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In brief

Pancreatic tumors are nutrient poor. They
grow in part by taking up extracellular
proteins by macropinocytosis and
degrading them in lysosomes. Nofal et al.
report the results of a genome-wide
screen for scavenging-dependent
growth. Beyond macropinocytosis, this
mode of growth depends on proper
lysosome trafficking, expression of the
key lysosomal hydrolase cathepsin L, and
regulation of translation by top screen
hit GCN2.
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SUMMARY

Pancreatic cancer cells with limited access to free amino acids can grow by scavenging extracellular protein.
In a murine model of pancreatic cancer, we performed a genome-wide CRISPR screen for genes required for
scavenging-dependent growth. The screen identified key mediators of macropinocytosis, peripheral lyso-
some positioning, endosome-lysosome fusion, lysosomal protein catabolism, and translational control.
The top hit was GCN2, a kinase that suppresses translation initiation upon amino acid depletion. Using
isotope tracers, we show that GCN2 is not required for protein scavenging. Instead, GCN2 prevents ribosome
stalling but without slowing protein synthesis; cells still use all of the limiting amino acids as they emerge from
lysosomes. GCN2 also adapts gene expression to the nutrient-poor environment, reorienting protein synthe-
sis away from ribosomes and toward lysosomal hydrolases, such as cathepsin L. GCN2, cathepsin L, and the

other genes identified in the screen are potential therapeutic targets in pancreatic cancer.

INTRODUCTION

Protein synthesis requires amino acids. Typically, mammalian
cells have a steady supply of circulating amino acids, but where
vasculature has been disrupted, nutrients can become scarce.
This is the case in human pancreatic ductal adenocarcinomas
(PDAC), which are fibrotic and poorly perfused and have low
levels of glutamine, serine, and some other amino acids (Kam-
phorst et al., 2015). Nevertheless, pancreatic cancer grows
robustly, fueled in part by a non-canonical source of amino
acids—extracellular protein (Commisso et al., 2013; Davidson
et al., 2017; Kamphorst et al., 2015). PDAC tumors almost uni-
versally harbor activating mutations in the small GTPase K-

Ras, and oncogenic K-Ras signaling drives constitutive macropi-
nocytosis, a process whereby cells engulf extracellular material
in bulk (Bar-Sagi and Feramisco, 1986). Protein is taken up in
macropinosomes, trafficked to lysosomes, and degraded into
amino acids (Commisso et al., 2013; Davidson et al., 2017). “Pro-
tein scavenging” can support the growth of cultured pancreatic
cells in a medium completely lacking free amino acids if the me-
dium is supplemented with a physiological level of serum
albumin (Kamphorst et al., 2015).

Pancreatic cancer is a devastating disease. With the current
standard-of-care chemotherapy regimen, 5-year survival is
less than 10% (Siegel et al., 2019). Better therapies are desper-
ately needed. One approach is to target proteins required for
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growth fed by protein scavenging. Which proteins are these?
They presumably include those required for macropinocytosis.

Many different proteins can stimulate macropinocytosis. Be-
sides K-Ras, a number of small GTPases have been implicated
in the process, including the Rac1 and other Rho GTPases; the
Arf GTPases Arf1 and Arf6; and the Rab GTPases Rab5 and
Rab34 (Egami et al.,, 2014). Phosphatidylinositol 3-kinase
(PIBK) and phospholipase C also play key roles in the process
(Egami et al., 2014). These signaling proteins, in various combi-
nations, induce macropinocytosis by mobilizing the actin
cytoskeleton. Inhibition of actin polymerization blocks macropi-
nocytosis (Amyere et al., 2000), as does inhibition of PI3K
signaling (Palm et al., 2017). Other signaling proteins are also
sufficient to activate protein uptake by macropinocytosis, but it
is unclear if any of them is necessary. Even cells in which all three
isoforms of Ras (K-Ras, H-Ras, and N-Ras) have been deleted
exhibit robust extracellular protein uptake when stimulated
with platelet-derived growth factor (Palm et al., 2017).

Two recent papers reported additional proteins involved in the
activation of macropinocytosis in pancreatic cancer cells. Yao
et al. used proteomics and an in vivo screen to identify syndecan
1 as a critical mediator of K-Ras-driven macropinocytosis (Yao
etal., 2019). Ramirez et al. performed a high-throughput imaging
screen that revealed a key role for the vacuolar ATPase (V-
ATPase) (Ramirez et al., 2019). Both syndecan 1 and the V-
ATPase are recruited to the plasma membrane by K-Ras, and
both stimulate macropinocytosis in part through Rac1.

The screens mentioned earlier focused specifically on macro-
pinocytosis, but other processes are also required for protein
scavenging. Protein in macropinosomes must be delivered to ly-
sosomes, acidic organelles that house a wide array of degrada-
tive enzymes, before it can be degraded (Commisso et al., 2013;
Kamphorst et al., 2015). This trafficking likely involves transport
along microtubules, vesicle docking, and membrane fusion.
Lysosomal hydrolases are also presumably required to degrade
the protein that has been successfully delivered to lysosomes.

Certain regulatory proteins may be particularly essential in
cells reliant on protein scavenging. For example, the master
pro-anabolic kinase mTORC1 impairs cell growth by protein
scavenging (Palm et al., 2015), without dramatically affecting
the protein scavenging rate (Nofal et al., 2017), at least in part
by causing imbalances between nutrient availability and growth
signaling.

GCN2 is another kinase that regulates biosynthesis in
response to nutrient availability. mTORC1 and GCN2 have
opposing roles—mTORC1 activates translation initiation in the
presence of amino acids (Ma and Blenis, 2009), and GCN2 sup-
presses translation initiation when one or more amino acids are
lacking. To achieve this, GCN2 physically associates with
actively translating ribosomes and is activated by either (1) direct
binding of uncharged tRNA to GCN2 (Dong et al., 2000; Wek
et al., 1995) or (2) binding to the ribosomal P stalk, which may
change conformation upon ribosome stalling (Inglis et al.,
2019). Upon activation, GCN2 phosphorylates subunit o of the
translation initiation factor elF2, which prevents recycling of
elF2 from its inactive GDP-bound form to its active GTP-bound
form and thereby limits translation initiation (Hinnebusch, 2005).

Besides slowing translation initiation and consequently avoid-
ing ribosome stalling (Darnell et al., 2018), the main downstream
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effect attributed to GCN2 is translational induction of ATF4 by
circumventing inhibitory upstream open reading frames (UORFs)
in the Atf4 transcript (Harding et al., 2000). ATF4, a transcription
factor, subsequently activates the expression of hundreds of
stress response genes, including genes involved in the biosyn-
thesis of non-essential amino acids, such as asparagine (Ye
et al., 2010). However, it is unclear if GCN2 induces any gene
expression changes that adapt cells to a general lack of amino
acids (including essential amino acids). The broader effects of
GCN2 on translation are also understudied. How much does
GCN2-mediated suppression of translation initiation slow trans-
lation overall? And do the gene-specific regulatory effects of
GCN2 extend beyond Atf4 and a few other genes with uUORFs?

CRISPR-based screening technologies have enabled system-
atic identification of the genes required for cells to survive and
proliferate in various conditions of interest (Shalem et al., 2014;
Wang et al., 2014). Here, we apply this technology to pancreatic
cancer cells cultured in a leucine-free medium supplemented
with a physiological concentration of albumin as “protein
food.” These cells can assimilate leucine only through protein
scavenging. The screen identified, in addition to macropinocyto-
sis, other cellular activities that are required for effective growth
via protein scavenging, including peripheral lysosome posi-
tioning, endosome-lysosome fusion, cathepsin-mediated lyso-
somal protein degradation, and the suppression of translation
initiation. The top hit was Gcn2, which we show is not required
for protein scavenging per se but rather for the regulation of
amino-acid consumption in scavenging-dependent cells. We
find that GCN2 slows translation initiation just to the point of
minimizing ribosome stalling, without decreasing the overall pro-
tein synthesis rate. Finally, we present evidence that GCN2
broadly controls which proteins are synthesized, favoring those
useful under amino acid limitation.

RESULTS

Genome-wide screen elucidates scavenging-

dependent growth

To systematically identify genes essential for growth using
extracellular protein in place of amino acids, we performed
genome-wide CRISPR-based screens on KRPC-A cells in
medium lacking leucine and supplemented with extracellular
protein. These cells were generated by culturing KRPC cells,
which were derived from genetically engineered murine pancre-
atic tumors driven by the K-Ras®'2° mutation (Lito et al., 2014),
for several months in a leucine-free medium supplemented
with a physiological concentration of serum protein. Leucine is
an essential amino acid; therefore, cells cultured in this medium
are growth limited by their ability to extract leucine from extracel-
lular protein via macropinocytosis and lysosomal degradation.
Having adapted to growth in this condition, KRPC-A cells exhibit
high protein scavenging rates and double roughly every 24 h in
the leucine-free medium (Nofal et al., 2017).

We infected KRPC-A cells with expression cassettes contain-
ing the Cas9 endonuclease and a library of single-guide RNAs
(sgRNAs), which targeted 18,855 genes with 184,371 unique
sgRNAs (Table S1). We spilit the infected cells into three popula-
tions to be cultured separately. One population was cultured in
leucine-free medium supplemented with bovine serum albumin
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Figure 1. Genome-wide loss-of-function screen illuminates cellular machinery required for scavenging-driven growth
(A) Screen design. KRPC-A cells were transduced with a genome-scale lentiviral sgRNA library to generate a population of pooled knockouts. Each gene was
targeted by at least 10 unique sgRNAs. Infected cells were switched to standard amino-acid-replete medium (DMEM), amino-acid-replete medium

(legend continued on next page)
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(50 g/L). The other two (control) populations were grown in amino-
acid-replete medium with or without albumin. We cultured each
population for 12 doublings and then extracted genomic DNA.
Guide sequences were amplified and sequenced, and the relative
abundances of all individual guide sequences were compared
across populations (Figure 1A). We performed this screen twice.

