at a density of 

10,000–15,000 cells per well in a 96-well plate. 24–48 hours after seeding, cells were rinsed 

once with PBS and incubated in glutamine-free RPMI without or with supplemented with 

3% fatty acid-free, nuclease- and protease-free BSA (Millipore) in the presence of 10% 

dialyzed FBS. The media was refreshed every other day. Relative viable cell counts were 

determined by the MTT assay.

Tumor Xenograft Studies—One or two million cells resuspended in 50% Matrigel 

(Corning) were injected subcutaneously into the flanks of female nude mice (Taconic or 

Jackson Lab), aged 6–8 weeks. Tumors were isolated when attained a volume of 500–800 

mm3 and portions of the tumor tissue were used for subsequent analyses. For detection and 

quantitative analysis of macropinocytosis in tumors, the ex vivo labeling method was 

employed in freshly isolated tumor tissue. The procedures of ex vivo labeling of 

macropinosomes in tumor specimens were performed as previously described and as 

outlined below (Kamphorst et al., 2015; Lee et al., 2019). Freshly cut cross-section slices of 

tumors were subjected to multiple-site injection and subsequent immersion with 2 mg of 10-

kDa TMR-dextran (Thermo Fisher Scientific) in a volume of 400 μL, ensuring equal 

exposure of the fluorescently-labeled dextran molecules across the different regions of the 

tumor. After incubation for 15 minutes at room temperature, the tumor sections were rinsed 

three times in PBS and rapidly frozen in Tissue-Tek O.C.T. Compound. To detect and 

quantify macropinosomes in tumors, the frozen tumor samples were processed and 

macropinocytosis was quantified as previously described and as outlined below (Commisso 

et al., 2014; Lee et al., 2019). Frozen tumor sections were subjected to immunofluorescence 

staining with anti-CK8 without permeabilization. Frozen sections of tumor tissue on glass 

slides were rinsed in PBS prior to fixation to minimize trapped dextran within the tissue and 

reduce nonspecific background caused by the fluorescent dextran. CK8-positive tumor cells 

that abutted the xenograft sheath cells (CK8-negative) surrounding the tumor were defined 

as peripheral for microscopic analysis as shown in Figure S1C. Images were captured at 40X 

magnification using the EVOS FL Cell Imaging System (Thermo Fisher Scientific) for the 

‘peripheral’ and ‘non-peripheral’ regions and analyzed using ImageJ software (NIH). The 

total area of macropinosomes was determined as aforementioned and the macropinocytic 

(MP) index was calculated by dividing the total area of macropinosomes with the total area 

of tumor which is determined by CK8 expression. For metabolite extraction, pieces of tumor 

tissues from peripheral or non-peripheral regions were freshly cut and snap-frozen in liquid 

nitrogen. For erlotinib treatment, once xenograft tumors grew to a volume of 500–800 mm3, 

the mice were randomly divided into two groups. One group received erlotinib treatment 

(daily, 50 mg/kg) by oral gavage for 5 days, and the other group received treatment with 

vehicle control (PBS with 0.5% methylcellulose and 0.1% Tween 80) (Ardito et al., 2012). 
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On the last day of treatment, the tumors were collected for subsequent experiments as 

described above.

Metabolite Extraction and GC–MS—Tumor samples (15–30 mg) were transferred to 2-

mL round-bottom tubes (Qiagen) with the addition of 5-mm stainless steel beads (Qiagen) 

and ice-cold 50% methanol/ 20 μM L-norvaline in a volume of 450 μL. Tubes were shaken 

at the maximum speed for 2 minutes using the Tissuelyser (Qiagen), vortexed, and placed on 

dry ice for 30 minutes. After thawing on ice, samples were centrifuged at 15,000 xg for 10 

minutes at 4°C. The supernatant was then transferred to a new tube, mixed (vortexed) with 

chloroform (220 μL), and centrifuged at 15,000 xg for 15 minutes at 4°C. The top layer was 

dried using a Speedvac, derivatized and analyzed using gas chromatography–mass 

spectrometry (GC–MS) to quantify small polar metabolites as previously described 

(Ratnikov et al., 2015).

