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Abstract: Cancer cells can adapt to nutrient poor conditions by rewiring their metabolism and
using alternate fuel sources. Identifying these adaptive metabolic pathways may provide novel
targets for cancer therapy. Here, we identify a subset of non-small cell lung cancer (NSCLC)
cell lines that survive in the absence of glucose by internalizing and metabolizing extracellular
protein via macropinocytosis. Macropinocytosis is increased in these glucose independent cells,
and is regulated by phosphoinositide 3-kinase (PI3K) activation of Rac-Pak signaling. Furthermore,
inhibition of Rac-dependent macropinocytosis blocks glucose-independent proliferation. We find
that degradation of internalized protein produces amino acids, including alanine, which generates
TCA cycle and glycolytic intermediates in the absence of glucose. In this process, the conversion of
alanine to pyruvate by alanine transaminase 2 (ALT2) is critical for survival during glucose starvation.
Collectively, Rac driven macropinocytosis of extracellular protein is an adaptive metabolic pathway
used by a subset of lung cancers to survive states of glucose deprivation, and may serve as a potential
drug target for cancer therapy.
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1. Introduction

It has been well established that tumor cells have altered metabolism compared to
non-proliferating cells. Many cancer cells import large amounts of glucose and convert it to
lactate, despite the presence of oxygen, in a phenomenon known as the “Warburg effect” or aerobic
glycolysis [1,2]. Glycolysis produces intermediates that fuel biosynthetic pathways to produce amino
acids, nucleotides, and lipids [3]. However, recent reports have demonstrated that glucose levels
vary in solid tumors, and glucose concentrations are often decreased in tumors compared to the
surrounding normal tissue [4–7]. This deficiency of glucose in the tumor microenvironment makes it
necessary for cancer cells to adopt alternative metabolic pathways to support tumor growth.

In the absence of glucose, tumors rely on alternate fuel sources to support cell growth in
nutrient-poor environments [8,9]. Some cancer cells are dependent on glutaminolysis to generate
glutamate and α-ketoglutarate which can drive the tricarboxylic acid (TCA) cycle and ATP production.
This pathway also provides both nitrogen and carbon for macromolecule biosynthesis [10–13].
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In addition, numerous reports have shown that cancer cells express gluconeogenic enzymes that enable
them to utilize non-glucose carbons to fuel biosynthetic pathways when glucose is unavailable. It has
been reported that the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) is critical
for the growth of several cancers, including lung and colon cancers. [14–17]. Also, the gluconeogenic
enzyme fructose-1,6-bisphosphatase is upregulated to support glucose-independent proliferation of
brain-metastatic breast cancer cells, while conversely being downregulated in glycolytic renal cell
carcinomas [18,19].

Lung cancer is the leading cause of cancer-related deaths worldwide. Non-small cell lung
cancer (NSCLC) accounts for approximately 85% of lung cancers [20]. Common mutational events in
NSCLC, including KRAS mutation and LKB1 loss, result in altered metabolic demands. For example,
the growth of KrasG12D;p53−/− murine lung tumors requires the uptake of branched-chain amino
acids [21]. Furthermore, loss of LKB1 in lung cancer cells leads to increased uptake of both glucose
and glutamine as well as increased flux through glycolysis and the TCA cycle [22]. The plasticity of
lung cancer metabolism allows these cells to survive in the absence of glucose by relying on alternative
metabolic pathways. Uncovering these metabolic pathways may help identify potential targets for
therapeutic intervention. Therefore, we set out to identify novel metabolic dependencies in NSCLC
cells during glucose withdrawal.

2. Results

2.1. Glucose-Independent NSCLC Cells Require Extracellular Protein for Growth During Glucose Withdrawal

To identify how lung cancer cells adapt their metabolism to overcome glucose starvation,
we cultured a panel of NSCLC cells lines in glucose-free medium containing dialyzed fetal bovine
serum (dFBS), and measured cell viability following 48 h of glucose deprivation. A subset of “glucose
independent” cell lines, including H1299, H441, H1975, H1781, and HCC4006 continued to proliferate
in the absence of glucose, while “glucose addicted” PC9, H23, H1373, H2009, and H2110 cells
demonstrated significant decreases in cell viability and underwent significant cell death as determined
by propidium iodide staining (Figure 1A,B). Interestingly, glucose independent cells were dependent
on the presence of serum in the media to sustain glucose free proliferation, as removal of dFBS
resulted in a significant decrease in cell viability upon glucose withdrawal (Figure 1C). This result
suggests that these cells are reliant on a component in serum as either a growth factor and/or a
metabolic fuel for growth. A major component of blood serum is soluble protein, with albumin
being the most abundant. Furthermore, albumin is found at high concentrations in tissue and tumor
samples [23,24]. To determine if cells required extracellular protein to grow when glucose starved,
we supplemented glucose free medium with 2% fatty acid-free bovine serum albumin to mimic
the physiological concentrations of albumin in serum. Indeed, the addition of albumin rescued cell
viability in the absence of glucose and serum (Figure 1C), suggesting that lung cancer cells may
internalize extracellular protein and use it as a metabolic fuel when glucose is unavailable. Conversely,
the addition of albumin did not increase the viability of the cell lines that are addicted to glucose
(Figure 1D), suggesting that only glucose independent cells can utilize extracellular protein as a
fuel source.
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Figure 1. (A) Glucose independent (red) and glucose addicted (blue) NSCLC cell lines were cultured 
in glucose-free media (GFM) for 48 h. For all experiments, “change in cell density” is calculated by 
measuring the change in crystal violet staining from 0 to 48 h. Error bars indicate +/- SEM of at least 
three experiments. (B) Cell death of NSCLC cells cultured in GFM for 24 h as measured by propidium 
iodide (PI) uptake. Values shown are the fold increase in PI positive cells in glucose-free media 
compared to cells cultured in full-glucose medium. Error bars indicate +/- SEM of three independent 
experiments. (C) Change in cell density of glucose independent cells cultured for 48 h in GFM with 
or without dialyzed FBS (dFBS) or 2% albumin (BSA), “G”, glucose. Error bars indicate +/- SEM of 
three independent experiments. Significance was calculated using ANOVA with Holm-Sidak 
multiple comparisons to –G condition, * p < 0.05. (D) Change in cell density of glucose addicted cells 
cultured in GFM alone or supplemented with 2% albumin for 48 h. Error bars indicate +/- SEM of at 
least two independent experiments. 

2.2. Macropinocytosis Is Increased in Glucose Independent Cells and Is Required for Growth in the Absence 
of Glucose  

One mechanism by which cells can internalize large extracellular components, including 
proteins, is via macropinocytosis. In this endocytic process, extracellular fluid and its soluble 
components are internalized through the formation of actin dependent membrane protrusions, which 
form vesicles known as macropinosomes that can fuse with lysosomes [25]. Recent reports have 
shown that macropinocytosis of extracellular proteins provides amino acids as a fuel source for Ras 
transformed cancer cells, and is also a critical source of amino acids for nutrient poor pancreatic 
cancer cells in vivo [5,26,27]. Therefore, we hypothesized that glucose independent cells employ 
macropinocytosis to internalize extracellular proteins, while glucose addicted cells do not. To 
determine if the levels of macropinocytosis during glucose starvation differed between glucose 
independent and glucose addicted cells, we incubated glucose starved cells with fluorescein 
isothiocyanate (FITC) labeled, 70 kDa high molecular weight dextran, a well-established marker of 
macropinocytosis [28]. The internalization of extracellular FITC-dextran in vesicles was then 
quantified by fluorescence microscopy to determine the macropinocytotic activity in the cell. Indeed, 
the uptake of FITC-dextran in glucose independent cells was significantly higher compared to 
glucose addicted cells in the absence of glucose (Figure 2A, Figure S1).  

We next treated cells with a specific inhibitor of macropinocytosis, ethylisopropylamiloride 
(EIPA) [29] to determine if glucose-free cell proliferation was dependent on protein internalization 
via macropinocytosis. Treatment of glucose independent cells with EIPA resulted in decreased FITC-

Figure 1. (A) Glucose independent (red) and glucose addicted (blue) NSCLC cell lines were cultured
in glucose-free media (GFM) for 48 h. For all experiments, “change in cell density” is calculated by
measuring the change in crystal violet staining from 0 to 48 h. Error bars indicate ± SEM of at least
three experiments. (B) Cell death of NSCLC cells cultured in GFM for 24 h as measured by propidium
iodide (PI) uptake. Values shown are the fold increase in PI positive cells in glucose-free media
compared to cells cultured in full-glucose medium. Error bars indicate ± SEM of three independent
experiments. (C) Change in cell density of glucose independent cells cultured for 48 h in GFM with
or without dialyzed FBS (dFBS) or 2% albumin (BSA), “G”, glucose. Error bars indicate ± SEM of
three independent experiments. Significance was calculated using ANOVA with Holm-Sidak multiple
comparisons to –G condition, * p < 0.05. (D) Change in cell density of glucose addicted cells cultured
in GFM alone or supplemented with 2% albumin for 48 h. Error bars indicate ± SEM of at least two
independent experiments.

2.2. Macropinocytosis Is Increased in Glucose Independent Cells and Is Required for Growth in the Absence
of Glucose

One mechanism by which cells can internalize large extracellular components, including proteins,
is via macropinocytosis. In this endocytic process, extracellular fluid and its soluble components are
internalized through the formation of actin dependent membrane protrusions, which form vesicles
known as macropinosomes that can fuse with lysosomes [25]. Recent reports have shown that
macropinocytosis of extracellular proteins provides amino acids as a fuel source for Ras transformed
cancer cells, and is also a critical source of amino acids for nutrient poor pancreatic cancer cells
in vivo [5,26,27]. Therefore, we hypothesized that glucose independent cells employ macropinocytosis
to internalize extracellular proteins, while glucose addicted cells do not. To determine if the
levels of macropinocytosis during glucose starvation differed between glucose independent and
glucose addicted cells, we incubated glucose starved cells with fluorescein isothiocyanate (FITC)
labeled, 70 kDa high molecular weight dextran, a well-established marker of macropinocytosis [28].
The internalization of extracellular FITC-dextran in vesicles was then quantified by fluorescence
microscopy to determine the macropinocytotic activity in the cell. Indeed, the uptake of FITC-dextran
in glucose independent cells was significantly higher compared to glucose addicted cells in the absence
of glucose (Figure 2A, Figure S1).
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dextran uptake, confirming that protein is being internalized via this process. (Figure 2B, Figure S2). 
Furthermore, EIPA treatment lead to a significant decrease in cell viability during glucose starvation 
(Figure 2C). This suggests that macropinocytosis of protein is critical for cell survival during glucose 
withdrawal.  