For each gene, we calculated a “specific essentiality” score
from the log-ratios of sequencing reads for all sgRNAs targeting
that gene as follows:

Specific Essentiality = Median (Iog2 Leu-free sgRNA reads )

AA-replete sgRNA reads

After averaging the scores from the two replicates for each
gene, we used the distribution of specific essentiality scores of
genes whose transcripts were not detected in this cell line as
an empirical null distribution. We found 413 genes that were spe-
cifically essential for growth in the leucine-free medium at a
false-discovery rate of 10% (Figure 1B; Table S2).

One of the top 10 hits was Ankfy1, which encodes a protein
called Rabankyrin-5. Rabankyrin-5 is a Rab5 effector protein
that localizes to macropinosomes and serves as a positive con-
trol in this screen, as the overexpression of Rabankyrin-5 has
been shown to increase macropinocytosis (Schnatwinkel et al.,
2004). The Rab protein family is a family of small GTPases that
regulate vesicle trafficking throughout the cytoplasm. Rab5 is
thought to localize mainly to early endosomes (not the plasma
membrane), and, although Rabankyrin-5 seems to be required
for macropinocytosis, the underlying mechanism is unclear.
Rab5 (Rab5c) was significantly but weakly essential for scav-
enging-dependent growth; there are two other Rab5 isoforms
(Rab5a and Rab5b) that can likely partially compensate for its
loss. Among all Rab proteins, the most specifically essential
was Rab35, which has been implicated in cytokinesis, recycling
from early endosomes, exosome secretion, and recently in mac-
ropinocytosis (Chesneau et al., 2012; Hsu et al., 2010; Kouranti
et al., 2006; Salvatore et al., 2018).

Examination of the totality of the top screen hits elucidated the
cellular machinery required for growth fueled by protein scav-
enging in remarkable detail (Figure 1). As expected, several com-
ponents of the actin cytoskeleton are essential. B-actin (Actb), a
subunit of the actin filament capping protein (Capzb), and a pro-
tein that promotes actin filament elongation (Vasp) were all top
10 hits. Several members of the ARP2/3 complex, which pro-
motes actin filament branching, are also specifically essential
in amino-acid-deprived cells (Figures 1C and 1D).

Cell Systems

The top 20 screen hits also included two signaling genes that
regulate the actin cytoskeleton: Ankfy?7 and Myo9b. Myo9b,
which, to the best of our knowledge, has not been implicated
in macropinocytosis previously, encodes an unconventional
myosin that localizes to membrane ruffles. Myo9b is a bifunc-
tional protein; it is a myosin with a RhoGAP domain that pro-
motes Rac signaling (Hanley et al., 2010; Kong et al., 2015).

K-Ras and Rac (Rac7) themselves were not screen hits
because they were also required in the amino-acid-rich medium.
Similarly, several vacuolar ATPase components, such as Atp6v1
and Atp6v1e1, were essential for scavenging-dependent growth
but not hits because the V-ATPase is essential even in the amino-
acid-rich medium. On the other hand, syndecan 1 (Sdc1) was not
essential for growth on extracellular protein per our screen, indi-
cating the sufficiency of alternative macropinocytosis-activation
mechanisms in KRPC-A cells.

The list of hits also highlights two complexes involved in
vesicle trafficking—six HOPS complex genes and six BORC
complex genes were significantly more essential in cells fueled
by protein scavenging (Figures 1C and 1D). The HOPS complex
mediates fusion of endosomes and lysosomes (Sato et al., 2000;
Seals et al., 2000), and the BORC complex is required for the pe-
ripheral positioning of lysosomes (Pu et al., 2015). The signifi-
cance of lysosome positioning remains unknown; perhaps lyso-
somes at the periphery of the cell facilitate the degradation of
macromolecules taken up from the extracellular space.

Of the 413 specifically essential genes, two encode lysosomal
proteases—the cysteine proteases cathepsin L and cathepsin B.
Mice with either Ctsl or Ctsb knocked out are viable, but the dou-
ble-knockout mice die 4 weeks after birth because of neuronal
loss and brain atrophy (Felbor et al., 2002). This indicates that
the two proteases have partially redundant functions, but other
lysosomal proteases cannot compensate for their loss. Cts/
scored substantially higher than Ctsb, suggesting that it is partic-
ularly important in cells fueled by extracellular protein
scavenging.

Once cells have taken up extracellular proteins, trafficked
them to lysosomes, and degraded them, the resulting amino
acids can be used for protein synthesis. Our screens identify
several genes involved in the regulation of protein synthesis. In
one replicate of the screen, the gene with the highest specific es-
sentiality score was Gen2. In the other replicate, it was Gent
(Figures 1E and 1F). In yeast, Gen1p binds to both Gen2p and ri-
bosomes and is required for the activation of Gen2p (Garcia-bar-
rio et al., 2000; Marton et al. 1993). By comparison, the canonical

supplemented with 50 g/L cell-culture-grade bovine serum albumin, or leucine-free medium supplemented with 50 g/L albumin. After 12 population doublings,
knockout frequencies in each condition were determined using high-throughput sequencing.

(B) For each gene, a specific essentiality score was calculated. Genes with negative specific essentiality scores were more essential in the leucine-free medium
than in the amino-acid-replete medium. To identify genes with statistically significant specific essentiality scores, we compared the distribution of scores for all
genes with the distribution of scores for non-detected genes (as determined by RNA sequencing). 413 genes were specifically essential in the leucine-free
medium at FDR < 0.1.

(C-F) The top hits of the screen (the ~100 genes with the highest specific essentiality scores) fell into two categories — protein scavenging machinery (C and D)
and regulators of protein synthesis (E and F). Selected top hits are highlighted in scatter plots of specific essentiality scores from two independent replicates of the
genome-wide screen (C and E) and depicted in schematics (D and F).

(G-l) Gen2 knockout cells (G), Vasp knockout cells (H), and Vps39 knockout cells (I) were transduced with retroviral vectors expressing either enhanced green
fluorescent protein (EGFP) or the corresponding sgRNA-resistant human cDNA. These paired cell lines were cultured in either amino-acid-replete medium for
24 h or leucine-free medium for 48 h, and growth was measured by comparing the total cell volume at initial and final time points. All media were supplemented
with 50 g/L albumin (BSA). Error bars represent 95% confidence intervals (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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downstream effector of GCN2 signaling Atf4 was only weakly
essential in amino-acid-deprived cells.

Two negative regulators of mTORC1 were also specifically
essential for growth without leucine—the TSC complex (Tsc1
and Tsc2) and the GATOR1 complex (Nprf2, Npri3, and Depdcb)
(Figures 1E and 1F). The TSC complex blocks mTORC1 activa-
tion in the absence of growth factors, and the GATOR1 complex
blocks mTORC1 activation in the absence of amino acids (Con-
don and Sabatini, 2019). It is now well-established that mTORCH1
signaling persists in amino-acid-starved cells scavenging extra-
cellular proteins and that hyperactive growth signaling causes
cell death in this setting (Nofal et al., 2017; Palm et al., 2015).
The fact that the TSC and GATOR1 complex genes were hits in-
dicates that they do meaningfully suppress mTORC1 signaling in
protein-scavenging cells, just not enough to suppress growth
signaling to optimally low levels.

Finally, there were some genes that were notably not essential
for growth fueled by protein scavenging. Several genes involved
in macroautophagy (Atg5, Atg7, Atg10, and Atg12) were not spe-
cifically essential in amino-acid-deficient conditions. In fact, cells
with any one of these genes knocked out proliferated faster than
the population average in the leucine-free medium, suggesting
that macroautophagy is somehow deleterious in scavenging-
dependent cells.

Overall, unlike macroautophagy, which relies on a large set of
dedicated proteins, it seems that protein scavenging is largely
achieved by cellular proteins that are also involved in other cellular
processes. Our screen did not identify any single “scavenging
protein” that can serve as a genetic handle to study this process
in murine tumor models. Nevertheless, the screen hits represent
potential therapeutic targets worthy of additional study.

Validation of top screen hits

To validate the hits of the screen as genes essential for growth by
protein scavenging, we chose three genes with high specific es-
sentiality scores, each of which represents a cellular process
required for scavenging-dependent growth—Gcn2, the top hit,
is involved in the regulation of protein synthesis, Vasp in macro-
pinocytosis, and Vps39 in endosome-lysosome fusion. We in-
fected KRPC-A cells with CRISPR-Cas9 vectors targeting each
of these genes with sgRNA sequences validated by the screen.
For each of the resulting knockout populations, we picked single
colonies with complete protein loss. We then ectopically ex-
pressed either the human version of the knocked out gene (which
is not affected by the sgRNA targeting the mouse gene) or
enhanced green fluorescent protein (EGFP) (as a control) to
generate pairs of wild-type (WT) and knockout (KO) cell lines
from the same clonal background (Figure S1). We assayed the
growth of these cell lines in amino-acid-replete and leucine-
free media supplemented with albumin. As expected, the three
KO cell lines showed no discernible growth difference relative
to the corresponding WT cell lines in the amino-acid-replete me-
dium, but all three had clear growth defects in the leucine-free
medium (Figures 1G-1I).

Notably, all knockout lines tested still exhibited some growth in
the leucine-free medium, roughly doubling in 48 h. It remains un-
clear how cells achieve actin filament elongation without Vasp, or
vesicle trafficking to lysosomes without Vps39, but these results
indicate that protein scavenging is a robust process.