Immunofluorescence—Frozen sections of xenograft tumors on glass slides or cells 

seeded on glass coverslips were fixed in 4% paraformaldehyde for 15 minutes and then 

permeabilized with 0.2% Triton X-100 for 10–15 minutes at room temperature. Non-specific 

signals were blocked using 2% BSA and 5% goat serum in PBS. The following primary 

antibodies were used: p-PAK1 (Ser144)/p-PAK2 (Ser141) (1:100) (CST, 2606), PAK1 (1:50) 

(Santa Cruz, sc-882), and CK8 (1:1000) (DSHB, TROMA-I). After overnight incubation 

with primary antibodies at 4°C, the tumor samples or the cells were washed and incubated 

with fluorescence-conjugated secondary antibodies (Thermo Fisher Scientific) and DAPI 

(Millipore). The slides or the coverslips were then washed and mounted with Dako 

mounting medium. Images were captured using the EVOS FL Cell Imaging System 

(Thermo Fisher Scientific). To visualize macropinosomes labeled by TMR-dextran in tumor 

tissues, frozen tumor specimens were immunostained with anti-CK8 without 

permeabilization.

Immunohistochemistry—Xenograft tumors were fixed in 10% formalin and embedded 

in paraffin in accordance with standard procedures. Sections of paraffin-embedded xenograft 

tumors on glass slides were deparaffinized and rehydrated, and heat-induced antigen 

retrieval was done in Tris-EDTA buffer (10 mM Tris base, 1 mM EDTA, 0.05% Tween 20, 

pH 9.0) using a microwave. Tissue/cells were then permeabilized with 0.2% Tween 20 in 

PBS for 10 minutes and blocked with 1.5% BSA and 10% goat serum in TBS for 1 hour at 

room temperature. Primary antibody incubation was performed at 4°C overnight in 1.5% 

BSA/TBS-T (0.1% Tween 20). The following primary antibodies were used: p-EGFR 

(Y1068) (1:100) (CST, 3777) and EGFR (1:100) (CST, 4267). Afterwards, sections were 

washed with TBS-T three times, and the endogenous peroxidase activity was quenched by 

incubation with 3% hydrogen peroxide in TBS for 10 minutes. After washed, sections were 

incubated with biotinylated goat anti-rabbit secondary antibody (Vector Labs, BA-1000) for 

2 hours in 1.5% BSA/TBS-T at room temperature. Then detection was done using the 

VECTASTAIN Elite ABC HRP Kit (Vector Labs) and the DAB HRP Substrate Kit (Vector 

Labs). For nuclear counterstaining, sections were stained with hematoxylin. Following 

dehydration, the slides were mounted with coverslips and Permount mounting medium 
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(Fisher Scientific). Images were captured using a brightfield microscope installed with 

INFINITY camera (Lumenera).

Quantification and statistical analysis

All graphs were made using GraphPad Prism software (GraphPad). At least three 

independent experiments were performed in all cases, unless otherwise indicated. Results 

are shown as means; error bars represent standard error of the mean (s.e.m.) except for qRT–

PCR experiments where data are presented as mean ± standard deviation (s.d.). All statistical 

significance was determined by the unpaired two-tailed Student’s t-test, and p values less 

than 0.05 were considered statistically significant (*p<0.05, **p<0.01, ***p<0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Enhanced macropinocytosis coincides with amino acid deficiency in PDAC 

tumors

• Glutamine depletion specifically induces macropinocytosis in a subset of 

PDAC cells

• Glutamine starvation enhances macropinocytosis via activation of EGFR/Pak 

signaling

• EGFR/Pak signaling regulates inducible, but not constitutive 

macropinocytosis
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Figure 1. Regional deficiency of amino acids coincides with enhanced macropinocytic capacity in 
PDAC tumors.
(A, B) Intratumoral amino acid levels in the non-peripheral regions relative to the periphery 

of xenograft tumors derived from AsPC-1 (n=9 tumors) or HPAF-II (n=7 tumors) cells. Data 

are expressed as box-and-whiskers plots. Horizontal lines represent median; boxes range 

from the 25th to 75th percentiles; vertical lines extend down to the 10th percentile and up to 

the 90th percentiles. NEAA, non-essential amino acids. EAA, essential amino acids.

(C, D) Heatmap profiles for intratumoral amino acids with >1.35-fold reduction and p>0.01.
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(E, G) Representative images from sections of xenograft tumor tissue with macropinosomes 

labeled with TMR-dextran (red) and tumor cells immunostained with anti-CK8 (green). 

Nuclei are labeled with DAPI (blue). Scale bar, 20 μm.