 
Figure 2. Macropinocytosis is increased in glucose independent cells and is required for growth in 
the absence of glucose. (A) Cells were cultured in GFM for 3 h prior to the addition of 1 mg/mL FITC-
dextran for 1 h. Levels of FITC-dextran uptake in glucose independent (blue) and glucose addicted 
(red) cells was quantified and normalized to the cell line H2009. (B) Quantification of the levels of 
FITC-dextran uptake in glucose starved glucose independent cells treated with either vehicle or 10 
μm EIPA for 1 h prior to incubation with FITC-dextran. Data is normalized to vehicle treated cells. 
For (A) and (B), error bars indicate +/- SD of 10 fields scored containing at least 10 cells. (C) Relative 
density of glucose starved cells treated with vehicle or 10 μm EIPA for 48 h as determined by crystal 
violet staining. Data is normalized to density of vehicle treated cells at 48 h; error bars indicate +/- 
SEM of three independent experiments. Significance was calculated using Student’s t-test, * p < 0.05, 
** p < 0.005. 

2.3. Rac Signaling is Elevated in Glucose Independent Cells and Inhibition of Rac Decreases 
Macropinocytosis and Glucose-Free Survival  

It has been previously reported that Rac signaling is an important regulator of macropinocytosis 
in macrophages, dendritic cells, and fibroblasts [30–33]. One of the critical downstream targets of Rac 
is the serine/threonine kinase p21-activated kinase (Pak), which promotes actin cytoskeleton 
remodeling [34,35]. Binding of activated Rac to Pak1 releases Pak1 from intramolecular inhibition 
and results in autophosphoryation at several residues, including Ser-199, Ser-204, and Thr-423, with 
Thr-423 phosphorylation being required for full kinase activation [36–38]. We therefore analyzed the 
activity of the Rac signaling pathway in our panel of lung cancer cells by measuring levels of 
phosphorylated Pak1 in glucose-depleted cells. We observed increased levels of phospho-Ser199/204 
and phospho-Thr423 in the subset of cell lines that survived in the absence of glucose compared to 
cell lines that required glucose for survival (Figure 3A). These results suggest that the Rac signaling 
pathway is more active in glucose independent cells compared to glucose addicted cells. 

To determine if Rac activity is required to activate macropinocytosis, we utilized a small 
molecule inhibitor of Rac, EHT 1864. EHT 1864 binds all Rac isoforms with high affinity and inhibits 
Rac-GTP formation [39,40]. To confirm that EHT 1864 inhibits Rac activity, we treated cells with the 
inhibitor and analyzed levels of phosphorylated Pak1. Indeed, there were decreased levels of Pak 
phosphorylation following EHT 1864 treatment (Figure S3A). We next pretreated glucose starved 

Figure 2. Macropinocytosis is increased in glucose independent cells and is required for growth in
the absence of glucose. (A) Cells were cultured in GFM for 3 h prior to the addition of 1 mg/mL
FITC-dextran for 1 h. Levels of FITC-dextran uptake in glucose independent (blue) and glucose
addicted (red) cells was quantified and normalized to the cell line H2009. (B) Quantification of the
levels of FITC-dextran uptake in glucose starved glucose independent cells treated with either vehicle
or 10 µm EIPA for 1 h prior to incubation with FITC-dextran. Data is normalized to vehicle treated
cells. For (A,B), error bars indicate ± SD of 10 fields scored containing at least 10 cells. (C) Relative
density of glucose starved cells treated with vehicle or 10 µm EIPA for 48 h as determined by crystal
violet staining. Data is normalized to density of vehicle treated cells at 48 h; error bars indicate ±
SEM of three independent experiments. Significance was calculated using Student’s t-test, * p < 0.05,
** p < 0.005.

We next treated cells with a specific inhibitor of macropinocytosis, ethylisopropylamiloride
(EIPA) [29] to determine if glucose-free cell proliferation was dependent on protein internalization
via macropinocytosis. Treatment of glucose independent cells with EIPA resulted in decreased
FITC-dextran uptake, confirming that protein is being internalized via this process. (Figure 2B,
Figure S2). Furthermore, EIPA treatment lead to a significant decrease in cell viability during glucose
starvation (Figure 2C). This suggests that macropinocytosis of protein is critical for cell survival during
glucose withdrawal.

2.3. Rac Signaling is Elevated in Glucose Independent Cells and Inhibition of Rac Decreases Macropinocytosis
and Glucose-Free Survival

It has been previously reported that Rac signaling is an important regulator of macropinocytosis
in macrophages, dendritic cells, and fibroblasts [30–33]. One of the critical downstream targets of
Rac is the serine/threonine kinase p21-activated kinase (Pak), which promotes actin cytoskeleton
remodeling [34,35]. Binding of activated Rac to Pak1 releases Pak1 from intramolecular inhibition and
results in autophosphoryation at several residues, including Ser-199, Ser-204, and Thr-423, with Thr-423
phosphorylation being required for full kinase activation [36–38]. We therefore analyzed the activity of
the Rac signaling pathway in our panel of lung cancer cells by measuring levels of phosphorylated Pak1
in glucose-depleted cells. We observed increased levels of phospho-Ser199/204 and phospho-Thr423
in the subset of cell lines that survived in the absence of glucose compared to cell lines that required
glucose for survival (Figure 3A). These results suggest that the Rac signaling pathway is more active in
glucose independent cells compared to glucose addicted cells.
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macropinocytotic activity, supporting the role of Rac in the regulation of macropinocytosis (Figure 
3B, Figure S3B). We also determined if decreasing macropinocytosis through Rac inhibition affected 
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change in Rac expression or Pak activation following glucose withdrawal, suggesting that Rac 
signaling is not stimulated by glucose withdrawal (Figure S4A). Similarly, macropinocytosis does not 
appear to be regulated by glucose, as dextran uptake remained higher in glucose independent cells 
compared to glucose addicted cells in the presence of glucose (Figure S4B). 

 
Figure 3. Rac signaling is increased in glucose independent cells and Rac inhibition decreases 
macropinocytosis and glucose-free growth. (A) Immunoblot analysis of Rac signaling activity via Pak 
autophosphorylation at Ser 199/204 (Pak1)/Ser192/197 (Pak2) and Thr-423 (Pak1)/Thr402 (Pak2). 
Glucose independent (red) and glucose addicted (blue) cells were cultured in GFM for 6 h before 
lysate collection. (B) Quantification of the levels of FITC-dextran uptake in glucose starved glucose 
independent cells treated with either vehicle or 5 μm EHT 1864 (EHT) 1 h prior to incubation with 
FITC-dextran. Data is normalized to vehicle treated cells, error bars indicate +/- SD of 10 fields scored 
containing at least 10 cells. (C) Relative density of glucose starved cells treated with vehicle or 5 μm 
EHT 1864 for 48 h as determined by crystal violet staining. Data is normalized to density of vehicle 
treated cells at 48 h; error bars indicate +/- SEM of three independent experiments. Significance was 
calculated using Student’s t-test, ** p < 0.005. 

2.4. Rac1 Expression Regulates Macropinocytosis in a Pak Dependent Manner and is Necessary for Glucose 
Independence 

To complement the pharmacological experiments using the Rac inhibitor, we utilized 
CRISPR/Cas9 mediated genome editing to delete the Rac1 isoform, which is ubiquitously expressed 
compared to Rac2 and Rac3, in two different glucose independent cell lines, H1299 and H1975. Two 
guide RNAs against Rac1 were used to generate two knockout (KO) clones per cell line. Knockout 
genotypes were determined by western blot analysis of individual isolated clones. In addition to loss 
of Rac1 protein, Rac1 KO cells had reduced levels of phosphorylated Pak, suggesting that Pak 
activation is dependent on Rac1 expression in these cells (Figure 4A, Figure S5A). The levels of 

Figure 3. Rac signaling is increased in glucose independent cells and Rac inhibition decreases
macropinocytosis and glucose-free growth. (A) Immunoblot analysis of Rac signaling activity via Pak
autophosphorylation at Ser 199/204 (Pak1)/Ser192/197 (Pak2) and Thr-423 (Pak1)/Thr402 (Pak2).
Glucose independent (red) and glucose addicted (blue) cells were cultured in GFM for 6 h before
lysate collection. (B) Quantification of the levels of FITC-dextran uptake in glucose starved glucose
independent cells treated with either vehicle or 5 µm EHT 1864 (EHT) 1 h prior to incubation with
FITC-dextran. Data is normalized to vehicle treated cells, error bars indicate ± SD of 10 fields scored
containing at least 10 cells. (C) Relative density of glucose starved cells treated with vehicle or 5 µm
EHT 1864 for 48 h as determined by crystal violet staining. Data is normalized to density of vehicle
treated cells at 48 h; error bars indicate ± SEM of three independent experiments. Significance was
calculated using Student’s t-test, ** p < 0.005.

To determine if Rac activity is required to activate macropinocytosis, we utilized a small molecule
inhibitor of Rac, EHT 1864. EHT 1864 binds all Rac isoforms with high affinity and inhibits Rac-GTP
formation [39,40]. To confirm that EHT 1864 inhibits Rac activity, we treated cells with the inhibitor and
analyzed levels of phosphorylated Pak1. Indeed, there were decreased levels of Pak phosphorylation
following EHT 1864 treatment (Figure S3A). We next pretreated glucose starved cells with EHT 1864
prior to incubation with FITC-dextran. This resulted in a dramatic decrease in macropinocytotic
activity, supporting the role of Rac in the regulation of macropinocytosis (Figure 3B, Figure S3B).
We also determined if decreasing macropinocytosis through Rac inhibition affected the viability of
glucose starved cells. Following treatment with EHT 1864, we observed a significant reduction in cell
survival under glucose-free conditions (Figure 3C). However, in the presence of full glucose media,
neither EIPA nor EHT 1864 affected cell proliferation (Figure S3C), suggesting that Rac-mediated
macropinocytosis of extracellular protein is critical during glucose starvation. To determine if Rac
signaling was responsive to glucose withdrawal, we compared the levels of phosphorylated Pak and
Rac in cells cultured with or without glucose. There was no significant change in Rac expression or Pak
activation following glucose withdrawal, suggesting that Rac signaling is not stimulated by glucose
withdrawal (Figure S4A). Similarly, macropinocytosis does not appear to be regulated by glucose,
as dextran uptake remained higher in glucose independent cells compared to glucose addicted cells in
the presence of glucose (Figure S4B).
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2.4. Rac1 Expression Regulates Macropinocytosis in a Pak Dependent Manner and is Necessary for Glucose
Independence