¢ CellP’ress

GCN2 prevents ribosome stalling

Because GCN2 was the top hit, we decided to focus on under-
standing its role in supporting growth on the extracellular protein.
We noticed that Gecn2 KO cells do not have an apparent growth
defect for the first 24 h of amino acid deprivation but begin to die
thereafter (Figure 2A). To test for GCN2 activity in the early
stages of amino acid removal, we switched Gcn2 WT and
Gcen2 KO cells to a leucine-free medium supplemented with al-
bumin and extracted the cellular protein after 2 h. As expected,
we detected an increase in elF2a phosphorylation and ATF4
levels selectively in wild-type cells (Figure 2B).

Phosphorylation of elF2¢« inhibits translation initiation (Hinne-
busch, 2005), thereby reducing the pool of actively translating
ribosomes. This can be visualized by polysome profiling—sepa-
ration on a sucrose gradient of ribosomes that have been locked
in place on mRNAs by cycloheximide. In polysome profiles, the
monosome peak reflects free ribosomes and mRNAs bound by
single ribosomes, whereas the polysome peaks reflect mRNAs
bound by multiple ribosomes. In the amino-acid-replete me-
dium, the polysome profiles of Gecn2 WT and Gcn2 KO cells
were the same. Upon leucine deprivation, Gen2 WT cells rapidly
shifted toward monosomes, as expected. In contrast, Gecn2 KO
cells shifted toward polysomes. These differences were stron-
gest over the first few hours of leucine deprivation. After 24 h,
the polysome profiles of Gecn2 WT and Gen2 KO cells converged
(Figure S2), likely reflecting compensation over this longer time-
scale by a different elF2a kinase (HRI, PKR, or PERK) (Zhang
et al., 2002).

A likely cause of the polysome accumulation in the leucine-
deprived Gen2 KO cells is ribosome stalling, a known conse-
quence of GCN2 deficiency (Darnell et al., 2018). We assessed
ribosome stalling directly via ribosome profiling. 1 h of leucine
deprivation caused ribosomes to stall at two of the six leucine
codons—CUC and CUU. Gcn2 KO cells exhibited substantially
more stalling than Gen2 WT cells (Figure 2D). Thus, although
both WT and Gcn2 KO cells initially continue to grow through
leucine deprivation, GCN2 is required early on to avoid ribosome
stalling and subsequent cell death.

GCN2 is not required for protein scavenging

We were curious to know if GCN2 enhances protein scavenging.
To explore this, we used a method that employs stable isotope
tracers to measure protein scavenging rate. Conceptually, the
simplest tracer strategy would be to feed isotope-labeled extra-
cellular protein (e.g., serum albumin) and monitor the appear-
ance of labeled amino acids. However, since labeled proteins
are not readily available, we instead employed isotope-labeled
amino acids and unlabeled serum albumin (Figure 3A) (Nofal
etal., 2017). Here, we define the protein scavenging rate in terms
of the rate of amino acid released from lysosomes. Extracellular
protein that has been taken up by macropinocytosis but has not
been degraded does not contribute to this rate.

The first step in this method is the thorough labeling of cellular
proteins, which is achieved over five doublings in a medium con-
taining 'C- and '°N-labeled amino acids. Cells are then
switched to a labeled amino acid medium that is supplemented
with unlabeled albumin. At this point, amino acids in cellular pro-
tein, as well as free amino acids inside and outside the cell, are
labeled; only amino acids in the extracellular protein are
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Figure 2. GCN2 prevents ribosome stalling in cells growing on extracellular protein

(A) Gen2 WT and Gen2 KO cells were switched to either amino-acid-replete medium or leucine-free medium, each supplemented with 50 g/L bovine serum
albumin (BSA). Total cell volumes were measured using packed cell volume tubes. Error bars show 95% confidence intervals. *p < 0.05, **p < 0.01, **p < 0.001.
(B) Gen2 WT and Gen2 KO cells were switched to either the amino-acid-replete medium or the leucine-free medium, each supplemented with 50 g/L BSA. After 2
h, cellular protein was extracted, and GCN2 abundance and signaling was analyzed by western blotting. Results are representative of 3 independent exper-
iments.

(C) Polysome profiles of Gen2 WT and Gen2 KO cells switched to either amino-acid-replete medium or leucine-free medium, each supplemented with 50 g/L
BSA, for 1 h. Cell lysates were loaded onto 10%-50% sucrose gradients and spun at 35,000 g for 2.5 h at 4°C before measurement. Profiles were normalized such
that the area under each curve was equal.

(D) Ribosome profiling was performed in each of the cell lines and conditions in (C), and codon occupancies were calculated such that for each sample, the
percent occupancies for all 64 codons sum to 100%. Differences in occupancy between leucine-deprived cells and cells cultured in the amino-acid-rich medium

are plotted. CUC and CUU are two of the six leucine codons.

unlabeled. Protein scavenging releases these unlabeled amino
acids into the cytosol, and because cytosolic amino acids are
in rapid exchange with a much bigger pool of extracellular amino
acids, most of these unlabeled amino acids end up in the me-
dium. Accordingly, the rate of appearance of unlabeled extracel-
lular amino acids in the medium is a reliable proxy for the protein
scavenging rate. (This isotope tracer strategy works best for
amino acids that are used exclusively for protein synthesis,
such as histidine, lysine, phenylalanine, threonine, and valine)
(Nofal et al., 2017).

We applied this method to measure protein scavenging over
24 h in Gen2, Vasp, and Vps39 WT and KO cell lines. As ex-
pected, Vasp KO cells and Vps39 KO cells degrade extracellular
protein at a significantly slower rate than the corresponding WT
cells. In contrast, Gen2 KO cells scavenge protein at the same
rate, both in amino-acid-replete medium and in leucine-free me-
dium (Figures 3B and S3).

GCN2 does not slow the overall rate of protein synthesis

Given its lack of impact on protein scavenging rate, we sus-
pected that GCN2 sustains scavenging-dependent growth by
regulating protein synthesis. Our default hypothesis was that
GCN2 promotes growth on the extracellular protein by slowing
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protein synthesis and thereby preserving limited amino acid
pools. To explore this hypothesis, we innovated an isotope
tracer strategy to measure both the protein scavenging rate
and the protein synthesis rate in the same batch of cells. Each
of these two rate measurements individually requires only one
set of isotope tracers. However, making both measurements
simultaneously requires labeled amino acids in two isotopic fla-
vors (in addition to the unlabeled isotope). For example, for
valine, we use uniformly '*C- and '®N-labeled valine (m+6) as
Flavor 1 and valine labeled with 8 deuterium atoms (m+8) as Fla-
vor 2. The abundance of each of these two labeled flavors of
valine as well as unlabeled valine can be readily individually
quantified by LC-MS. The ability to distinctly measure three
forms of each amino acid enables two isotope tracer strate-
gies—one for protein synthesis, one for protein scavenging—to
be implemented simultaneously.

Cellular protein is first labeled (over five doublings) with
isotope flavor 1 (L1)-labeled amino acids. We then switch the
cells to a medium containing isotope flavor 2 (L2)-labeled amino
acids for 2 h. During these 2 h, free L1-labeled amino acids inside
cells are replaced with free L2-labeled amino acids. Finally, we
switch cells to a medium containing free L2-labeled amino acids
and unlabeled albumin. At this point, amino acids within
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Figure 3. GCN2 is not required for protein scavenging

(A) Stable isotope tracer strategy to measure protein scavenging rate. Cells are
grown for 5 population doublings with labeled essential amino acids to label
cellular proteins. Unlabeled serum albumin is then added to the medium, and
uptake and degradation of this extracellular protein yields unlabeled amino
acid monomers. Because cytosolic amino acids are in rapid exchange with a
much bigger pool of extracellular amino acids, most of these unlabeled amino
acids end up in the medium, where they can be readily sampled and
measured. Thus, the rate of secretion of unlabeled amino acids serves as a
proxy for protein scavenging rate.

(B) Unlabeled valine secretion over 24 h in Gen2, Vasp, and Vps39 knockout
cells expressing either EGFP or the corresponding sgRNA-resistant human
cDNA. For each cell line, rates were normalized to the amino-acid-replete
condition with re-expression. All media were supplemented with 50 g/L bovine
serum albumin (BSA). See Figure S3 for phenylalanine and lysine secretion.
Error bars represent 95% confidence intervals (n = 3). *p < 0.05, **p < 0.01,
***p < 0.001.

intracellular protein are L1-labeled, free amino acids (both inside
and outside cells) are L2-labeled, and the extracellular albumin is
unlabeled. Cells are then cultured for 24 h, after which amino
acids are extracted from the medium and from cellular protein

¢ CellP’ress

(by acid hydrolysis) and analyzed by LC-MS. Using the resulting
LC-MS data, the protein synthesis rate can be calculated based
on the residual L1 labeling in cellular protein, and the protein
scavenging rate can be calculated based on the accumulation
of unlabeled amino acids summed across the cellular protein
and the extracellular medium (Figure 4A and 4B; STAR
Methods).

We applied this method to Gen2 WT and Gcn2 KO cells
cultured in a leucine-free medium supplemented with various
concentrations of serum albumin. This experiment revealed
that GCN2 has no impact on either the protein synthesis rate
or the protein scavenging rate in these cells (Figures 4C, 4D,
and S4). Direct comparison of the independently measured pro-
tein synthesis rates and protein scavenging rates revealed a
linear relationship with a slope of ~1 (Figure 4E). These observa-
tions were independently verified using an 3S-methionine incor-
poration assay to measure the overall translation (Figure S4). Our
data support the conclusion that GCN2 does not slow protein
synthesis in amino-acid-deprived cancer cells. Rather, these
cells, with or without GCN2, synthesize proteins at the maximum
possible rate (every leucine generated by protein scavenging is
used for protein synthesis). Thus, GCN2 decreases the pool of
actively translating ribosomes, curbing stalling (Figure 2), without
reducing protein synthesis.