(F, H) Quantification of macropinocytosis in xenograft tumor tissue. Error bars represent 

s.e.m. of n=5 tumors.

*p<0.05, **p<0.01, ***p<0.001 by unpaired two-tailed Student’s t-test. See also Figure S1.
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Figure 2. Glutamine deprivation stimulates macropinocytosis in a subset of PDAC cells.
(A) Quantification of macropinocytosis in the indicated cells treated without or with 

deprivation of glutamine (+Q and −Q) or non-essential amino acids (+NEAA or −NEAA). 

Data are presented relative to the values obtained for the nutrient-replete condition (+Q/

+NEAA).

(B) Representative images of macropinocytic uptake (FITC-dextran, green) in the indicated 

cell lines under glutamine-containing (+Q) or glutamine-free (−Q) conditions.

(C) Quantification of basal macropinocytosis under glutamine-containing conditions in the 

indicated cell lines. Data are presented relative to the values obtained for HPAF-II cells.

(D) Quantification of macropinocytosis under the conditions described in (B). Data are 

presented relative to the values obtained for the +Q condition.

(E) Representative images of macropinocytosis in the indicated cells treated without or with 

6-diazo-5-oxo-L-norleucine (DON) in glutamine-containing media.
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(F) Quantification of macropinocytosis under the conditions described in (E). Data are 

presented relative to the values obtained for the vehicle-only control condition.

(G) Representative images of macropinocytosis in the indicated cells treated without or with 

a cell-permeable form of α-ketoglutarate (α-KG) in glutamine-free media.

(H) Quantification of macropinocytosis in the indicated cells in glutamine-containing media 

and the conditions described in (G). Data are presented relative to the values obtained for the 

+Q condition.

All graphs are representative of at least 3 independent experiments. All error bars represent 

s.e.m. for n=3 replicates with at least 300 cells scored per condition. *p<0.05, **p<0.01, 

***p<0.001 by unpaired two-tailed Student’s t-test. Ctrl, control; Q, glutamine. Scale bar, 20 

μm. See also Figure S2.
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Figure 3. Glutamine deprivation drives macropinocytosis through activation of EGFR signaling.
(A) Heatmap profiles of differential gene expression between control and glutamine-starved 

AsPC-1 or HPAF-II cells (in triplicate) from RNA-Seq data sets.

(B) Gene set enrichment analysis plots of glutamine-starved AsPC-1 or HPAF-II cells for 

EGF-induced genes. NES, normalized enrichment score; FDR, false discovery rate.

(C) Heatmap of differential expression of the indicated EGFR ligands between control and 

glutamine-starved AsPC-1 cells (in triplicate) from RNA-Seq data sets.
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(D) Immunoblots assessing protein expression of EGFR ligands under glutamine-containing 

or glutamine-free conditions in AsPC-1 cells. β-actin was used as a loading control.

(E) Immunoblots assessing protein expression of EGFR and phospho-EGFR (p-EGFR) 

under glutamine-containing or glutamine-free conditions in AsPC-1 and HPAF-II cells. β-

actin was used as a loading control. The p-EGFR/EGFR ratios are shown.

(F) Representative images of macropinocytotic uptake (green) in the indicated cells treated 

with vehicle (DMSO) or erlotinib (ERL) in glutamine-free media. Scale bar, 20 μm.

(G) Quantification of macropinocytosis in the indicated cells in glutamine-containing media 

and under the conditions described in (F). Data are presented relative to the values obtained 

for the +Q/+DMSO condition. Data are representative of at least 3 independent experiments. 

Error bars represent s.e.m. for n=3 replicates with at least 800 cells scored per condition.

(H) Immunoblots of EGFR expression in AsPC-1 cells transfected with a negative control 

siRNA (si-NC) or two independent siRNAs targeting EGFR (si-EGFR) under glutamine-

containing or glutamine-free conditions. β-actin was used as a loading control.

(I) Representative images of macropinocytosis in AsPC-1 cells transfected with the indicated 

siRNA under glutamine-free conditions. Scale bar, 20 μm.

(J) Quantification of macropinocytosis in the indicated cells under the conditions described 

in (H). Data are presented relative to the values obtained for the +Q condition of si-NC cells. 

Error bars represent s.e.m. for n=3 independent experiments with at least 1,000 cells scored 

per condition.