To complement the pharmacological experiments using the Rac inhibitor, we utilized
CRISPR/Cas9 mediated genome editing to delete the Rac1 isoform, which is ubiquitously expressed
compared to Rac2 and Rac3, in two different glucose independent cell lines, H1299 and H1975.
Two guide RNAs against Rac1 were used to generate two knockout (KO) clones per cell line. Knockout
genotypes were determined by western blot analysis of individual isolated clones. In addition to loss of
Rac1 protein, Rac1 KO cells had reduced levels of phosphorylated Pak, suggesting that Pak activation
is dependent on Rac1 expression in these cells (Figure 4A, Figure S5A). The levels of macropinocytosis
in Rac1 wild-type (WT) and Rac1 KO cells was determined by fluorescence microscopy following
incubation with FITC-dextran. Loss of Rac1 expression led to a significant decrease in levels of
macropinocytosis in both H1975 and H1299 cells (Figure 4B, Figures S5B and S6A). In addition,
a significant decrease in cell viability was observed in Rac1 KO cells when cultured in the absence of
glucose, while proliferation rates were comparable in full glucose media (Figure 4C, Figure S5C,D).
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independent experiments. For (B,C), significance was calculated using Student’s t-test. (D) 
Immunoblot analysis of Pak signaling in Rac1 KO H1299 control cells or cells stably overexpressing 
the constitutive active Pak1 mutant T423E. (E) Quantification of the levels of FITC-dextran uptake in 
glucose starved Rac1 WT, Rac1 KO, and Rac1 KO/Pak1 (T423E) cells. Data is normalized to Rac1 WT 
cells; error bars indicate +/- SD of 10 fields scored containing at least 10 cells. Significance was 
calculated using ANOVA with Holm-Sidak multiple comparisons across cell lines, * p<.05, ** p < 0.005, 
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We hypothesized that cells undergoing high rates of macropinocytosis may be dependent on the 
metabolism of extracellular protein for in vivo tumor growth. Therefore, we performed xenograft 
experiments using H1299 and H1975 Rac1 WT and KO cells to determine if loss of Rac signaling and 
macropinocytosis affects tumor formation. While the proliferation rate of Rac1 WT and Rac1 KO cells 
were equivalent in the presence of glucose when grown in 2D culture (Figure S5D), only cells 
expressing Rac1 were capable of forming tumors in vivo (Figure S7). Specifically, 5/5 (H1299) and 
10/10 (H1975) mice injected with Rac1 WT cells developed tumors, while 0/10 (H1299) and only 3/20 
(H1975) Rac1 KO xenografts formed small masses. These results suggest that cancer cells that 
undergo high levels of macropinocytosis are reliant on Rac1 expression for tumor formation. These 
results corroborate those using the Rac inhibitor and identify Rac signaling as a critical regulator of 
macropinocytosis and glucose free survival. 

Figure 4. Rac1 expression activates macropinocytosis in H1299 cells in a PAK dependent manner and
is necessary for glucose independence. (A) Immunoblot analysis comparing Rac signaling in Rac1 WT
and Rac1 KO H1299 cells generated using CRISPR-Cas9 technology. The two knockout clones were
generated using two independent guides against Rac1. (B) Quantification of the levels of FITC-dextran
uptake in glucose starved H1299 Rac1 WT and H1299 Rac1 KO cells. Data is normalized to Rac1 WT
cells, error bars indicate ± SD of 10 fields scored containing at least 10 cells. (C) Relative density of
Rac1 WT and H1299 Rac1 KO cells cultured in GFM for 48 h as determined by crystal violet staining.
Data is normalized to density of Rac1 WT cells at 48 h, error bars indicate ± SEM of three independent
experiments. For (B,C), significance was calculated using Student’s t-test. (D) Immunoblot analysis of
Pak signaling in Rac1 KO H1299 control cells or cells stably overexpressing the constitutive active Pak1
mutant T423E. (E) Quantification of the levels of FITC-dextran uptake in glucose starved Rac1 WT,
Rac1 KO, and Rac1 KO/Pak1 (T423E) cells. Data is normalized to Rac1 WT cells; error bars indicate
± SD of 10 fields scored containing at least 10 cells. Significance was calculated using ANOVA with
Holm-Sidak multiple comparisons across cell lines, * p < 0.05, ** p < 0.005, *** p < 0.0001.

We hypothesized that cells undergoing high rates of macropinocytosis may be dependent on the
metabolism of extracellular protein for in vivo tumor growth. Therefore, we performed xenograft
experiments using H1299 and H1975 Rac1 WT and KO cells to determine if loss of Rac signaling and
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macropinocytosis affects tumor formation. While the proliferation rate of Rac1 WT and Rac1 KO cells
were equivalent in the presence of glucose when grown in 2D culture (Figure S5D), only cells expressing
Rac1 were capable of forming tumors in vivo (Figure S7). Specifically, 5/5 (H1299) and 10/10 (H1975)
mice injected with Rac1 WT cells developed tumors, while 0/10 (H1299) and only 3/20 (H1975) Rac1
KO xenografts formed small masses. These results suggest that cancer cells that undergo high levels
of macropinocytosis are reliant on Rac1 expression for tumor formation. These results corroborate
those using the Rac inhibitor and identify Rac signaling as a critical regulator of macropinocytosis and
glucose free survival.

We have shown that the level of active, phosphorylated Pak is increased in glucose independent
cells. Therefore, we wished to determine whether activation of Pak alone is sufficient to drive
macropinocytosis downstream of Rac activation. To examine this, we expressed a constitutively
active Pak1 mutant, Pak1 (T423E), in Rac1 KO H1299 and H1975 cells to see if this would restore
macropinocytosis. Expression of this mutant led to an increase in Pak activity as determined by
autophosphorylation (Figure 4D, Figure S5E). Expression of Pak1 (T423E) also resulted in a more than
four-fold increase in dextran uptake compared to Rac1 KO cells (Figure 4E, Figures S5F and S6B),
suggesting that Pak is a critical downstream Rac target that regulates macropinocytosis.

2.5. PI3K Regulates Rac-Driven Macropinocytosis

We have shown that the Rac-Pak signaling cascade is a crucial activator of macropinocytosis in
NCSLC cells, yet it is important to identify the upstream activator of this pathway in order to shed
further light on how macropinocytosis and glucose independent tumor growth might be targeted.
Activation of Rac occurs through interactions with guanine nucleotide exchange factors (GEFs), which
catalyze the dissociation of Rac from GDP, thereby allowing GTP to bind and activate Rac. Several
Rac-GEFs, including P-Rex1, P-Rex2, Sos, Vav, and Tiam are activated by binding to the second
messenger phosphoatidylinositol-3,4,5-trisphosphate (PIP3), which is generated by phosphoinositide-3
kinase (PI3K) [41]. Interestingly, we observed higher levels of Thr-308 phosphorylated Akt (a PIP3
dependent Ser/Thr kinase) in glucose independent cell lines (Figure 5A), implying that these cells have
elevated PI3K signaling. To understand if PI3K regulates Rac signaling in glucose independent cells,
we incubated cells with the pan-class I PI3K inhibitor BKM120 and analyzed levels of phosphorylated
Pak. Treatment with BKM120 inhibited activation of Akt as measured by phosphorylation at Thr-308,
and also resulted in a concomitant decrease in phospho-Pak (Figure 5B). To examine the effect of
BKM120 treatment on macropinocytosis, we pre-treated glucose starved cells with BKM120 prior to
incubation with FITC-dextran. Macropinocytosis was significantly decreased in the cell lines tested
(Figure 5C, Figure S8A).

We next examined if the observed inhibition of macropinocytosis in response to BKM120 treatment
was a result of decreased Pak activity. To do so, we utilized our H1975 Rac1 KO cells stably expressing
highly active Pak1 (T423E). Phosphorylation of Pak was decreased in Rac1 WT cells following
incubation with BKM120, while Pak phosphorylation was unaffected in Rac1 KO cells expressing
Pak1 (T423E) (Figure 5D). We next analyzed levels of macropinocytosis in these cells, and found that
while treatment of Rac1 WT cells with BKM120 resulted in decreased macropinocytosis, there was no
difference in levels of macropinocytosis in Rac1 KO/Pak1 (T423E) cells treated with PI3K inhibitor
(Figure 5E, Figure S8B). These results identify PI3K as an upstream activator of Rac-Pak signaling
and macropinocytosis.



Cancers 2019, 11, 37 8 of 18

Cancers 2019, 11, 37 8 of 18 

 

 

Figure 5. PI3K regulates Rac-driven macropinocytosis. (A) Immunoblot analysis of phospho-Akt 
(Thr308) in glucose independent (red) and glucose addicted (blue) cells following 6 h of glucose 
starvation. (B) Immunoblot analysis of Pak and Akt phosphorylation following treatment with vehicle 
or 1 μm BKM120 for 1 h. (C) Quantification of FITC-dextran uptake in glucose starved cells treated 
with either vehicle or 1 μm BKM120 for 1 h prior to incubation with FITC-dextran. Data is normalized 
to vehicle treated cells. Error bars indicate +/- SD of 10 fields scored containing at least 10 cells, and 
statistics was calculated using Student’s t-test. (D) Immunoblot analysis of Pak signaling in Rac1 KO 
H1299 control cells or cells stably overexpressing the constitutive active Pak1 mutant T423E following 
treatment with vehicle or 1 μm BKM120 for 1 h. Densitometry was used to quantify P-Pak band 
intensities normalized to T-Pak1. (E) Quantification of FITC-dextran uptake in glucose starved Rac1 
WT, Rac1 KO, and Rac1 KO/Pak1 (T423E) cells treated with vehicle or 1 μm BKM120 1 h prior to 
incubation with FITC-dextran. Data is normalized to Rac1 WT cells, error bars indicate +/- SD of 10 
fields scored containing at least 10 cells. Significance was calculated using ANOVA with Holm-Sidak 
multiple comparisons between control and BKM120 treated cell lines, ** p < 0.005, *** p < 0.0001.  