To support this finding further, we calculated the expected life-
time in the cytosol of the limiting amino acid (leucine) released by
protein scavenging. In KRPC-A cells cultured in a leucine-free
medium supplemented with 50 g/L albumin, intracellular leucine
was present at only ~10 pmol per pL cell volume (10 uM); this is
~100x less than the leucine concentration in these cells cultured
in standard DMEM (Kamphorst et al., 2015). Meanwhile, protein
scavenging provides 40 nmol leu per pL cell volume per hour in
KRPC-A cells, producing the observed 10 pmol leucine per pL
cell volume roughly every second. Thus, free leucine generated
by KRPC protein scavenging is used almost immediately.

GCN2 adapts the proteome to growth on extracellular
protein

Given that GCN2 does not impact the rate of protein synthesis
globally, we combined stable isotope tracers with proteomics
to explore its effects on the synthesis of specific proteins. First,
the cellular protein was labeled by growing cells for five dou-
blings in medium containing uniformly '*C-labeled lysine and
arginine. Then, cells were switched to an unlabeled medium
supplemented with 50 g/L albumin, either with or without leucine,
and after the indicated amount of time, cellular protein was
extracted and analyzed by quantitative mass spectrometry,
which differentiates between “old” labeled protein and “new”
unlabeled protein (Figure 5A; STAR Methods). This strategy is
well-suited to highlight differences in protein synthesis across
conditions because old proteins, which were synthesized before
cells were switched to the condition of interest, would otherwise
overwhelm the signal from new proteins. This is because amino-
acid-deprived cells grow slowly—cells that have grown in the
leucine-free medium for 24 h still had more old protein than newly
synthesized protein (Figure 5B). The measurement of new pro-
teins at a separate m/z captures the effects of GCN2 on protein
synthesis without the background of old proteins. These
combined isotope tracer-proteomics data also support the
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Figure 4. In cells reliant on protein scavenging, protein synthesis rate is limited by scavenging, not GCN2 signaling

(A) Stable isotope tracer strategy to simultaneously measure the protein synthesis rate and protein scavenging rate. Cells are grown for 5 population doublings in
medium with "3C- and "®N-labeled essential amino acids (isotope flavor 1). After five population doublings, free amino acids and cellular proteins are almost
completely labeled. Cells are then switched to medium containing a second, distinct set of amino acid tracers (isotope flavor 2). This medium is also supple-
mented with unlabeled serum albumin. As cells grow, new protein is marked by a combination of Flavor 2 and unlabeled amino acids (from protein scavenging),
whereas old protein is marked by Flavor 1, enabling calculation of protein synthesis rate. Protein scavenging rate can be calculated by summing the unlabeled
amino acids incorporated into cellular proteins and secreted into the medium.

(B) Example unprocessed valine data from Gen2 WT and Gen2 KO cells cultured in the leucine-free medium supplemented with 50 g/L bovine serum albumin
(BSA). lon counts are converted to nmol by comparing with known standards. Complete unprocessed valine data underlying the rates in (C—E) are shown in the
Figure S4.

(C and D) (C) Protein synthesis rates and (D) protein scavenging rates of Gecn2 WT and Gcn2 KO cells cultured in amino-acid-replete and leucine-free media
supplemented with the indicated amounts of serum albumin.

(E) Direct comparison of protein synthesis rates and scavenging rates of Gecn2 WT and KO cells cultured in leucine-free media. Error bars represent 95%

confidence intervals (n = 3). Error was calculated by averaging three independent rate estimates derived from three different amino acids (lysine, phenylalanine,
and valine).
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Figure 5. GCN2 suppresses the synthesis of anabolic proteins in favor of catabolic proteins
(A) Stable isotope tracer strategy to measure the synthesis of individual proteins by proteomics. Cells are grown for 5 population doublings in medium with '3C-
labeled lysine and arginine. After five population doublings, free amino acids and cellular proteins are almost completely labeled. Cells are then switched to
medium containing unlabeled amino acids and supplemented with unlabeled serum albumin. As cells grow, new protein is marked by unlabeled lysine and
arginine, whereas old protein is marked by labeled lysine and arginine, enabling independent measurement of each by quantitative proteomics. After 24 h, protein
is extracted, digested, TMT-labeled, and analyzed by mass spectrometry (STAR Methods).
(legend continued on next page)
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conclusion that GCN2 does not slow protein synthesis in amino-
acid-deprived KRPC-A cells (Figures 5B and S5).

GCN2 is known to induce ATF4, which activates the expres-
sion of a number of well-documented targets (Han et al,
2013). Using our method, we found that under leucine-deprived
conditions, the induction of these ATF4 targets was impaired in
Gcen2 KO cells, as expected. With this methodological validation
in hand, we looked for an impact on other major classes of pro-
teins. Unexpectedly, we observed that Gen2 KO cells displayed
increased the synthesis of ribosomal proteins and suppressed
the synthesis of lysosomal hydrolases (Figure 5C). The small-
molecule inhibitor GCN2iB replicated the effects of Gcn2
knockout, ruling out clonal differences as the cause and verifying
that the effects depend acutely on GCN2 catalytic activity (Fig-
ure 5C). These proteins have not, to the best of our knowledge,
been identified as GCN2 targets previously, and the mechanism
by which GCN2 regulates their expression remains to be deter-
mined. The lysosomal hydrolases appear not to be ATF4 targets,
as none of them were detected by ChIP-seq using ATF4 as the
bait (Han et al., 2013). Importantly, this pattern of protein expres-
sion changes aligns with a potential physiological function of
GCN2—by diverting limited amino acids away from anabolic ma-
chinery and toward catabolic proteins, GCN2 adapts the prote-
ome to the amino-acid-deficient environment.

This conclusion was further supported by analysis of the
impact of GCN2 on the expression of proteins that were hits in
the CRISPR screen. Among the top 100 screen hits (74 of which
were found in our proteomics data), the leucine transporter
SLC7A5, which is a known ATF4 target (Han et al., 2013), was
most elevated in Gen2 WT cells relative to Gen2 KO cells. Other
hits that were higher in Gcn2 WT cells were the critical lysosomal
hydrolase cathepsin L and the mannose-6-phosphate receptor
IGF2R, which is responsible for transporting cathepsin L and
other hydrolases to the lysosome (Figure 5D). Under leucine-
free conditions, cathepsin L levels were 30%—-40% higher in
Gcn2 WT cells than Gen2 KO cells in each of three separate ex-
periments (Figure 5E), and western blots for cathepsin L showed
that cathepsin L levels increased selectively in Gen2 WT cells af-
ter leucine depletion. This was true for both pro-cathepsin L,
which has not yet been cleaved and activated at acidic pH,
and mature cathepsin L (Figure 5F). In summary, at least in the
KRPC-A cell background, in addition to suppressing the synthe-
sis of ribosomes, GCN2 promotes the synthesis of lysosomal hy-
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drolases and the protein required to transport these hydrolases
to the lysosome.

To understand if GCN2 modulates the synthesis of specific
proteins by directly modulating the translation of specific tran-
scripts, we re-examined the ribosome profiling data that we orig-
inally collected to examine stalling (Figure 2). After switching
cells to a leucine-deprived medium for 1 h, we compared tran-
script levels and ribosome footprint levels for ~9,000 transcripts.
As expected, we found that, upon leucine deprivation, GCN2 up-
regulates the translation efficiency of its canonical downstream
effector Atf4 (Figure S6A) as well as a handful of other genes
also known to be induced by elF2 phosphorylation, including
Pppiri5a and Ifrd1. ATF4 was a weak hit in the CRISPR screen
for genes essential for growth via protein scavenging, and the
other genes were not hits. It is worth noting that we attempted
to generate Atf4 KO cell lines and screened over 100 potential
knockout clones, none of which turned out to be clean knock-
outs, suggesting that, at least in the KRPC-A background,
ATF4 is required for the survival and expansion of single cells.

Beyond known GCN2 targets, our data revealed that GCN2
also affects the translation of transcripts encoding ribosomal
proteins. The number of ribosomes bound to these transcripts
decreases upon leucine deprivation in Gen2 WT cells but not in
Gcen2 KO cells (Figures S6A and S6B). This result could not be
explained by stalling preferentially occurring on ribosome-en-
coding mRNAs, suggesting a GCN2-mediated decrease in
translational efficiency of these transcripts (Figures S6C and
S6D). The mechanism underlying this GCN2-dependent reduc-
tion remains unclear, but the effect is to favor the translation of
other proteins that have more value to amino-acid-limited cells.
Collectively, these data suggest that GCN2 adapts the proteome
to amino-acid-poor conditions, facilitating scavenging-depen-
dent growth.

Small-molecule targeting of GCN2 and cathepsin L

We further explored the functional significance of GCN2 and
cathepsin L using small-molecule inhibitors. Experiments were
conducted in either amino-acid-replete or leucine-free medium,
each supplemented with albumin, and were repeated in K-
Ras®'2P MEFs, which behaved similar to KRPC-A cells. GCN2
inhibition blocked cell growth specifically in the leucine-free me-
dium, with little toxicity in the amino-acid-rich medium. This did
not reflect a general increase in susceptibility of leucine-deprived

(B) Unlabeled (newly synthesized) fractions of all measured proteins in Gcn2 WT and Gen2 KO cells grown in amino-acid-replete or leucine-free medium sup-
plemented with 50 g/L serum albumin for the indicated times.