(K) Viability as assessed by MTT assay of the indicated cells cultured in glutamine-free 

media without or with supplementation with 3% BSA after 5 days. Data are presented 

relative to the values obtained for each −Q condition (indicated by the red line). Data are 

representative of at least 3 independent experiments with error bars representing s.e.m. for 

n=3 replicates.

*p<0.05, **p<0.01, ***p<0.001 by unpaired two-tailed Student’s t-test. Q, glutamine. See 

also Figures S3 and Table S1–S3.
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Figure 4. EGFR signaling in response to glutamine depletion drives macropinocytosis via Pak1.
(A, B) Immunoblots assessing phosphorylation of Pak1/2 [p-Pak1 (S199/204)/p-Pak2 

(S192/197)] in AsPC-1 cells under the indicated conditions. EGF treatment (A) was done at 

100 ng/mL for 5 min. Erlotinib treatment (B) was done at the indicated concentrations for 2 

hours. β-actin or α-tubulin was used as a loading control. The p-Pak/Pak1 ratios are shown.

(C) Representative images of macropinocytosis (green) in the indicated cells treated with 

vehicle (DMSO) or FRAX597 (FRAX) in glutamine-free media. Scale bar, 20 μm.
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(D) Quantification of macropinocytosis in the indicated cells treated with DMSO in 

glutamine-containing media and under the conditions described in (C). Data are presented 

relative to the values obtained for the +Q/+DMSO condition and representative of at least 3 

independent experiments. Error bars represent s.e.m. of n=3 replicates with at least 650 cells 

scored per condition.

(E) Immunohistochemical staining of p-EGFR and total EGFR protein expression in AsPC-1 

xenograft tumors treated with vehicle control or erlotinib. The inset boxes in the low-

magnification images indicate the areas shown in the high-magnification images. The arrows 

indicate the tumor peripheral regions, and the arrowheads indicate the tumor non-peripheral 

regions. Black scale bar, 200 μm; red scale bar, 20 μm.

(F) Quantification of macropinocytosis in AsPC-1 xenograft tumors treated with vehicle 

control (Ctrl) or erlotinib (ERL). Error bars represent s.e.m. of n=3 tumors.

(G) Representative images from sections of AsPC-1 xenograft tumors treated with vehicle 

control or erlotinib with macropinosomes labeled with TMR-dextran (red) and tumor cells 

immunostained with anti-CK8 (green). Nuclei are labeled with DAPI (blue). Scale bar, 20 

μm.

(H) Immunofluorescence staining in AsPC-1 xenograft tumors treated with vehicle control 

or erlotinib. Tumor sections were stained with anti-CK8 (red), anti-p-Pak1 (green) and DAPI 

(blue). Scale bar, 20 μm.

**p<0.01, ***p<0.001 by unpaired two-tailed Student’s t-test. Q, glutamine. See also Figure 

S4.
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Figure 5. EGFR signaling dynamics in PDAC cells with inducible or constitutive 
macropinocytosis.
(A) Representative images of macropinocytotic uptake (green) in the indicated cells treated 

with vehicle (DMSO) or erlotinib (ERL) in glutamine-free media. Scale bar, 20 μm.

(B) Quantification of macropinocytosis in the indicated cells treated with DMSO in 

glutamine-containing media and under the conditions described in (A). Data are presented 

relative to the values obtained for the +Q/+DMSO condition. Data are representative of at 

least 3 independent experiments. Error bars represent s.e.m. for n=3 replicates with at least 

300 cells scored per condition.
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(C) Representative images of macropinocytotic uptake in the indicated cells treated without 

or with EGF (100 ng/mL, 5 min) in glutamine-containing media. Ctrl, control. Scale bar, 20 

μm.

(D) Quantification of macropinocytosis under the conditions described in (C). Data are 

presented relative to the values obtained for the control condition.

(E) Representative images of macropinocytosis in the indicated cells treated with vehicle 

(DMSO) or FRAX597 (FRAX) in glutamine-free media.

(F) Quantification of macropinocytosis in the indicated cells treated with DMSO or 

FRAX597 in glutamine-containing media and under the conditions described in (E). Data 

are presented relative to the values obtained for the +Q/+DMSO condition. Error bars 

represent s.e.m. with at least 400 cells scored per condition.