2.6. Internalized Protein Supplies Glucose Starved Cells with Alanine and Other Free Amino Acids.  

We next wished to determine if internalized protein could supply glucose starved cells with free 
U-13C glucose and U-13C amino acids to trace incorporation of labeled carbon into intracellular amino 
acids. H1299 and H1975 cells were cultured for 24 h in media lacking both glucose and serum and 
supplemented with either unlabeled or 13C labeled yeast protein. We confirmed the uptake of yeast 
protein by observing co-localization of rhodamine-labeled yeast protein and FITC-dextran in cells 
(Figure S9). Following incubation with unlabeled or 13C labeled protein, intracellular metabolites 
were extracted and quantified by liquid chromatography/mass spectrometry. We detected significant 
quantities of uniformly 13C labeled amino acids in H1975 and H1299 cells (Figure 6A). Interestingly, 
the amino acid with the highest fraction of 13C incorporation was alanine. We therefore traced the 
metabolic fate of alanine during glucose starvation by culturing H1299 and H1975 cells in glucose 
depleted media supplemented with unlabeled or uniformly 13C-labeled alanine. There was significant 
13C labeling of TCA intermediates including citrate, α-ketoglutarate, succinate, and malate, as well as 
glycolytic intermediates 3-phosphoglycerate (3-PG) and lactate (Figure S10A). The predominance of 

Figure 5. PI3K regulates Rac-driven macropinocytosis. (A) Immunoblot analysis of phospho-Akt
(Thr308) in glucose independent (red) and glucose addicted (blue) cells following 6 h of glucose
starvation. (B) Immunoblot analysis of Pak and Akt phosphorylation following treatment with vehicle
or 1 µm BKM120 for 1 h. (C) Quantification of FITC-dextran uptake in glucose starved cells treated
with either vehicle or 1 µm BKM120 for 1 h prior to incubation with FITC-dextran. Data is normalized
to vehicle treated cells. Error bars indicate ± SD of 10 fields scored containing at least 10 cells,
and statistics was calculated using Student’s t-test. (D) Immunoblot analysis of Pak signaling in
Rac1 KO H1299 control cells or cells stably overexpressing the constitutive active Pak1 mutant T423E
following treatment with vehicle or 1 µm BKM120 for 1 h. Densitometry was used to quantify P-Pak
band intensities normalized to T-Pak1. (E) Quantification of FITC-dextran uptake in glucose starved
Rac1 WT, Rac1 KO, and Rac1 KO/Pak1 (T423E) cells treated with vehicle or 1 µm BKM120 1 h prior
to incubation with FITC-dextran. Data is normalized to Rac1 WT cells, error bars indicate ± SD of
10 fields scored containing at least 10 cells. Significance was calculated using ANOVA with Holm-Sidak
multiple comparisons between control and BKM120 treated cell lines, ** p < 0.005, *** p < 0.0001.

2.6. Internalized Protein Supplies Glucose Starved Cells with Alanine and Other Free Amino Acids

We next wished to determine if internalized protein could supply glucose starved cells with free
U-13C glucose and U-13C amino acids to trace incorporation of labeled carbon into intracellular amino
acids. H1299 and H1975 cells were cultured for 24 h in media lacking both glucose and serum and
supplemented with either unlabeled or 13C labeled yeast protein. We confirmed the uptake of yeast
protein by observing co-localization of rhodamine-labeled yeast protein and FITC-dextran in cells
(Figure S9). Following incubation with unlabeled or 13C labeled protein, intracellular metabolites
were extracted and quantified by liquid chromatography/mass spectrometry. We detected significant
quantities of uniformly 13C labeled amino acids in H1975 and H1299 cells (Figure 6A). Interestingly,
the amino acid with the highest fraction of 13C incorporation was alanine. We therefore traced the
metabolic fate of alanine during glucose starvation by culturing H1299 and H1975 cells in glucose
depleted media supplemented with unlabeled or uniformly 13C-labeled alanine. There was significant
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13C labeling of TCA intermediates including citrate, α-ketoglutarate, succinate, and malate, as well as
glycolytic intermediates 3-phosphoglycerate (3-PG) and lactate (Figure S10A). The predominance of
M+2 labeled TCA cycle intermediates implies that pyruvate is generated from alanine via the enzyme
alanine transaminase (ALT), which can then be converted to acetyl CoA by pyruvate dehydrogenase
to feed the TCA cycle. The presence of M+1 and M+2 3-PG suggests that it is derived from
phosphoenolpyruvate that was formed via decarboxylation of oxaloacetate by PEPCK (Figure S10B).
Taken together, our data shows that alanine produced from the degradation of internalized protein can
support cell growth during glucose withdrawal by supplying the cell with a source of pyruvate to feed
the TCA cycle and gluconeogenesis.
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Figure 6. Alanine is derived from internalized protein and is converted to pyruvate by ALT2 to support
proliferation during glucose starvation. (A) Detection of universally (U) 13C-labeled amino acids in
cells cultured in GFM supplemented with unlabeled or U-13C labeled yeast protein by LC-MS. Values
are presented as a ratio of U-13C labeled amino acid to total amino acid abundance, Error bars indicate
± SD of three biological replicates. (B) Relative ALT activity of ALT2 WT and ALT2 KO H1299 and
H1975 cell lysates. Data is normalized to ALT2 WT cells. (C) Relative density of ALT2 WT and ALT2
KO H1299 and H1975 cells cultured in GFM for 48 h. Data is normalized to density of ALT2 WT
cells at 48 h. For (B,C), Significance was calculated using Student’s t-test. (D) Relative density of
glucose starved ALT2 WT and ALT2 KO H1299 and H1975 cells supplemented with vehicle or 1 mM
pyruvate (Pyr). Data is normalized to density of vehicle treated ALT2 WT cells at 48 h. Significance
was calculated using ANOVA with Holm-Sidak multiple comparisons to ALT WT cell lines. For (B–D),
error bars indicate ± SEM of at least three independent experiments, * p < 0.05, ** p < 0.005.

2.7. ALT2 Activity is Critical for Proliferation During Glucose Starvation

Alanine transaminase catalyzes the reversible transamination between alanine and
α-ketoglutarate to form pyruvate and glutamate. There are two different ALT isoforms- ALT1 which
is cytosolic and ALT2 which is mitochondrial [42]. Recent studies have uncovered important roles
for ALT2 in adaptive cancer metabolism [43–47]. Analysis of expression data from the Cancer Cell
Line Encyclopedia (CCLE) revealed that ALT2 expression is significantly higher than ALT1 in various
lung cancer cell lines (Figure S11A). Furthermore, we found that ALT2 protein was expressed in
both H1299 and H1975 cells, while ALT1 was not expressed in H1975 cells (Figure S11B). Despite
lacking ALT1, H1975 cells had alanine transaminase activity that was comparable to H1299 cells
(Figure S11C). We therefore deleted ALT2 in H1975 and H1299 cells using CRISPR-Cas9 technology
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in order to evaluate its role in protein-fueled glucose independence (Figure S11D). Loss of ALT2
expression resulted in a significant decrease in transaminase activity of both H1299 and H1975 cell
lysates, suggesting that it is critical for the conversion of alanine to pyruvate (Figure 6B). To determine
if ALT2 activity is critical for survival during glucose starvation, we cultured ALT2 WT and ALT2
KO cells in glucose free media. Indeed, ALT2 KO cells were significantly more sensitive to glucose
withdrawal compared to ALT2 WT cells, while ALT2 WT and ALT2 KO cells had comparable growth
under glucose-replete conditions. (Figure 6C, Figure S11E). Furthermore, supplementation with
exogenous pyruvate rescued the viability of ALT2 KO cells, suggesting that pyruvate produced from
alanine supports cell survival in the absence of glucose (Figure 6D). To corroborate the results seen with
ALT2 knockout cells, we also treated cells with the ALT inhibitor L-cycloserine (L-CS). L-CS treatment,
as well as boiling to destroy all enzyme activity, significantly reduced the transaminase activity of both
cell lines (Figure S11C). In agreement with the results seen with ALT2 KO cells, treatment with L-CS
resulted in decreased cell survival under conditions of glucose deprivation (Figure S11F). Interestingly,
supplementing glucose and serum free media with exogenous alanine only partially rescued the
viability of glucose independent cells. (Figure S11G), suggesting that while alanine is necessary for
glucose free survival, the internalization of other amino acids is also required. Overall, these data
show that the transamination of alanine to pyruvate by ALT2 is required for metabolic adaptation to
glucose withdrawal.

3. Discussion

Targeting cancer cell metabolism has emerged as an attractive potential therapeutic avenue.
Tumor cells, unlike normal undifferentiated cells, have a high demand for energy and biomass in
order to fuel their rapid growth, and the flexibility of tumor metabolism is important for survival in
nutrient poor tumor microenvironments. We therefore set out to identify adaptive metabolic pathways
utilized by cancer cells during glucose starvation and potentially uncover novel drug targets. Here,
we found that NSCLC cells scavenge extracellular protein in the absence of glucose via Rac-mediated
macropinocytosis, which supplies cells with amino acids required for growth.

Previous studies have also identified macropinocytosis as a critical process for cancer cell survival
in nutrient poor environments. In Ras mutant pancreatic and bladder cancer cells, macropinocytosis of
extracellular protein has been shown to be dependent on oncogenic Ras expression and necessary for
cell growth during glutamine starvation. Furthermore, inhibiting macropinocytosis leads to a reduction
in pancreatic xenograft tumor growth in vivo [26]. Another study reported that human pancreatic
ductal carcinoma tumor samples, which are poorly vascularized and whose microenvironment
has decreased levels of metabolites including glucose, undergo high rates of macropinocytosis to
maintain intracellular amino acid levels [5]. Furthermore, the internalization of labeled albumin
and its subsequent breakdown into amino acids was directly observed in pancreatic tumors of
live KrasG12D;p53−/− mice by live microscopy [27]. In addition to protein internalization, it has
also been shown that consumption of extracellular ATP by lung cancer cells via macropinocytosis
increases intracellular ATP levels and protects cells from inhibition of glycolysis and oxidative
phosphorylation [48]. Therefore, it is possible that the uptake of other soluble components in the tumor
microenvironment in combination with internalized amino acids can supply the cell with the necessary
metabolites to fuel various biosynthetic processes required for proliferation.

While we found no clear genetic basis for glucose independence, we demonstrated that Rac
signaling and activation of the effector protein Pak is increased in glucose independent cells and is
critical for macropinocytosis and glucose free survival. Specifically, both inhibition of Rac using a
small molecule inhibitor and genetic deletion of Rac1 resulted in decreased macropinocytosis and
sensitization to glucose starvation. The reduction in macropinocytosis was rescued by expression
of a constitutive active Pak1 mutant. Furthermore, we identified PI3K as the critical upstream
activator of Rac-mediated macropinocytosis. Of note, Rac-Pak signaling in the glucose independent
cell line HCC4006 was relatively low compared to the other glucose independent cell lines,
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yet macropinocytosis activity was high. While our experiments using Rac and PI3K inhibitors suggest
that the Rac-Pak signaling pathway is involved in part in regulating macropinocytosis and glucose
free survival, it is interesting to note that HCC4006 cells have an activating ELR746del mutation and
amplification of EGFR. Phospholipase C is a downstream target of EGFR, which is also known to
activate macropinocytosis [33]. Therefore, in HCC4006 cells, co-activation of Rac and PLC by PI3K and
EGFR may cooperate to fully activate macropinocytosis.

The role of Rac signaling in stimulating macropinosome formation is supported by previous
studies performed in dendritic cells which show that constitutive macropinocytosis is inhibited
by expression of dominant-negative Rac or treatment with a PI3K inhibitor [32]. It has also been
reported that PI3K activates Rac-mediated, growth factor-induced macropinocytosis in fibroblasts,
and expression of oncogenic PI3K or loss of PTEN increases the macropinocytotic capacity of fibroblasts
and fuels cell growth in the absence of leucine [33]. Interestingly, tumor associated activating mutations
in Rac1 and Rac2 have been identified in melanoma, sarcoma, and tumors of the head and neck,
breast, and brain [49–54]. In addition, various Rac isoforms have been shown to be overexpressed
in human cancers including lung, gastric, testicular, and breast [53,55–58]. We are interested in
determining if the presence of activating Rac mutations and/or overexpression is a predictor of
increased macropinocytosis and resistance to glucose withdrawal across tumor types.