(C) Histograms show differences in unlabeled protein present after 24 h in leucine-free medium supplemented with 50 g/L bovine serum albumin (BSA) in Gen2
WT versus Gen2 KO cells (top) or untreated KRPC-A cells versus KRPC-A cells treated with 5 WM GCN2iB (bottom). The top row (Gen2 WT versus Gen2 KO) is an
average of three independent biological replicates; the bottom is a single biological replicate.

(D) Rank plot showing the differences in unlabeled protein present after 24 h in the leucine-free medium supplemented with 50 g/L BSA in Gen2 WT versus Gen2
KO cells for each top screen hit measured (74 of the top 100). The leucine transporter SLC7AS5; the mannose-6-phosphate receptor IGF2R, which transports
lysosomal hydrolases to the lysosome; and the lysosomal hydrolase cathepsin L are three of the top seven most upregulated proteins by GCN2.

(E) Cathepsin L abundances, measured by quantitative proteomics, in Gecn2 WT and Gen2 KO cells cultured in amino-acid-replete or leucine-free medium
supplemented with 50 g/L BSA for 24 h. Measurements from three biological replicates are shown for the leucine-free condition, and a pair-wise t test was
performed to show significance.

(F) Western blot showing cathepsin L levels after switching from the amino-acid-replete medium to the leucine-free medium supplemented with 50 g/L BSA. The
36 kDa band represents inactive pro-cathepsin L and the 30 kDa band represents mature cathepsin L.
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Figure 6. Small-molecule targeting of GCN2 and cathepsin L
KRPC-A cells were cultured in amino-acid-replete and leucine-free media in
varying concentrations of GCN2iB (GCN2 inhibitor); GDC0941 (PI3-kinase
class 1A inhibitor); cathepsin L inhibitor; and hydroxychloroquine. All media
were supplemented with 50 g/L bovine serum albumin (BSA). Error bars
represent 95% confidence intervals (n = 3).

cells to kinase inhibition. For example, a PI3K inhibitor blocked
the growth of cells in leucine-free medium and amino-acid-
replete medium to similar extents. Similar to GCN2 inhibition,
cathepsin L inhibition slowed the growth of leucine-deprived
cells without any substantial effect on cells in the amino-acid-
rich medium, whereas hydroxychloroquine, the classical antima-
larial agent that inhibits lysosomal activity and was recently
tested in clinical trials for pancreas cancer, was similarly toxic
in the amino-acid-replete medium and the leucine-free medium
(Figures 6 and S7). Thus, the pharmacological inhibition of
GCN2 and cathepsin L selectively hits cells dependent on pro-
tein scavenging, supporting further exploration of these targets
in PDAC.

DISCUSSION

Pancreatic cancer cells driven by K-Ras signaling can grow in
amino-acid-poor conditions by scavenging extracellular protein.
A number of studies suggest that this process supports pancre-
atic tumor growth (Commisso et al., 2013; Davidson et al., 2017;
Kamphorst et al., 2015; Palm et al., 2015), but our understanding
of its importance in vivo remains limited by the fact that we do not
know of any gene that is specifically required in cells dependent
on protein scavenging—in other words, we do not know how to
make “scavenging knockout” tumors. Such scavenging-spe-
cific genes would also be potential therapeutic targets.
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Recently, two groups published screens motivated to find
such genes. One study used proteomics to identify proteins up-
regulated to the cell surface by K-Ras, then screened them for
essentiality in murine pancreatic tumors. The other scored a
genome-wide siRNA library based on uptake of a fluorescent
macropinocytosis substrate. Both of these screens were de-
signed to identify genes involved in macropinocytosis itself.
Our proliferation-based screen identified genes required for
the full process of scavenging-dependent growth. One impor-
tant finding is that such genes are distributed across multiple
additional biological processes, including peripheral lysosome
positioning, endosome-lysosome fusion, lysosomal protein
catabolism, and the suppression of translation initiation
(Figure 7).

In fact, our screen suggests that some of the most critical
cellular proteins for growth on extracellular protein—including
GCN2 —are dispensable for protein scavenging. GCN2 supports
scavenging-dependent growth in at least two other ways. First, it
suppresses translation initiation to prevent ribosome stalling.
Darnell et al. suggest that differential stalling may be a form of
translational control (Darnell et al., 2018). Our view is that stalling
is a deleterious consequence of overloading ribosomes on tran-
scripts when the amino acid supply is limited. Interestingly,
although GCN2 is widely assumed to prevent stalling by slowing
protein synthesis, in amino-acid-limited cancer cells, it does not
actually do so. We found that with or without GCN2, amino-acid-
deprived cancer cells synthesize protein at the maximum
possible rate —the protein scavenging rate. In other words, these
cells consume all of the limiting amino acid as it becomes avail-
able. Rather, GCN2 changes the limiting step of translation from
elongation to initiation, preventing excessive ribosomes from
initiating translation but leaving enough active ones to achieve
maximal protein synthesis.

Second, GCN2 modulates relative protein synthesis rates more
broadly than previously appreciated, favoring the synthesis of
catabolic proteins (like lysosomal hydrolases) over anabolic
ones (like ribosomal subunits). In doing so, GCN2 increases the
long-term supply of amino acids while decreasing the long-term
demand for them, thereby preventing ribosome stalling by a sec-
ond, distinct mechanism. The molecular mechanisms underlying
the GCN2-mediated negative regulation of ribosomal subunit syn-
thesis and positive regulation of lysosomal hydrolase synthesis
remain to be explored. It is tempting to speculate that they might
involve the suppression of mMTORC1, which is also known to regu-
late ribosomal protein synthesis and lysosome biogenesis.

Among the lysosomal hydrolases whose synthesis is
increased by GCN2 is cathepsin L. The gradual depletion of
cathepsin L, the most essential lysosomal hydrolase for scav-
enging-dependent growth, could result in the inability to degrade
extracellular protein. Notably, cathepsin L turns over rapidly in
these cells—less than 25% of the initial protein is present after
24 h, implying a half-life of less than 6 h (Figure 5E). Although
cathepsin L levels averaged over millions of cells are only
modestly lower in Gen2 KO cells, these levels are likely heteroge-
neous. It is possible that the depletion of cathepsin L occurs in
only a subset of these cells at any given time, and these are
the cells that die. The gradual depletion of cathepsin L in a minor-
ity of cells could result in substantial cell death over time, without
drastically affecting per-cell protein scavenging rates averaged
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process. Both stimulate Rac1, which then mobilizes
the actin cytoskeleton to achieve protein uptake
(Ramirez et al., 2019; Yao et al., 2019). Our screen
identified Vasp as a key cytoskeletal protein and
Rabankyrin-5 as another key protein involved in
macropinocytosis. Protein taken in by macro-
pinocytosis must then be catabolized in lysosomes.
Our screen identified multiple members of the
BORC complex, which mediates peripheral posi-
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generated by lysosomal catabolism must be used
productively. To enable efficient elongation, amino-
acid-limited cells must suppress translation inhibi-
tion, either by tuning mTORCH1 activity (Palm et al.,
2015) or by activating GCN2, which minimizes
ribosome stalling without suppressing the overall
protein synthesis. GCN2 also promotes the syn-
thesis of catabolic proteins critical for growth in
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over the whole population. Further investigation is needed to
explore this possibility.

Our results are particularly important in light of the recent
clinical studies of hydroxychloroquine (HCQ) in pancreas can-
cer. HCQ neutralizes the lumen of acidic organelles, such as
lysosomes. A randomized phase Il trial of HCQ in combination
with gemcitabine and Nab-paclitaxel showed that HCQ
improved response rates but not disease free or overall sur-
vival (Karasic et al., 2019). More recently, the combination of
HCQ and the MEK inhibitor trametinib has shown promise
(Bryant et al., 2019; Kinsey et al., 2019). This combination
induced a deep regression in one patient with advanced
PDAC (Kinsey et al., 2019) and is now being evaluated in a
clinical trial (NCT03825289). We found that hydroxychloro-
quine is toxic even in cells cultured under amino-acid-replete
conditions (Figures 6 and S7), which is consistent with the
general importance of properly functioning lysosomes. In
contrast, we can specifically impair scavenging-dependent
growth by targeting the screen hits GCN2 and cathepsin L,
the lysosomal protease.

Several other screen hits also warrant attention. Rabankyrin-5,
which was previously shown to boost macropinocytosis
(Schnatwinkel et al., 2004), is a potential genetic handle for pro-
tein scavenging. The BORC complex, which mediates the pe-
ripheral positioning of lysosomes (Pu et al., 2015), is another
interesting subject for future exploration —why is lysosome posi-
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amino-acid-poor conditions. Together, these five
cellular activities enable sustained growth using
extracellular protein as an amino acid source.

tioning important for protein scavenging? Can this be therapeu-
tically targeted? Finally, DHX29, an RNA helicase required for
translation of MRNAs with stable secondary structures (Pisareva
et al., 2008), was selectively essential under amino-acid-defi-
cient conditions. This suggests an important and understudied
role for mMRNA structure in the regulation of stress-responsive
transcripts. Collectively, our screen hits highlight the diversity
of vulnerabilities of amino-acid-deprived cancer cells, which
extend from macropinocytosis into unrelated, and perhaps un-
expected, areas of cell biology. All deserve due diligence in the
effort toward a PDAC cure.
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STARXxMETHODS