(G) Immunoblots assessing phosphorylation of Pak1/2 [p-Pak1 (S199/204)/p-Pak2 

(S192/197)], EGFR and Erk1/2 in the indicated cells treated with EGF (25 ng/mL) for the 

indicated time in glutamine-containing media. α-tubulin was used as a loading control. 

Results shown are representative of at least 3 independent experiments.

(H) Quantification of phosphoprotein/total protein ratios from the immunoblots in (G). Data 

are presented relative to the values obtained for each 0 time point (set as 1). The green areas 

highlight the changes of p-Pak1/2, p-EGFR and p-Erk1/2 from 5 to 15 min post EGF 

treatment.

(I) Representative immunoblots of EGFR phosphorylation in the indicated cells treated with 

vehicle (DMSO) or erlotinib (25 μM, 2 hours) in glutamine-containing or glutamine-free 

media. β-actin was used as a loading control. The p-EGFR/EGFR ratios are shown.

(J) Quantification of p-EGFR/EGFR ratios from immunoblots as described in (I). Data are 

presented relative to the values obtained for each +Q/-ERL condition (indicated by the red 

line). Error bars represent s.e.m. of n=3 independent experiments. ERL, erlotinib.

*p<0.05, **p<0.01, ***p<0.001 by unpaired two-tailed Student’s t-test. Q, glutamine; n.s., 

not significant. See also Figure S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-cytokeratin 8 (CK8) Developmental Studies Hybridoma 
Bank

TROMA-I

Rabbit monoclonal anti-EREG Cell Signaling Technology Cat#12048S

Rabbit monoclonal anti-HBEGF Abcam Cat#ab185555

Mouse monoclonal anti-β-actin Sigma-Aldrich Cat#A1978

Rabbit monoclonal anti-phospho-EGFR (Tyr1068) Cell Signaling Technology Cat#3777S

Rabbit monoclonal anti-EGFR Cell Signaling Technology Cat#4267S

Rabbit monoclonal anti-phospho-Akt (Ser473) Cell Signaling Technology Cat#4060S

Rabbit monoclonal anti-Akt (pan) Cell Signaling Technology Cat#4691S

Rabbit monoclonal anti-phospho-Erk1/2 (Thr202/Tyr204) Cell Signaling Technology Cat#4370S

Rabbit monoclonal anti-Erk1/2 Cell Signaling Technology Cat#4695S

Rabbit polyclonal anti-phospho-PAK1 (Ser199/204)/ PAK2 (Ser192/197) Cell Signaling Technology Cat#2605S

Rabbit polyclonal anti-αPAK (PAK1) Santa Cruz Biotechnology Cat#sc-882

Mouse monoclonal anti-α-tubulin Sigma-Aldrich Cat#T6074

Rabbit polyclonal anti-phospho-PAK1 (Ser144)/ PAK2 (Ser141) Cell Signaling Technology Cat#2606S

Mouse monoclonal anti-K-Ras Santa Cruz Biotechnology Cat#sc-30

Goat anti-rat IgG (H+L), Alexa Fluor 488 Thermo Fisher Scientific Cat#A-11006

Goat anti-rat IgG (H+L), Alexa Fluor 555 Thermo Fisher Scientific Cat#A-21434

Goat anti-rabbit IgG (H+L), Alexa Fluor 488 Thermo Fisher Scientific Cat#A-11008

IRDye 800CW goat anti-rabbit IgG LI-COR Cat#926-32211

IRDye 680RD goat anti-mouse IgG LI-COR Cat#926-68070

Chemicals, Peptides, and Recombinant Proteins

TMR-dextran, 10-kDa Thermo Fisher Scientific Cat#D1817

DAPI Millipore Cat#5.08741.0001

FITC-dextran, 70-kDa Thermo Fisher Scientific Cat#D1822

TMR-dextran, 70-kDa Thermo Fisher Scientific Cat#D1819

6-diazo-5-oxo-L-norleucine (DON) Sigma-Aldrich Cat#D2141

Dimethyl α-ketoglutarate (DM-α-KG) Sigma-Aldrich Cat#349631

Dimethyl DL-glutamate (DM-Glu) Cayman Chemical Cat#18602

Epigallocatechin gallate (EGCG) Cayman Chemical Cat#70935

Erlotinib AK Scientific Cat#NC0616959

Erlotinib Sigma-Aldrich Cat#SML2156

Erlotinib LC Laboratories Cat#E-4007

Bovine serum albumin (BSA), fatty acid-free, nuclease- and protease-free Millipore Cat#126609