By generating universally 13C yeast protein lysate, we were able to trace the flux of internalized
protein into amino acids, and found significant labeling of alanine. Alanine generated TCA cycle
and gluconeogenic intermediates, and conversion of alanine to pyruvate by ALT2 was critical for
glucose free survival. Previous studies have shown that ALT2 is critical for the growth of certain
tumors, and ALT2 expression is often regulated by different oncogenic alterations. In human breast
cancer, tumor grade and proliferation correlates with an increase in ALT2 expression [43]. Furthermore,
PIK3CA mutant colon cancer cells are reported to upregulate ALT2 expression, and inhibition of
ALT2 activity decreases the growth of PI3KCA mutant tumors [45]. Colon cancer cells expressing
oncogenic p53 and Ras also cooperate to upregulate expression of metabolic enzymes including ALT2.
This oncogenic upregulation of ALT2 increases glutamate conversion to α-ketoglutarate to drive the
TCA cycle [47]. In addition, alanine secreted by pancreatic stellate cells has been reported to be utilized
by PDAC cells to fuel the TCA cycle in an ALT dependent manner [46].

We found that while supplementing glucose and serum free media with exogenous alanine
increased cell viability, it was not a complete rescue, as compared to albumin supplementation.
An explanation for this is that amino acids derived from internalized proteins are needed to fuel the
TCA cycle, allowing alanine-derived pyruvate to be used primarily to produce glycolytic intermediates.
Furthermore, unidirectional amino acid uptake into cancer cells from the culture media or into tumors
from blood is relatively slow. Thus, amino acids derived from degradation of internalized proteins not
only provide a rapid source for new protein synthesis, but also provide a currency of exchange for
extracellular amino acids needed for other anabolic processes [59,60]. Collectively, our results show
that targeting either Rac-driven macropinocytosis or ALT2 mediated pyruvate production may have
therapeutic implications for the treatment of NSCLC.

4. Materials and Methods

4.1. Reagents and Plasmids

Antibodies were purchased from the following suppliers: Cell Signaling Technologies (Danvers,
MA, USA) (phospho Pak1 S199/204Pak2 S192/197-2605, phospho-Pak1 T423/Pak2 T402-2601,
Pak1-2602, Rac1/2/3-2465, phospho Akt Thr308-4056, Akt1-2938) Abcam (Cambridge, MA, USA)
(βactin- ab7817) and Santa Cruz Biotech. (Santa Cruz, CA, USA) (ALT1-S374501, ALT2-398383).
Inhibitors and metabolites were purchased from Selleck Chemicals (Houston, TX, USA) (BKM120),
Sigma-Aldrich (St. Louis, MO, USA) (EIPA, L-cycloserine, L-alanine, pyruvate), and Santa Cruz
Biotech. (EHT 1864). PAK1 T423E cDNA was obtained from pCMV6M-PAK1 T423E, a gift from
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Jonathan Chernoff purchased from Addgene (Addgene plasmid #12208, Watertown, MA, USA).
The PAK1 T423E cDNA was sub-cloned into the retroviral vector pBABE-puro for stable expression
via retroviral infection.

4.2. Cell Culture

NSCLC cell lines were obtained from the Hamon Cancer Center Collection (University of
Texas–Southwestern Medical Center, Dallas, TX, USA). All cell lines were maintained under 5%
CO2 at 37 ◦C in RPMI-1640 medium (Corning, 10040, Corning, NY, USA) supplemented with 10%
FBS (Denville, 5002, Metuchen, NJ, USA) and 100 µl/mL penicillin and 100 µg/mL streptomycin
(Gibco, 15140122, Gaithersburg, MD, USA). For glucose starvation experiments, cells were cultured in
glucose-free media (GFM) containing RPMI 1640 (Thermo Fisher Sci.,11879-020, San Jose, CA, USA)
supplemented with 10% dialyzed FBS (Gibco, 26400044) or 2% (w/v) Fraction V BSA (EMD Millipore,
126609, Burlington, MA, USA).

4.3. Cell Line Generation

To generate Rac1 knockout cell lines, two different 20-bp guide sequences targeting Rac1
(5′-GTGTGAGCGCCGAGCACTCC-3′) and (5′-TTACTGTTTGCGGATAGGAT-3′) were chosen using a
publicly available online CRISPR guide design tool at http://crispr.mit.edu [61]. To generate ALT2
knockout cells, a guide containing the sequence (5′-CAGCTCGAGCTCGATCTCGC-3′) was used.
The guide sequences were cloned into PX459 V2.0, a gift from Feng Zhang purchased from Addgene
(Addgene, #62988). Cell lines were transfected with guide RNA plasmids using Lipofectamine LTX
(Thermo Fisher Sci., 15338100), and selected with puromycin at 1.5 µg/mL 24 h post transfection.
Single cells were plated at low density in 10 cm. plates, and single colonies were collected after 2 weeks.
Knockout clones were screened by western blotting.

4.4. Generation of Retroviral PAK (T423E) Stable Cell Lines

Retrovirus was produced by transfection of pBabe constructs into the Phoenix HEK293 packaging
cell line (ATCC) using Lipofectamine 2000 (Thermo Fisher Sci., 11668027). Virus was collected 24 and
48 h after transfection, and passed through a 0.45 µm PVDF membrane filter. For infection of cell lines,
polybrene (Santa Cruz, SC-134220) was added to the virus at a concentration of 8 µg/mL and added
to cells plated at 20% confluency for 6 h. Fresh media was then added, and cells were selected with
1.5 µg/mL puromycin 48 h after the initial point of infection. Cells were maintained in selection media
for 1 week following complete selection of control, uninfected cells.

4.5. Xenograft Assays

FoxN1 female nude mice at 7 weeks of age were injected subcutaneously into the fat pad with
1 × 106 cells in a 1:1 mixture of growth media and Matrigel (Corning, 354230). Tumor size was recorded
using calipers, and tumor volume was calculated using the formula 4/3 × π × R3, where R is

√
(width

× height)/2. Mice were sacrificed when tumors reached a diameter of 1.5 cm. Animal studies were
approved by the IACUC as described in protocol #2013-0116, which was most recently renewed on
20 September 2018.

4.6. Immunoblotting

Cells were washed with ice-cold PBS, and scraped following addition of lysis buffer (150 mM
NaCl, 25 mM Tris pH 7.4, 0.1% Triton X-100, 1 mM EDTA). 1× Laemmli buffer (125 mM Tris pH 6.8,
10% (v/v) 2-mercaptoethanol, 4% (w/v) SDS, 20% (v/v) glycerol, 0.05% bromophenol blue) was added
and samples were boiled for 5 min. Samples were separated by SDS/PAGE on Tris-glycine gels
(Thermo Fisher Sci., XP04200BOX) and transferred onto nitrocellulose (Bio-Rad, 1620115, Hercules,
CA, USA). Membranes were blocked with 5% (w/v) nonfat milk in Tris-buffered saline and Tween

http://crispr.mit.edu


Cancers 2019, 11, 37 13 of 18

20 buffer (TBST) and incubated with the appropriate antibody overnight at 4 ◦C. Membranes were
washed three times with TBST and the appropriate secondary antibody was added for 1 h at room
temperature. Blots were developed using ECL (Thermo Fisher Sci., 34076) and audioradiography film
(Denville, E3018).

4.7. Glucose-Free Growth Assays

To measure total viable cell content, a total of 15,000 cells were plated per well in a 48-well
plate in triplicate. After 24 h, cells were rinsed and incubated with glucose free media (GFM). Cells
were incubated for 48 h, and then collected to measure cell density. A day 0 plate was also collected.
To measure cell density, cells were fixed and stained with 0.05% crystal violet in 10% formalin for
20 min. Each well was then washed multiple times with PBS. For quantification of cell density, crystal
violet stain was resolubilized in 10% acetic acid and the absorbance at 595 nm was recorded using
a Fluostar Omega plate spectrophotometer. Change in cell density was calculated by normalizing
absorbance at a given time point to the absorbance at day 0. For relative cell density, absorbance was
normalized to the absorbance of a control cell line as indicated.

4.8. Macropinocytosis Visualization and Quantification

Macropinocytosis quantification was adapted from a previously described protocol [62]. Cells
were plated in 24 well plates containing glass coverslips coated with Poly-D-lysine (Trevigen,
Gaithersburg, MD, USA). After 24 h of attachment, cells were incubated in glucose-free medium
(GFM) for 3 h, followed by addition of 1 mg/mL FITC-dextran, MW 70,000 (Thermo Fisher Sci.,
D-1822) for 1 h. Cells were washed with ice-cold phosphate buffered saline PBS 4 times, followed
by one wash with a low pH buffer (0.1 M sodium acetate, 0.05 M NaCl, pH 5.5) to bleach surface
bound dextran. Cells were then fixed with 3.7% formaldehyde in PBS for 30 min. at room temperature,
and then washed twice with PBS. Cells were stained with 5 µg/mL Wheat Germ Agglutinin, Alexa
Fluor 594 Conjugate, and washed once more (Thermo Fisher Sci. W1126). Cells were mounted on
glass slides with ProLong Diamond Antifade Mountant with DAPI (Life Tech., P3696, Carlsbad, CA,
USA) and incubated in the dark overnight. Images were acquired with a Nikon Eclipse Ti-E inverted
microscope. Uptake of fluorescently labeled dextran was quantified using the Nikon analysis software.
Wheat germ agglutinin fluorescence was used to detect and select cells using the region of interest
auto detect function. An intensity threshold for dextran fluorescence was determined, and the object
count function was used to calculate the percent area of internalized fluorescent dextran normalized
to the total area of cells. This value was then normalized to a control cell line to generate the value
named “relative dextran uptake”.