KEY RESOURCES TABLE

Cell Systems

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti GCN2

Rabbit monoclonal anti Vasp

Cell Signaling Technology (CST)
CST

Cat# 3302; RRID: AB_2277617
Cat# 3132; RRID: AB_2213393

Mouse monoclonal anti elF2a CST Cat# 2103; RRID: AB_836874
Rabbit monoclonal anti Phospho-elF2q. CST Cat# 3398; RRID: AB_2096481
Rabbit monoclonal anti ATF-4 CST Cat# 11815; RRID: AB_2616025
Goat polyclonal anti Mouse/Rat Cathepsin L R&D Systems Cat# AF1515; RRID: AB_2087690
Rabbit monoclonal anti B-Actin (HRP Conjugate) CST Cati# 5125; RRID: AB_1903890
Rabbit monoclonal anti Vinculin (HRP Conjugate) CST Cat# 18799; RRID: AB_2714181
Goat monoclonal anti-rabbit IgG, HRP-linked CST Cat# 7074; RRID: AB_2099233
Horse monoclonal anti-mouse 1gG, HRP-linked CST Cat# 7076; RRID: AB_330924
Chemicals, peptides, and recombinant proteins

DMEM high glucose, no pyruvate GIBCO 10-017 CV

Fetal bovine serum (FBS) Sigma-Aldrich Cat# F2442

Dialyzed FBS Sigma-Aldrich Cat# F0392

Phosphate buffered saline Thermo Fisher Scientific (TFS) Cat# SH3025601

Trypsin-EDTA (0.05%)

DMEM powder w/ low glucose, w/o

Amino acids, pyruvate

Bovine Serum Albumin, lyophilized, BioReagent
Notl-HF

Xhol

T4 DNA Ligase

NEB HiFi DNA Assembly Master Mix

NEB 10-beta Competent E. coli (High Efficiency)
Polybrene Infection / Transfection Reagent
U-13C6, U-15N3 Histidine:HCI:H20

U-13C6, U-15N2 Lysine:2HCI

U-13C9, 15N Phenylalanine

U-13C4, 15N Threonine

U-13C5, 15N Valine

Ring-2,4-2H2, alpha,beta,beta-2H3 Histidine
4,4,5,5-2H4 Lysine:2HCI

Ring-2H5 Phenylalanine

4-13C, 2,3-2H2 Threonine

U-2H8 Valine

U-13C6, U-15N4 Arginine:HCI

Methionine, Cell Labeling Grade,
L-[35S]-,>600 Ci (22.2 TBg) mmol,
50 mM Tricine, 10 mM BME, 5 mCi

Lysyl Endopeptidase

Sequencing Grade Trypsin
TMT11-131C Label Reagent
GCN2iB

GDC0941 (PI3K inhibitor)

el Cell Systems 13, 1-15.e1-€9, February 16, 2022

TFS
US Biological

Sigma-Aldrich

New England Biolabs (NEB)
NEB

NEB

NEB

NEB

EMD Millipore

Cambridge Isotopes
Laboratories (CIL)

CIL
CIL
CIL
CIL
CIL
CIL
CIL
CIL
CIL
CIL
PerkinElmer

FUJIFILM Wako Pure
Chemical Corporation

Promega

TFS
MedChemExpress
Cayman Chemical

Cat# 25300-054
Cat# D9800-13

Cat# A9418 or A1470
Cat# R3189

Cat# R0146

Cat# M0202

Cat# E2621

Cat# C3019

Cat# TR-1003

Cat# CNLM-758

Cat# CNLM-291
Cat# CNLM-575
Cat# CNLM-587
Cat# CNLM-442
Cat# DLM-7855
Cat# DLM-2640
Cat# DLM-1258
Cat# CDLM-9307
Cat# DLM-488
Cat# CNLM-539
Cat# NEG009L0O05MC

Cat# 125-05061

Cat# V5111

Cat# A37724
Cat# HY-112654
Cat# 11600

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Cathepsin L inhibitor Santa Cruz Biotechnology Cat# sc-3132
Hydroxychloroquine Sulfate Tocris Cat# 5648

Critical commercial assays

QlAshredder QIAGEN Cat# 79654

RNeasy Plus Mini Kit QIAGEN Cat# 74134

PrepX RNA-Seq for lllumina Library Kit Takara Cat# 640096

Pierce BCA Protein Assay Kit — Reducing TFS Cat# 23250

Agent Compatible

Deposited data

Raw Sequencing Data This paper SRA: PRINA757010
Raw Proteomics Data This paper ProteomeXchange: PXD028143

Experimental models: Cell lines

KRPC-A cells (Nofal et al., 2017) N/A
K-Ras®’?P MEFs Craig Thompson, MSKCC N/A
KRPC-A Gcn2 KO This paper N/A
KRPC-A Gcn2 KO + FLAG-EGFP This paper N/A
KRPC-A Gcn2 KO +hGCN2 This paper N/A
KRPC-A Vasp KO + FLAG-EGFP This paper N/A
KRPC-A Vasp KO +hVASP This paper N/A
KRPC-A Vps39 KO +FLAG-EGFP This paper N/A
KRPC-A Vps39 KO +FLAG-hVPS39 This paper N/A
Oligonucleotides
sgRNA PCR Forward Primer: Integrated DNA N/A
AATGATACGGCGACCACCGAGATC Technologies (IDT)
TACACCGACTCGGTGCCACTT
sgRNA PCR Reverse Primer: CAAGCA IDT N/A
GAAGACGGCATACGAGATCnnnnnnTT
TCTTGGGTAGTTTGCAG T (“nnnnnn”
denotes the sample barcode sequence)
Custom HiSeq Read 1 primer: CGGT IDT N/A
GCCACTT CAAGTTGATAACGG
ACTAGCCTTATTTTAACTTGCTATTT
CTAGCTCTAAAAC
Custom HiSeq Indexing primer: TTTCA IDT N/A
AGTTACGGTAAGCATATGATAGTCCA

TTAAAACATAA AAA
sgEif2ak4_4 (forward): IDT N/A
CACCgGGCTACCCACAGAGAAATGG
sgEif2ak4_4 (reverse): IDT N/A
AAACCCATTTCTCTGTGGGTAGCCc
sgVasp_8 (forward): IDT N/A
CACCgCTTGCGGCCAACAACTCGGA
sgVasp_8 (reverse): IDT N/A
AAACTCCGAGTTGTTGGCCGCAAGc
sgVps39_1 (forward): IDT N/A
CACCgGAACTGGACAGACATCCCAG
sgVps39_1 (reverse): IDT N/A
AAACCTGGGATGTCTGTCCAGTTCc
Eif2ak4_ORF_PCR (forward): IDT N/A

ATCTCGAGGCCACCATGGCTGGG
GGCCGTGGGGC

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Eif2ak4_ORF_PCR (reverse): TATTA IDT N/A

TTATGCGGCCGCTTAAAATAAGATT

CTGTAGTAGTCATCTCTATAGCTG

Vasp_ORF_PCR (forward): AT IDT N/A

CTCGAGGCCACCATGAGCGA

GACGGTCATCTGTTCCAGC

Vasp_ORF_PCR (reverse):ATGCGGCCGC IDT N/A

TTAGGGAGAACCCCGCTTCCTCAGC

FLAG-Vps39_ORF_PCR (forward): IDT N/A

GGTACGGGAATTCCTGCAGGC

CTCGAGGCCACCATGGACTA

CAAAGACGATGACGACAAGC

ACGACGCTTTCGAGCCAG

Vps39_ORF_PCR (reverse): IDT N/A

GGGGGGGGCGGAATTTAC

GTAGCGGCCGCTTAGTCAG

CTGGGTTTACCTCTTTGG

FLAG-EGFP_ORF_PCR (forward): A IDT N/A

TCTCGAGGCCACCATGGACTAC

AAAGACGATGACGACAAGGT

GAGCAAGGGCGAGGAG

EGFP_ORF_PCR (reverse):ATGC IDT N/A

GGCCGCTTACTTGTACAGCT

CGTCCATGCCGAG

Recombinant DNA

lentiCRISPR v2 (Shalem et al., 2014) Addgene Plasmid #52961

pMXs-3XFLAG-EGFP-OMP25 (Chen et al., 2016) Addgene #83354

Human EIF2AK4 ORF plasmid Origene Cat# RC212459

Human VASP ORF plasmid Origene Cat# RC203544L1

Human VPS39 ORF plasmid Origene Cat# RC209854

psPAX2 (lentiviral packaging plasmid) Trono Lab Packaging and Addgene #12260
Envelope Plasmids

pMD2.G (VSV-G expressing plasmid) Trono Lab Packaging and Addgene #12259
Envelope Plasmids

Gag/pol (Reya et al., 2003) Addgene #14887

Mouse genome-wide sgRNA library This paper N/A

lentiCRISPR v2-sgEif2ak4_4 This paper N/A

lentiCRISPR v2-sgVasp_8 This paper N/A

lentiCRISPR v2-sgVps39_1 This paper N/A

pMXs-hEIF2AK4 This paper N/A

pMXs-hVASP This paper N/A

pMXs-FLAG-hVPS39 This paper N/A

pMXs-FLAG-EGFP This paper N/A

Other

HEK293FT cells TFS Cat# R70007

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by Josh Rabinowitz (joshr@

princeton.edu).

Materials availability

Cell lines and plasmids generated in this study will be made available by the lead contact upon request.
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Data and code availability
® Source data statement: Raw RNAseq and ribosome profiling data have been deposited in the Sequence Read Archive (SRA)
and are publicly available as of the date of publication. key resources tableProteomics data has been deposited in the PRIDE
Archive database and is publicly available as of the date of publication. Accession numbers are listed in the key resources table.
All other data reported in this paper will be shared by the lead contact upon request.
o Code statement: This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture
All cell lines used in this study are listed in the key resources table. KRPC-A cells (adapted KRPC cells) were derived from genetically
engineered murine pancreatic tumors. They were adapted to grow robustly in amino acid-deficient medium supplemented with
serum protein by serially passaging KRPC cells (Lito et al., 2014) in leucine-free DMEM supplemented with 50 g/L bovine serum al-
bumin (BSA) for several months, as described previously (Nofal et al., 2017).