Thiazolyl Blue Tetrazolium Blue (MTT) Sigma-Aldrich Cat#M5655

Human HB-EGF Sigma-Aldrich Cat#SRP3052

Human epiregulin (EREG) R&D Systems Cat#1195-EP-025/CF
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human amphiregulin (AREG) R&D Systems Cat#262-AR-100/CF

DQ red BSA Thermo Fisher Scientific Cat#D12051

Human EGF Sigma-Aldrich Cat#E9644

FRAX597 Selleck Chemical Cat#S7271

MK-2206 Enzo Life Sciences Cat#ENZ-CHM164-0005

SCH772984 Chemietek Cat#CT-SCH772

LY294002 Cell Signaling Technology Cat#9901S

Critical Commercial Assays

Tissue-Tek O.C.T. Compound, Sakura Finetek VWR Cat#25608-930

Dako Fluorescence Mounting Medium Agilent Tech Cat#S302380-2

PureLink RNA Mini Kit Thermo Fisher Scientific Cat#12183025

High Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat#4368814

SYBR Premix Ex Taq II (Tli RNaseH Plus) TaKaRa Cat#RR820L

DC Protein Assay Kit Bio-Rad Cat#5000112

NewBlot IR Stripping Buffer, 5X LI-COR Cat#928-40028

Lipofectamine RNAiMAX Transfection Reagent Thermo Fisher Scientific Cat#13778100

VECTASTAIN Elite ABC HRP Kit Vector Laboratories Cat#PK-6100

DAB HRP Substrate Kit Vector Laboratories Cat#PK-4100

Experimental Models: Cell Lines

AsPC-1 ATCC ATCC CRL-1682

HPAF-II ATCC ATCC CRL-1997

SW1990 ATCC ATCC CRL-2172

MIA PaCa-2 (MP-2) ATCC ATCC CRL-1420

Panc-1 ATCC ATCC CRL-1469

CFPAC-1 ATCC ATCC CRL-1918

Experimental Models: Organisms/Strains

Mouse: NCr nude, sp/sp, CrTac:NCr-Foxn1nu Taconic Cat#NCRNU-F

Mouse: Foxn1nu/Foxn1nu Jackson Lab Cat#002019

Oligonucleotides

AREG Forward: 5′-CGGGAGCCGACTATGACTAC-3′
Reverse: 5′-TCACTTTCCGTCTTGTTTTGG-3′

This paper N/A

BTC Forward: 5′-AGAGCGGGGTTGATGGAC-3′
Reverse: 5′-ATCTGCCACCACACAGTGAA-3′

This paper N/A

EGF Forward: 5′-GTACTCTCGCAGGAAATGGG-3′
Reverse: 5′-TCCACCACCAATTGCTCATA-3′

This paper N/A

EPGN Forward: 5′-ACTACAGGAAATGGCTTTGGG-3′
Reverse: 5′-GGCTATGGGTCCTTCTATGTTG-3′

This paper N/A

EREG Forward: 5′-AGGAGGATGGAGATGCTCTG-3′
Reverse: 5′-CACAGTTGTACTGAGGACTGCC-3′

This paper N/A

HBEGF Forward: 5′-GGACCCATGTCTTCGGAAAT-3′
Reverse: 5′-CCCATGACACCTCTCTCCAT-3′

This paper N/A

TGFA Forward: 5′-CCTGTTCGCTCTGGGTATTG-3′ This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Reverse: 5′-ACTGAGTGTGGGAATCTGGG-3′

18S rRNA Forward: 5′-GTAACCCGTTGAACCCCATT-3′
Reverse: 5′-CCATCCAATCGGTAGTAGCG-3′

This paper N/A

Silencer Select Negative Control No. 1 siRNA Thermo Fisher Scientific Cat#4390843

Silencer Select EGFR siRNA #1 Thermo Fisher Scientific ID#s563

Silencer Select EGFR siRNA #2 Thermo Fisher Scientific ID#s565

Silencer Select KRAS siRNA #1 Thermo Fisher Scientific ID#s7939

Silencer Select KRAS siRNA #2 Thermo Fisher Scientific ID#s7940

Software and Algorithms

ImageJ software NIH https://imagej.nih.gov/ij/

GraphPad Prism 8 software GraphPad https://www.graphpad.com/

Image Studio Lite software LI-COR https://www.licor.com/bio/
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