4.9. Generation of 13C-Labeled Proteins

A haploid SK1 strain of Saccharomyces cereviseae was grown to an OD of 1.0 in Difco
yeast nitrogen base lacking amino acids (BD, Franklin Lakes, NJ, USA, 291940, Detroit, MI, USA)
supplemented with 2% normal isotopic (Sigma, G270) or U-13C labeled glucose (Cambridge Isotope
Lab., CLM-1396-25, Tewksbury, MA, USA) and 1X unlabeled or U-13C labeled Bioexpress cell growth
media (Cambridge Isotope Lab., CGM-1000-U-0, CGM-1000-C-0). Cells were washed twice with water,
and once with urea lysis buffer (8 M urea, 50 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, 2 mM
MgCl2, protease inhibitor tablets (Thermo Fisher Sci, A32959). Cell pellets were lysed with 1 g acid
washed beads per gram cell weight in 1 mL urea lysis buffer per gram cell weight and vortexed for
1 min, 5 times. Lysate was spun down at 10,000× g for 10 min. to remove beads, and then again
at 20,000 × g for 30 min. to clarify lysate. Lysate was diluted 1:1 with 50 mm Tris-HCl, pH 7.5,
50 mM NaCl, 2 mM MgCl2, concentrated using a Pierce 10K protein concentrator (Thermo Fisher
Sci., 88517), and treated with 2500U Benzonase (EMD Millipore, 70664-3,) at 37 ◦C for 1 h. Samples
were dialyzed overnight against PBS using 10K MW dialysis cassettes (Thermo Fisher Sci., 66003).
The protein was then either tagged with NHS-Rhodamine using the instructions provided by the
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Pierce NHS-Rhodamine labeling kit (Thermo Fisher Sci., 53031), or used to supplement glucose-free
media for metabolite tracing experiments.

4.10. Metabolic Tracing and Extraction

Cells were plated in triplicate in 6 well plates. When cells reached 80% confluency, they were
washed with PBS and incubated with glucose-free RPMI supplemented with 0.75 mg/mL purified
unlabeled or 13C labeled yeast protein or 1 mM unlabeled or U-13C labeled L-alanine for 24 h. To extract
intracellular metabolites, cells were washed with ice cold PBS, and quenched with 1 mL ice cold 80%
methanol. Extracts were clarified by centrifugation at 14,000 rpm for 10 min, and the metabolites were
dried using a Speed-Vac Evaporator.

4.11. Liquid Chromatography/Mass Spectrometry (LC/MS) Analysis

Metabolomics analysis was performed as described previously [63]. Briefly, metabolites were
extracted from cells using precooled 80% methanol. LC/MS analyses were performed on a Q Exactive
Orbitrap mass spectrometer (Thermo Fisher Sci.) coupled to a Vanquish UPLC system (Thermo Fisher
Sci.). The Q Exactive operated in polarity-switching mode. A Sequant ZIC-HILIC column (2.1 mm
i.d. × 150 mm, Merck) was used for separation of metabolites. Flow rate was set at 150 µL/min.
Buffers consisted of 100% acetonitrile for mobile A, and 0.1% NH4OH/20 mM CH3COONH4 in
water for mobile B. Gradient ran from 85% to 30% A in 20 min followed by a wash with 30% A and
re-equilibration at 85% A. Metabolites and their 13C isotopologues were identified on the basis of exact
mass within 5 ppm and standard retention times. Relative metabolite quantitation was performed
based on peak area for each metabolite. All data analysis was done using in-house written scripts.

4.12. ALT Activity Assay

ALT activity was measured using a commercially available kit (BioVision, K752-100, Milpitas, CA,
USA). 1× 106 cells were homogenized in 200 µL ice cold ALT assay buffer, and centrifuged at 13,000× g
to remove insoluble material. Samples were then boiled for 5 min or treated with 250 µM L-cycloserine
for 15 min. A reaction mixture containing ALT enzyme mix, ALT substrate, and fluorescent peroxidase
substrate was added to lysates per the manufacturer’s protocol. Fluorescence were measured at 37 ◦C
every 5 min. at 570 nm. Standard curves were generated, and ALT activity was calculated using the
equation: ALT. Activity = nmole of pyruvate generated/(Timefinal–Timeinitial) × Volume (mL). ALT
activity was reported as milliunit/mL, where one milliunit (mU) of ALT is the amount of enzyme
needed to generate 1.0 nmole of pyruvate per minute at 37 ◦C.

4.13. Public Dataset: Cancer Cell Line Encyclopedia (CCLE) Data Analysis

The expression dataset of ALT1 and ALT2 was accessed and downloaded at http://www.
broadinstitute.org/ccle/home.

4.14. Statistical Analysis

P values were calculated by unpaired Student’s t-test.

5. Conclusions

Here, we show that NSCLC cells can survive and proliferate under glucose depleted conditions
and rely on the macropinocytosis of extracellular protein for fuel. These glucose independent cells
have increased signaling through the Rac-Pak pathway, and activation of this pathway is essential for
macropinocytosis and glucose-free survival. Furthermore, PI3K regulates macropinocytosis in a Pak
dependent manner, and Rac expression is required for tumor formation in vivo. Internalized protein is
degraded in the cell to produce free amino acids, including alanine, which generate TCA cycle and
gluconeogenic intermediates. Expression of the mitochondrial enzyme ALT2, which converts alanine
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to pyruvate, is critical for glucose independence. Overall, these results uncover an adaptive metabolic
pathway used by NSCLC cells to survive states of glucose deprivation.
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and macropinocytosis is not regulated by glucose, Figure S5: Rac1 regulates macropinocytosis of H1975 cells
in a PAK dependent manner to promote glucose independence, Figure S6: Rac1 activation of Pak regulates
macropinocytosis, Figure S7: Rac1 is required for tumor formation of glucose independent cells, Figure S8: PI3K
activates Rac-mediated macropinocytosis, Figure S9: Co-localization of internalized Rhodamine-labeled yeast
protein (red) with FITC-dextran (green) puncta in H1975 cells, Figure S10: Alanine generates TCA cycle and
gluconeogenic intermediates, Figure S11: ALT2 is expressed in NSCLC cells and converts alanine to pyruvate to
support glucose free survival.

Author Contributions: C.H. and L.C.C. designed research; C.H., B.D.H., T.S., Z.C. and R.M. performed research;
G.Z. and K.Y.R. contributed new reagents/analytic tools; C.H., B.D.H., M.D.G., G.Z., and T.S. analyzed data;
and C.H. and L.C.C. wrote the manuscript. All authors contributed to the final review of the manuscript.

Funding: This research was funded by Postdoctoral Fellowship # PF-17-001-01-TBE from the American Cancer
Society (C.H.), the National Cancer Institute of the National Institutes of Health under Award Number
R35CA197588 (L.C.C.) and P01 CA120964 (L.C.C.).

Acknowledgments: We thank S.M. Davidson and M.G. Vander Heiden for the yeast strain S. cerevisiae. We also
thank the members of the L.C.C. lab for critical review of data and for comments on the manuscript.

Conflicts of Interest: L.C.C. is a founder and member of the SAB of Agios Pharmaceuticals and of Petra
Pharmaceuticals. These companies are developing novel therapies for cancer. L.C.C.’s laboratory also receives
some financial support from Petra Pharmaceuticals.

References

1. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg Effect: The Metabolic
Requirements of Cell Proliferation. Science 2009, 324, 1029–1033. [CrossRef] [PubMed]

2. Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309–314. [CrossRef] [PubMed]
3. Lunt, S.Y.; Vander Heiden, M.G. Aerobic Glycolysis: Meeting the Metabolic Requirements of Cell

Proliferation. Ann. Rev. Cell. Dev. Biol. 2011, 27, 441–464. [CrossRef] [PubMed]
4. Gullino, P.M.; Grantham, F.H.; Courtney, A.H. Glucose Consumption by Transplanted Tumors in Vivo.

Cancer Res. 1967, 27, 1031–1040. [PubMed]
5. Kamphorst, J.J.; Nofal, M.; Commisso, C.; Hackett, S.R.; Lu, W.; Grabocka, E.; Vander Heiden, M.G.; Miller, G.;

Drebin, J.A.; Bar-Sagi, D.; et al. Human Pancreatic Cancer Tumors Are Nutrient Poor and Tumor Cells
Actively Scavenge Extracellular Protein. Cancer Res. 2015, 75, 544–553. [CrossRef]

6. Urasaki, Y.; Heath, L.; Xu, C.W. Coupling of Glucose Deprivation with Impaired Histone H2B
Monoubiquitination in Tumors. PLoS ONE 2012, 7, e36775. [CrossRef] [PubMed]

7. Rocha, C.M.; Barros, A.S.; Gil, A.M.; Goodfellow, B.J.; Humpfer, E.; Spraul, M.; Carreira, I.M.; Melo, J.B.;
Bernardo, J.; Gomes, A.; et al. Metabolic Profiling of Human Lung Cancer Tissue by 1H High Resolution
Magic Angle Spinning (HRMAS) NMR Spectroscopy. J. Proteome Res. 2010, 9, 319–332. [CrossRef]

8. DeNicola, G.M.; Cantley, L.C. Cancer’s Fuel Choice: New Flavors for a Picky Eater. Mol. Cell. 2015, 60,
514–523. [CrossRef]

9. Hirschey, M.D.; DeBerardinis, R.J.; Diehl, A.M.E.; Drew, J.E.; Frezza, C.; Green, M.F.; Jones, L.W.; Ko, Y.H.;
Le, A.; Lea, M.A.; et al. Target Validation Team. Dysregulated metabolism contributes to oncogenesis.
Semin. Cancer Biol. 2015, 35, S129–S150. [CrossRef]

10. Yang, C.; Ko, B.; Hensley, C.T.; Jiang, L.; Wasti, A.T.; Kim, J.; Sudderth, J.; Calvaruso, M.A.; Lumata, L.;
Mitsche, M.; et al. Glutamine Oxidation Maintains the TCA Cycle and Cell Survival during Impaired
Mitochondrial Pyruvate Transport. Mol. Cell. 2014, 56, 414–424. [CrossRef]

11. Wise, D.R.; Thompson, C.B. Glutamine addiction: A new therapeutic target in cancer. Trends Biochem. Sci.
2010, 35, 427–433. [CrossRef] [PubMed]

12. Lu, W.; Pelicano, H.; Huang, P. Cancer Metabolism: Is Glutamine Sweeter than Glucose? Cancer Cell. 2010, 18,
199–200. [CrossRef]

http://www.mdpi.com/2072-6694/11/1/37/s1
http://dx.doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://dx.doi.org/10.1126/science.123.3191.309
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://dx.doi.org/10.1146/annurev-cellbio-092910-154237
http://www.ncbi.nlm.nih.gov/pubmed/21985671
http://www.ncbi.nlm.nih.gov/pubmed/4290857
http://dx.doi.org/10.1158/0008-5472.CAN-14-2211
http://dx.doi.org/10.1371/journal.pone.0036775
http://www.ncbi.nlm.nih.gov/pubmed/22615809
http://dx.doi.org/10.1021/pr9006574
http://dx.doi.org/10.1016/j.molcel.2015.10.018
http://dx.doi.org/10.1016/j.semcancer.2015.10.002
http://dx.doi.org/10.1016/j.molcel.2014.09.025
http://dx.doi.org/10.1016/j.tibs.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20570523
http://dx.doi.org/10.1016/j.ccr.2010.08.017