All cells were propagated in DMEM with 25 mM glucose and 4 mM glutamine and without pyruvate (Mediatech). DMEM was sup-
plemented with 10% fetal bovine serum (FBS) (Sigma), unless specified otherwise.

METHOD DETAILS

Custom media preparation

Custom media were prepared using DMEM powder containing all DMEM salts and vitamins, low glucose, and no amino acids or py-
ruvate (US Biological). Glucose was added to a final concentration of 25 mM glucose, and sodium bicarbonate to a final concentra-
tion of 2.0 g/L. Pyruvate was not added to any media. In all custom media, unless specified otherwise, amino acid concentrations
were identical to DMEM (glutamine: 4 mM; isoleucine, leucine, lysine, threonine, and valine: 0.8 mM; arginine, glycine, serine, phenyl-
alanine: 0.4 mM; cystine, histidine, methionine, and tyrosine: 0.2 mM; and tryptophan: 0.078 mM). Bovine serum albumin (Sigma
A9418 or A1470) was added where specified. All custom media were adjusted to pH 7.2 immediately before sterile filtration and sup-
plemented with 5% dialyzed FBS (Sigma) unless specified otherwise. To facilitate custom media preparation, concentrated (20-
100X) amino acid stock solutions were prepared and stored at 4°C. Such solutions were used to add all amino acids except glutamine
(unstable) and tyrosine (insoluble), which were added directly in powder form.

Genome-wide CRISPR-Cas9 screens

Screens were performed with a mouse-genome-wide sgRNA library containing 188,310 sgRNAs targeting 18,986 genes as well as
199 control sgRNAs targeting intergenic regions (Table S1). sgRNAs were designed and cloned into lentiCRISPR v2 (Addgene
#52961) as described previously (Wang et al., 2016a). Lentivirus containing the genome-wide sgRNA library was produced in
HEK293T cells and added to KRPC-A cells as described previously (Wang et al., 2016b). Briefly, 200 million KRPC-A cells were in-
fected, and infected cells were selected with puromycin for 48 h. Cells were then seeded into either amino acid-replete DMEM
without supplemental albumin, amino acid-replete DMEM with 50 g/L albumin, or leucine-free DMEM with 50 g/L albumin. All media
were supplemented with 5% dialyzed FBS. Cells were propagated in each of these three conditions for 12 doublings, with fresh me-
dia added every day and at least 500-fold coverage of the library maintained after each passage. After 12 doublings, genomic DNA
was extracted, and sgRNA inserts were amplified by polymerase chain reaction (PCR) as described previously (Wang et al., 2016b).
The resultant PCR products were purified and sequenced on an lllumina HiSeq using custom primers (listed in the key resources
table), enabling comparison of relative sgRNA population frequencies between populations.

Knockout cell lines

sgRNAs targeting murine Gen2 (Eif2ak4), Vasp, and Vps39 were selected based on their performance in the genome-wide screens.
Oligonucleotide pairs (listed in the key resources table) were cloned into lentiCRISPR v2 (Addgene #52961) following the standard
cloning protocol (http://genome-engineering.org). HEK293FT cells were transfected with the lentiCRISPR v2 plasmid of interest,
psPAX2 (Addgene #12260), and pMD2.G (Addgene #12259). Medium was replaced after 12-16 h, and lentivirus was harvested after
36 h. KRPC-A cells were infected with lentivirus in the presence of 5 ug/mL polybrene. Infected cells were selected and maintained in
2 png/mL puromycin, and clonal knockout cell lines were produced by isolation of single cells from this infected population.

Overexpression cell lines

We cloned sequences for human EIF2AK4 and VASP from Origene expression plasmids (plasmids and oligonucleotides are listed in
the key resources table) into the backbone of pMXs-3XFLAG-EGFP-OMP25 (Addgene #83354) at the Xhol and Notl sites using T4
DNA Ligase and NEB 10-beta competent cells. Human VPS39 - FLAG-tagged at the N-terminus — was cloned into the same back-
bone using Gibson Assembly, because the ORF contains an Xhol site. EGFP — FLAG-tagged once at the N-terminus — was amplified
from and reinserted into the backbone of pMXs-3XFLAG-EGFP-OMP25. HEK293FT cells were transfected with the expression
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plasmid of interest, pMD2.G (Addgene #12259), and gag/pol (Addgene #14887). KRPC-A cells were infected with lentivirus in the
presence of 5 ng/mL polybrene. Infected cells were selected and maintained in 10 pg/mL blasticidin.

Western blotting

Cells were washed 3x with PBS, then lysed with ice-cold RIPA buffer (Cell Signaling) with cOmplete protease inhibitor and PhosSTOP
phosphatase inhibitor cocktails (Roche). Soluble lysate fractions were isolated by centrifugation at 16,000 g for 10 min. Relative pro-
tein content was estimated using total cellular volume as a surrogate, and equal amounts of protein per sample were analyzed by
western blot.

Proliferation assays

200K cells were seeded in standard 60 mm tissue culture dishes in DMEM supplemented with 5% FBS. After 24 h, cells were washed
once with PBS and switched to amino-acid-deficient medium supplemented with 50 g/L albumin. Cell volume was measured using
Packed Cell Volume tubes (Techno Plastic Products). Cells were imaged using a Nikon ECLIPSE Ts2 inverted microscope with a Lu-
menera INFINITY 1 CMOS camera.

Ribosome profiling

Ribosome profiling was performed as described previously (McGlincy and Ingolia, 2017) with modifications detailed below. Cells were
seeded in 150 mm tissue culture dishes in 5% dialyzed FBS and grown to 60-80% confluence in the specified media. Immediately before
extraction, cells were washed once rapidly with ice cold PBS with 100 ug/mL cycloheximide, which was aspirated thoroughly. Then 1 mL
oflysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 15 mM MgCl,, 5 mM CaCl, 1% Triton X-100, 1 mM DTT, 100 ng/mL cycloheximide, 20 U/
mL DNase |, and the cOmplete protease inhibitor cocktail (Roche)) was added. Cells were scraped into the lysis buffer, and the lysate was
transferred to a 2 mL Eppendorf tube. Lysates were homogenized by passing them three times through a 26G needle and clarified by
centrifugation at 16,000 g for 10 min at 4° C. 600 pL of lysate was digested with 4 uL of RNase | at 4° C for 45 min. Ribosomes were
pelleted from lysates by ultracentrifugation (100,000 g) through a 1 M sucrose cushion for 1 h at 4° C. Footprints were isolated from a
15% TBE-Urea gel, dephosphorylated with PNK for 1 h at 37° C, then ligated to one of six barcoded linkers (NI-810 to NI-815) (McGlincy
and Ingolia, 2017). Ligation products were then pooled and purified from a second 15% TBE-Urea Gel. rRNA was then depleted using the
RiboZero Gold rRNA Removal Kit (Human/Mouse/Rat), and libraries were reverse transcribed with SuperScript lll at 55° C for 30 min, and
template RNA was degraded with 100 mM NaOH at 70° C for 20 min. cDNAs were isolated from a third 15% TBE-Urea gel, then circu-
larized with CircLigase | and amplified with Kapa Hifi HotStart ReadyMix using NI-NI-798 as the forward primer and a standard indexed
reverse library primer (McGlincy and Ingolia, 2017). Libraries were sequenced on an lllumina NovaSeq 6000 using the standard protocol.
Reads were mapped to the Mouse Genome (GRCm38 from lllumina’s iGenomes) using STAR RNA-seq alignment software (Dobin et al.,
2013). Read counts were generated using FeatureCounts from the Subread software package (Liao et al., 2014).

Polysome Profiling

Cells were cultured and lysed, and lysates were homogenized and clarified as described above (see ribosome profiling). 600 uL of
each lysate was loaded onto a pre-chilled 10-50% sucrose gradient, which was prepared using a Gradient Master (BioComp). Ly-
sates loaded on gradients were then placed in a SW 41 Ti swinging-bucket rotor and centrifuged at 35,000 g for 2.5 h at 4° C in an
Optima XE-100 Ultracentrifuge (Beckman Coulter). Polysomes were visualized using a Gradient Fractionator (BioComp) coupled to
an EM-1 Econo UV Monitor (BioRad) measuring absorbance at 254 nm.

Stable-isotope-labeled amino acids for simultaneous measurement of protein synthesis rate and protein
scavenging rate
For simultaneous measurement of protein synthesis rate and protein scavenging rate, two sets of stable-isotope-labeled amino acids
were used. We term these two sets of amino acids "isotope flavor 1 (L1)" and "isotope flavor 2 (L2)." Both sets contain five amino
acids: histidine, lysine, phenylalanine, threonine, and valine. These amino acids are essential (i.e. they cannot be synthesized
from glucose and glutamine) and are strictly used for protein synthesis in cultured cells. For each of these amino acids, each
isotope-labeled form is at least two mass units heavier than the unlabeled form and at least two mass units different from the other
isotope-labeled form. For example, L1-labeled valine is 6 mass units heavier than the unlabeled valine, and L2-labeled valine is 8
mass units heavier. The specific isotope-labeled amino acids used in this study are listed below, but others can be used in their place,
as long as they are two mass units heavier than the unlabeled and two mass units different from each other. These labeled amino
acids are used in place of unlabeled amino acids at standard DMEM concentrations.

The L1-labeled amino acids are uniformly '3C,"*N-labeled histidine (m+9); lysine:2HCI (m+8); phenylalanine (m+10); threonine
(m+5); and valine (m+6).