Cancers 2019, 11, 37 16 of 18

13. DeBerardinis, R.J.; Mancuso, A.; Daikhin, E.; Nissim, I.; Yudkoff, M.; Wehrli, S.; Thompson, C.B. Beyond
aerobic glycolysis: Transformed cells can engage in glutamine metabolism that exceeds the requirement for
protein and nucleotide synthesis. Proc. Natl. Acad. Sci. USA 2007, 104, 19345–19350. [CrossRef] [PubMed]

14. Montal, E.D.; Dewi, R.; Bhalla, K.; Ou, L.; Hwang, B.J.; Ropell, A.E.; Gordon, C.; Liu, W.J.; DeBerardinis, R.J.;
Sudderth, J.; et al. PEPCK Coordinates the Regulation of Central Carbon Metabolism to Promote Cancer Cell
Growth. Mol. Cell. 2015, 60, 571–583. [CrossRef]

15. Vincent, E.E.; Sergushichev, A.; Griss, T.; Gingras, M.C.; Samborska, B.; Ntimbane, T.; Coelho, P.P.; Blagih, J.;
Raissi, T.C.; Choinière, L.; et al. Mitochondrial Phosphoenolpyruvate Carboxykinase Regulates Metabolic
Adaptation and Enables Glucose-Independent Tumor Growth. Mol. Cell. 2015, 60, 195–207. [CrossRef]
[PubMed]

16. Leithner, K.; Hrzenjak, A.; Trötzmüller, M.; Moustafa, T.; Köfeler, H.C.; Wohlkoenig, C.; Stacher, E.;
Lindenmann, J.; Harris, A.L.; Olschewski, A.; et al. PCK2 activation mediates an adaptive response to
glucose depletion in lung cancer. Oncogene 2014, 34, 1044–1050. [CrossRef]

17. Balsa-Martinez, E.; Puigserver, P. Cancer Cells Hijack Gluconeogenic Enzymes to Fuel Cell Growth. Mol. Cell.
2015, 60, 509–511. [CrossRef]

18. Chen, J.; Lee, H.J.; Wu, X.; Huo, L.; Kim, S.J.; Xu, L.; Wang, Y.; He, J.; Bollu, L.R.; Gao, G.; et al. Gain of
Glucose-Independent Growth upon Metastasis of Breast Cancer Cells to the Brain. Cancer Res. 2015, 75,
554–565. [CrossRef]

19. Li, B.; Qiu, B.; Lee, D.S.; Walton, Z.E.; Ochocki, J.D.; Mathew, L.K.; Mancuso, A.; Gade, T.P.; Keith, B.;
Nissim, I.; et al. Fructose-1,6-bisphosphatase opposes renal carcinoma progression. Nature 2014, 513, 251–255.
[CrossRef]

20. Molina, J.R.; Yang, P.; Cassivi, S.D.; Schild, S.E.; Adjei, A.A. Non-Small Cell Lung Cancer: Epidemiology,
Risk Factors, Treatment, and Survivorship. Mayo Clin. Proc. 2008, 83, 584–594. [CrossRef]

21. Mayers, J.R.; Torrence, M.E.; Danai, L.V.; Papagiannakopoulos, T.; Davidson, S.M.; Bauer, M.R.; Lau, A.N.;
Ji, B.W.; Dixit, P.D.; Hosios, A.M.; et al. Tissue of origin dictates branched-chain amino acid metabolism in
mutant Kras-driven cancers. Science 2016, 353, 1161–1165. [CrossRef] [PubMed]

22. Faubert, B.; Vincent, E.E.; Griss, T.; Samborska, B.; Izreig, S.; Svensson, R.U.; Mamer, O.A.; Avizonis, D.;
Shackelford, D.B.; Shaw, R.J.; et al. Loss of the tumor suppressor LKB1 promotes metabolic reprogramming
of cancer cells via HIF-1α. Proc. Natl. Acad. Sci. USA 2014, 111, 2554–2559. [CrossRef]

23. Fleck, A.; Hawker, F.; Wallace, P.I.; Raines, G.; Trotter, J.; Ledingham, I.M.; Calman, K.C. Increased vascular
permeability: A major cause of hypoalbuminaemia in disease and injury. Lancet 1985, 325, 781–784.
[CrossRef]

24. Stehle, G.; Sinn, H.; Wunder, A.; Schrenk, H.H.; Stewart, J.C.; Hartung, G.; Maier-Borst, W.; Heene, D.L.
Plasma protein (albumin) catabolism by the tumor itself—Implications for tumor metabolism and the genesis
of cachexia. Crit. Rev. Oncol. Hematol. 1997, 26, 77–100. [CrossRef]

25. Bar-Sagi, D.; Feramisco, J. Induction of membrane ruffling and fluid-phase pinocytosis in quiescent fibroblasts
by ras proteins. Science 1986, 233, 1061–1068. [CrossRef] [PubMed]

26. Commisso, C.; Davidson, S.M.; Soydaner-Azeloglu, R.G.; Parker, S.J.; Kamphorst, J.J.; Hackett, S.;
Grabocka, E.; Nofal, M.; Drebin, J.A.; Thompson, C.B.; et al. Macropinocytosis of protein is an amino
acid supply route in Ras-transformed cells. Nature 2013, 497, 633–637. [CrossRef]

27. Davidson, S.M.; Jonas, O.; Keibler, M.A.; Hou, H.W.; Luengo, A.; Mayers, J.R.; Wyckoff, J.; Del Rosario, A.M.;
Whitman, M.; Chin, C.R.; et al. Direct evidence for cancer-cell-autonomous extracellular protein catabolism
in pancreatic tumors. Nature 2016, 23, 235–241. [CrossRef]

28. Racoosin, E.L. Macropinosome maturation and fusion with tubular lysosomes in macrophages. J. Cell. Biol.
1993, 121, 1011–1020. [CrossRef]

29. Koivusalo, M.; Welch, C.; Hayashi, H.; Scott, C.C.; Kim, M.; Alexander, T.; Touret, N.; Hahn, K.M.; Grinstein, S.
Amiloride inhibits macropinocytosis by lowering submembranous pH and preventing Rac1 and Cdc42
signaling. J. Cell. Biol. 2010, 188, 547–563. [CrossRef]

30. Canton, J.; Schlam, D.; Breuer, C.; Gütschow, M.; Glogauer, M.; Grinstein, S. Calcium-sensing receptors signal
constitutive macropinocytosis and facilitate the uptake of NOD2 ligands in macrophages. Nat. Commun.
2016, 7, 1–12. [CrossRef]

31. Dharmawardhane, S.; Schürmann, A.; Sells, M.A.; Chernoff, J.; Schmid, S.L.; Bokoch, G.M. Regulation of
macropinocytosis by p21-activated kinase-1. Mol. Biol. Cell. 2000, 11, 3341–3352. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0709747104
http://www.ncbi.nlm.nih.gov/pubmed/18032601
http://dx.doi.org/10.1016/j.molcel.2015.09.025
http://dx.doi.org/10.1016/j.molcel.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26474064
http://dx.doi.org/10.1038/onc.2014.47
http://dx.doi.org/10.1016/j.molcel.2015.11.005
http://dx.doi.org/10.1158/0008-5472.CAN-14-2268
http://dx.doi.org/10.1038/nature13557
http://dx.doi.org/10.1016/S0025-6196(11)60735-0
http://dx.doi.org/10.1126/science.aaf5171
http://www.ncbi.nlm.nih.gov/pubmed/27609895
http://dx.doi.org/10.1073/pnas.1312570111
http://dx.doi.org/10.1016/S0140-6736(85)91447-3
http://dx.doi.org/10.1016/S1040-8428(97)00015-2
http://dx.doi.org/10.1126/science.3090687
http://www.ncbi.nlm.nih.gov/pubmed/3090687
http://dx.doi.org/10.1038/nature12138
http://dx.doi.org/10.1038/nm.4256
http://dx.doi.org/10.1083/jcb.121.5.1011
http://dx.doi.org/10.1083/jcb.200908086
http://dx.doi.org/10.1038/ncomms11284
http://dx.doi.org/10.1091/mbc.11.10.3341
http://www.ncbi.nlm.nih.gov/pubmed/11029040


Cancers 2019, 11, 37 17 of 18

32. West, M.A.; Prescott, A.R.; Eskelinen, E.L.; Ridley, A.J.; Watts, C. Rac is required for constitutive
macropinocytosis by dendritic cells but does not control its downregulation. Curr. Biol. 2000, 10, 839–848.
[CrossRef]

33. Palm, W.; Araki, J.; King, B.; DeMatteo, R.G.; Thompson, C.B. Critical role for PI3-kinase in regulating the use
of proteins as an amino acid source. Proc. Natl. Acad. Sci. USA 2017, 114, E8628–E8636. [CrossRef] [PubMed]

34. Eby, J.J.; Holly, S.P.; Van Drogen, F.; Grishin, A.V.; Peter, M.; Drubin, D.G.; Blumer, K.J. Actin cytoskeleton
organization regulated by the PAK family of protein kinases. Curr. Biol. 1998, 8, 967–970. [CrossRef]

35. Sells, M.A.; Knaus, U.G.; Bagrodia, S.; Ambrose, D.M.; Bokoch, G.M.; Chernoff, J. Human p21-activated
kinase (Pak1) regulates actin organization in mammalian cells. Curr. Biol. 1997, 7, 202–210. [CrossRef]

36. Manser, E.; Huang, H.Y.; Loo, T.H.; Chen, X.Q.; Dong, J.M.; Leung, T.; Lim, L. Expression of constitutively
active alpha-PAK reveals effects of the kinase on actin and focal complexes. Mol. Cell. Biol. 1997, 17,
1129–1143. [CrossRef]

37. Knaus, U.G.; Wang, Y.; Reilly, A.M.; Warnock, D.; Jackson, J.H. Structural Requirements for PAK Activation
by Rac GTPases. J. Biol. Chem. 1998, 273, 21512–21518. [CrossRef]

38. Knaus, U.G.; Bokoch, G.M. The p21Rac/Cdc42-activated kinases (PAKs). Int. J. Biochem. Cell. Biol. 1998, 30,
857–862. [CrossRef]

39. Onesto, C.; Shutes, A.; Picard, V.; Schweighoffer, F.; Der, C.J. Characterization of EHT 1864, a Novel Small
Molecule Inhibitor of Rac Family Small GTPases. Methods Enzymol. 2008, 439, 111–129. [CrossRef]

40. Shutes, A.; Onesto, C.; Picard, V.; Leblond, B.; Schweighoffer, F.; Der, C.J. Specificity and Mechanism of
Action of EHT 1864, a Novel Small Molecule Inhibitor of Rac Family Small GTPases. J. Biol. Chem. 2007, 282,
35666–35678. [CrossRef]

41. Campa, C.C.; Ciraolo, E.; Ghigo, A.; Germena, G.; Hirsch, E. Crossroads of PI3K and Rac pathways.
Small GTPases 2015, 6, 71–80. [CrossRef] [PubMed]

42. Qian, K.; Zhong, S.; Xie, K.; Yu, D.; Yang, R.; Gong, D.W. Hepatic ALT isoenzymes are elevated in
gluconeogenic conditions including diabetes and suppressed by insulin at the protein level. Diabetes Metab.
Res. Rev. 2015, 31, 562–571. [CrossRef] [PubMed]

43. Cao, Y.; Lin, S.H.; Wang, Y.; Chin, Y.E.; Kang, L.; Mi, J. Glutamic Pyruvate Transaminase GPT2 Promotes
Tumorigenesis of Breast Cancer Cells by Activating Sonic Hedgehog Signaling. Theranostics 2017, 7,
3021–3033. [CrossRef] [PubMed]

44. Coloff, J.L.; Murphy, J.P.; Braun, C.R.; Harris, I.S.; Shelton, L.M.; Kami, K.; Gygi, S.P.; Selfors, L.M.; Brugge, J.S.
Differential Glutamate Metabolism in Proliferating and Quiescent Mammary Epithelial Cells. Cell. Metab.
2016, 23, 867–880. [CrossRef] [PubMed]

45. Hao, Y.; Samuels, Y.; Li, Q.; Krokowski, D.; Guan, B.J.; Wang, C.; Jin, Z.; Dong, B.; Cao, B.; Feng, X.; et al.
Oncogenic PIK3CA mutations reprogram glutamine metabolism in colorectal cancer. Nat. Commun. 2016, 7,
1–13. [CrossRef] [PubMed]

46. Sousa, C.M.; Biancur, D.E.; Wang, X.; Halbrook, C.J.; Sherman, M.H.; Zhang, L.; Kremer, D.; Hwang, R.F.;
Witkiewicz, A.K.; Ying, H.; et al. Pancreatic stellate cells support tumour metabolism through autophagic
alanine secretion. Nature 2016, 536, 479–483. [CrossRef]

47. Smith, B.; Schafer, X.L.; Ambeskovic, A.; Spencer, C.M.; Land, H.; Munger, J. Addiction to Coupling of the
Warburg Effect with Glutamine Catabolism in Cancer Cells. Cell. Rep. 2016, 17, 821–836. [CrossRef]

48. Qian, Y.; Wang, X.; Liu, Y.; Li, Y.; Colvin, R.A.; Tong, L.; Wu, S.; Chen, X. Extracellular ATP is internalized by
macropinocytosis and induces intracellular ATP increase and drug resistance in cancer cells. Cancer Lett.
2014, 351, 242–251. [CrossRef]

49. Krauthammer, M.; Kong, Y.; Ha, B.H.; Evans, P.; Bacchiocchi, A.; McCusker, J.P.; Cheng, E.; Davis, M.J.;
Goh, G.; Choi, M.; et al. Exome sequencing identifies recurrent somatic RAC1 mutations in melanoma.
Nat. Genet. 2012, 44, 1006–1014. [CrossRef]

50. Hodis, E.; Watson, I.R.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.P.; Nickerson, E.; Auclair, D.;
Li, L.; Place, C.; et al. A landscape of driver mutations in melanoma. Cell 2015, 150, 251–263. [CrossRef]

51. Alan, J.K.; Lundquist, E.A. Mutationally activated Rho GTPases in cancer. Small GTPases 2014, 4, 159–163.
[CrossRef] [PubMed]

52. Stransky, N.; Egloff, A.M.; Tward, A.D.; Kostic, A.D.; Cibulskis, K.; Sivachenko, A.; Kryukov, G.V.;
Lawrence, M.S.; Sougnez, C.; McKenna, A.; et al. The mutational landscape of head and neck squamous cell
carcinoma. Science 2014, 333, 1157–1160. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0960-9822(00)00595-9
http://dx.doi.org/10.1073/pnas.1712726114
http://www.ncbi.nlm.nih.gov/pubmed/28973876
http://dx.doi.org/10.1016/S0960-9822(98)00398-4
http://dx.doi.org/10.1016/S0960-9822(97)70091-5
http://dx.doi.org/10.1128/MCB.17.3.1129
http://dx.doi.org/10.1074/jbc.273.34.21512
http://dx.doi.org/10.1016/S1357-2725(98)00059-4
http://dx.doi.org/10.1016/S0076-6879(07)00409-0
http://dx.doi.org/10.1074/jbc.M703571200
http://dx.doi.org/10.4161/21541248.2014.989789
http://www.ncbi.nlm.nih.gov/pubmed/25942647
http://dx.doi.org/10.1002/dmrr.2655
http://www.ncbi.nlm.nih.gov/pubmed/25865565
http://dx.doi.org/10.7150/thno.18992
http://www.ncbi.nlm.nih.gov/pubmed/28839461
http://dx.doi.org/10.1016/j.cmet.2016.03.016
http://www.ncbi.nlm.nih.gov/pubmed/27133130
http://dx.doi.org/10.1038/ncomms11971
http://www.ncbi.nlm.nih.gov/pubmed/27321283
http://dx.doi.org/10.1038/nature19084
http://dx.doi.org/10.1016/j.celrep.2016.09.045
http://dx.doi.org/10.1016/j.canlet.2014.06.008
http://dx.doi.org/10.1038/ng.2359
http://dx.doi.org/10.1016/j.cell.2012.06.024
http://dx.doi.org/10.4161/sgtp.26530
http://www.ncbi.nlm.nih.gov/pubmed/24088985
http://dx.doi.org/10.1126/science.1208130
http://www.ncbi.nlm.nih.gov/pubmed/21798893


Cancers 2019, 11, 37 18 of 18

53. Fritz, G.; Brachetti, C.; Bahlmann, F.; Schmidt, M.; Kaina, B. Rho GTPases in human breast tumours:
Expression and mutation analyses and correlation with clinical parameters. Brit. J. Cancer 2002, 87, 635–644.
[CrossRef] [PubMed]

54. Hwang, S.L.; Hong, Y.R.; Sy, W.D.; Lieu, A.S.; Lin, C.L.; Lee, K.S.; Howng, S.L. Rac1 gene mutations in human
brain tumours. EJSO 2004, 30, 68–72. [CrossRef] [PubMed]

55. Bin Shieh, D.; Godleski, J.; Herndon, J.E., 2nd; Azuma, T.; Mercer, H.; Sugarbaker, D.J.; Kwiatkowski, D.J.
Cell motility as a prognostic factor in Stage I nonsmall cell lung carcinoma. Cancer 1999, 85, 47–57. [CrossRef]

56. Pan, Y.; Bi, F.; Liu, N.; Xue, Y.; Yao, X.; Zheng, Y.; Fan, D. Expression of seven main Rho family members in
gastric carcinoma. Biochem. Biophys. Res. Commun. 2004, 315, 686–691. [CrossRef]

57. Kamai, T. Overexpression of RhoA, Rac1, and Cdc42 GTPases Is Associated with Progression in Testicular
Cancer. Clin. Cancer Res. 2004, 10, 4799–4805. [CrossRef]

58. Fritz, G.; Just, I.; Kaina, B. Rho GTPases are over-expressed in human tumors. Int. J. Cancer 1999, 81, 682–687.
[CrossRef]

59. Oxender, D.L.; Christensen, H.N. Evidence for two Types of Mediation of Neutral Amino-Acid Transport in
Ehrlich Cells. Nature 1963, 197, 765–767. [CrossRef]

60. Barker, G.A.; Ellory, J.C. The identification of neutral amino acid transport systems. Exp. Physiol. 1990, 75,
3–26. [CrossRef]

61. Ran, F.A.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the
CRISPR-Cas9 system. Nat. Protoc. 2013, 8, 2281–2308. [CrossRef] [PubMed]

62. Commisso, C.; Flinn, R.J.; Bar-Sagi, D. Determining the macropinocytic index of cells through a quantitative
image-based assay. Nat. Protoc. 2014, 9, 182–192. [CrossRef] [PubMed]

63. Goncalves, M.D.; Hwang, S.K.; Pauli, C.; Murphy, C.J.; Cheng, Z.; Hopkins, B.D.; Wu, D.; Loughran, R.M.;
Emerling, B.M.; Zhang, G.; et al. Fenofibrate prevents skeletal muscle loss in mice with lung cancer. Proc. Natl.
Acad. Sci. USA 2018, 115, E743–E752. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.bjc.6600510
http://www.ncbi.nlm.nih.gov/pubmed/12237774
http://dx.doi.org/10.1016/j.ejso.2003.10.018
http://www.ncbi.nlm.nih.gov/pubmed/14736526
http://dx.doi.org/10.1002/(SICI)1097-0142(19990101)85:1&lt;47::AID-CNCR7&gt;3.0.CO;2-L
http://dx.doi.org/10.1016/j.bbrc.2004.01.108
http://dx.doi.org/10.1158/1078-0432.CCR-0436-03
http://dx.doi.org/10.1002/(SICI)1097-0215(19990531)81:5&lt;682::AID-IJC2&gt;3.0.CO;2-B
http://dx.doi.org/10.1038/197765a0
http://dx.doi.org/10.1113/expphysiol.1990.sp003382
http://dx.doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
http://dx.doi.org/10.1038/nprot.2014.004
http://www.ncbi.nlm.nih.gov/pubmed/24385148
http://dx.doi.org/10.1073/pnas.1714703115
http://www.ncbi.nlm.nih.gov/pubmed/29311302
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Glucose-Independent NSCLC Cells Require Extracellular Protein for Growth During Glucose Withdrawal 
	Macropinocytosis Is Increased in Glucose Independent Cells and Is Required for Growth in the Absence of Glucose 
	Rac Signaling is Elevated in Glucose Independent Cells and Inhibition of Rac Decreases Macropinocytosis and Glucose-Free Survival 
	Rac1 Expression Regulates Macropinocytosis in a Pak Dependent Manner and is Necessary for Glucose Independence 
	PI3K Regulates Rac-Driven Macropinocytosis 
	Internalized Protein Supplies Glucose Starved Cells with Alanine and Other Free Amino Acids 
	ALT2 Activity is Critical for Proliferation During Glucose Starvation 

	Discussion 
	Materials and Methods 
	Reagents and Plasmids 
	Cell Culture 
	Cell Line Generation 
	Generation of Retroviral PAK (T423E) Stable Cell Lines 
	Xenograft Assays 
	Immunoblotting 
	Glucose-Free Growth Assays 
	Macropinocytosis Visualization and Quantification 
	Generation of 13C-Labeled Proteins 
	Metabolic Tracing and Extraction 
	Liquid Chromatography/Mass Spectrometry (LC/MS) Analysis 
	ALT Activity Assay 
	Public Dataset: Cancer Cell Line Encyclopedia (CCLE) Data Analysis 
	Statistical Analysis 

	Conclusions 
	References