The L2-labeled amino acids are Ring-2,4-?H2,alpha,beta,beta-H3 histidine (m+5); 4,4,5,5-°H4 Lysine:2HCI (m+4); Ring-2H5
phenylalanine (m+5); 4-'3C,2,3-2H2 threonine (m+3); and uniformly 2H-labeled valine (m-+8).

Simultaneous measurement of protein synthesis rate and protein scavenging rate
Cells were grown for five doublings in medium containing L1-labeled amino acids supplemented with 10% dialyzed FBS. After five dou-
blings, cells were seeded at low cell density in 60 mm tissue culture dishes in L1-labeled medium supplemented with 5% dialyzed FBS.
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After 24 h, cells were washed once with PBS and switched to medium containing L2-labeled amino acids supplemented with 50 g/L al-
bumin and 5% dialyzed FBS. After 2 h, cells were again washed once with PBS and switched to fresh L2-labeled medium with the spec-
ified modifications (leucine dropout, albumin supplementation). After 24 h, amino acids in the medium and cellular protein were extracted,
and total cellular volume was measured using Packed Cell Volume tubes (Techno Plastic Products).

Amino acid extraction from medium and preparation for LC-MS analysis

50 uL of medium was directly added to 200 uL of HPLC-grade methanol. This mixture was vortexed then centrifuged at 16,000 g for
5 min. 200 pL supernatant was transferred to a new tube. 5 plL triethylamine and 1 pL benzyl chloroformate were added sequentially,
and the resulting mixture was vortexed and incubated at room temperature for 30 min.

Extraction and hydrolysis of cellular protein and preparation of resulting amino acids for LC-MS analysis

Medium was aspirated and plates were rinsed three times with room temperature PBS before addition of 0.5 mL 0.05% trypsin. After
sufficient trypsinization, 1 mL PBS was added, and the mixture was transferred to a microcentrifuge tube. Cells were then pelleted by
centrifugation at 1,000 g for 5 min, and the pellet was washed once with PBS. After careful removal of the supernatant, cell pellets
were resuspended in 350 pL lysis buffer (25 mM HEPES pH 7.2, 10 mM EDTA, 2% SDS, and cOmplete protease inhibitor cocktail
(Roche)) and vortexed thoroughly. Lysates were sonicated, then centrifuged at 16,000 g for 5 min.

Protein was then purified from the supernatant using methanol-chloroform extraction. In a 2 mL Eppendorf tube, 400 uL methanol,
200 pL chloroform, and 300 pL water were sequentially added to 100 pL supernatant; the mixture was vortexed thoroughly after addi-
tion of each. The mixture was then centrifuged at 16,000 g for 2 min. After the upper layer was carefully discarded, 300 pL methanol
was added, and the mixture was vortexed thoroughly. The mixture was then centrifuged again at 16,000 g for 2 min. The supernatant
was carefully discarded, and the pellet was air-dried. Once dry, 200 uL 6 M HCI was added, and samples were incubated overnight at
110°C. Acid was then evaporated completely under nitrogen flow, and amino acids were resuspended in 200 uL HPLC-grade meth-
anol and prepared for LC-MS analysis with derivatization as described above.

LC-MS analysis

Samples were diluted such that amino acids fell within the linear range of a triple quadrupole mass spectrometer (TSQ Quantum Dis-
covery Max; Thermo Scientific), operating in negative multiple reaction monitoring mode, coupled to C18 high-performance
reversed-phase ion pair liquid chromatography (Lu et al., 2006, 2008). Data were analyzed using open-source software (Melamud
et al., 2010).

Calculation of absolute amino acid amounts
Absolute amounts of amino acids in the medium were determined by comparison of peak intensities in samples of interest and sam-
ples from fresh medium, in which absolute amounts of amino acids are known.

Absolute amounts of amino acids in cellular protein were estimated using total cell volume, which is measured using Packed Cell
Volume tubes (Techno Plastic Products). Assuming that 70% of cell volume is water and protein is 60% of cellular dry weight, 18% of
total wet volume is protein. Using the known frequencies of each amino acid in mouse protein, the molar amount of each amino acid
per unit cell volume can be calculated (Table S3).

Protein scavenging rate computation

In the isotope labeling scheme described above (see simultaneous measurement of protein synthesis rate and protein scavenging
rate assay), extracellular protein is unlabeled and all other amino acids are either L1-labeled or L2-labeled. Protein scavenging yields
unlabeled amino acids in a background of labeled amino acids. The rate of protein scavenging is defined as the release rate of un-
labeled amino acids from lysosomes.

To derive an expression for the release rate of unlabeled amino acids, we start with the following basic relationship: any cellular
reaction rate (in units of moles per unit time per unit cell volume) is equal to the total amount of product being produced by this re-
actionin all cells (in units of moles per unit time) divided by the total volume of all cells. In this case, for a given amino acid, the cellular
rate of unlabeled amino acid release is equal to the combined rate of unlabeled amino acid release in all cells divided by the total cell
volume:

dAA® /dt .
VAA release = W({) (Equatlon 1)

After integrating this equation with respect to time, the cellular release rate of unlabeled amino acids from lysosomes is equal to the
total amount of unlabeled amino acid released by all cells over the course of the experiment divided by the time-integral of total
cellular volume:

AA%(T) — AA%(0)

Equation 2
3 Vol(t)dt (Ea )

Vaa release =

Cell Systems 13, 1-15.e1-€9, February 16, 2022 e6




Please cite this article in press as: Nofal et al., GCN2 adapts protein synthesis to scavenging-dependent growth, Cell Systems (2021), https://doi.org/
10.1016/j.cels.2021.09.014

¢ CellP’ress Cell Systems

Unlabeled amino acids released by lysosomes have four possible fates: i) they can remain inside the cell in monomeric form, ii) they
can be secreted into the extracellular space, iii) they can be incorporated into new cellular protein, and iv) they can be catabolized and
used to synthesize other biomolecules.

AA/eltra(T) +AAgxtra(T) +AAgrot(T) +AAD

catab(T) - AAO(O)
[y Vol(t)dt

(Equation 3)

VAA release =

Of these four fates, two can be ignored. First, because the aggregate cell volume is very small relative to the volume of the medium
in each dish, and because the amino acid concentrations are similar in cells and in the medium, the absolute amount of amino acid
monomers in cells is negligible relative to the absolute amount of amino acid monomers in the medium. Second, catabolism of the
relevant amino acids (histidine, lysine, phenylalanine, threonine, and valine) is negligible in the cell lines used in this study. Thus, the
two quantitatively important fates of unlabeled amino acids produced by protein scavenging are i) secretion into the extracellular
space and ii) incorporation into new cellular protein. The equation for the rate of release of unlabeled amino acids from lysosomes

is simplified accordingly:
AALra(T) + AAL 1 (T) — AA%(0)

[ Vol(t)dt

Vaa release = (Equation 4)

The first term in the numerator — the amount of unlabeled amino acids in the medium at the end of the experiment - is directly
measurable. The second term in the numerator — the amount of unlabeled amino acids in cellular protein at the end of the experiment
—can be determined by multiplying the fraction of unlabeled amino acids in cellular protein by the absolute amount of cellular protein
in that sample (see calculation of absolute amino acid amounts).

The third term in the numerator is included to account for unlabeled amino acid contaminants at t = 0 h. The amount of contam-
inating unlabeled amino acids in the medium at t = 0 h is negligible and does not need to be accounted for. However, because cellular
protein still contains a small but meaningful fraction of unlabeled amino acids after five doublings in L1-AA medium and two hours in
L2-AA medium, the unlabeled amino acids in cellular protein at the end of pre-labeling (t = 0 h) must be subtracted from the amount of
unlabeled amino acids in cellular protein at the end of the experiment. This correction is included in Equation 5:

AAL . (T) +AAS (T)— AA .(0)

extra ( prot prot

[y Vol(t)dt

(Equation 5)

VAA release =

Dividing the amino acid release rate by the number of times the amino acid being used for the calculation appears in bovine serum
albumin yields an estimate of protein scavenging rate in terms of moles of albumin degraded per unit time per unit cell volume:
Vv, .
Verotein scavenging = —PA release (Equatlon 6)
L7V
To convert this rate into the rate of leucine yielded by protein scavenging, we multiply the rate by the number of leucine molecules
per albumin (61):
VAA release

Verotein scavenging—Leu = 61 x T (Equation 6)
AA

Proxy for protein scavenging rate
In practice, labeling patterns and abundances of amino acids in the medium are much easier to measure than those of amino acids
incorporated into cellular protein, and in many cases (i.e. when a highly quantitative estimate of protein scavenging is not required),
the rate of secretion of unlabeled amino acids into the medium can serve as a satisfactory proxy for the protein scavenging rate:
AAL (T)

extra (

—=as - (Equation 7)
[ Vol(t)dt

VProxy =
Importantly, to use this proxy, one must assume that a fixed fraction of the unlabeled amino acids released by lysosomes end up in
the medium. This is a reasonable assumption as long as the cells being compared are growing at similar rates.

Protein synthesis rate computation

The general strategy used to calculate protein synthesis rate is somewhat different from the strategy used to calculate protein scav-
enging rate. Specifically, to calculate scavenging rate, we calculate the sum of all products of scavenging, and divide that by the time
integral of total cellular volume. On the other hand, to calculate synthesis rate, we first compute the rate of growth in units of inverse
time using the L1-labeling of cellular protein. For example, if cellular protein starts 100% L1-labeled, and after 24 h, cellular protein is
50% L1-labeled, then the cellular protein pool doubles roughly every 24 h. We fit these data to compute a rate constant. We then
multiply this relative rate by the ratio of the molar amount of amino acid in cellular protein to total cell volume (we assume this ratio
is fixed over time —i.e. cells have a constant amount of protein per unit cell volume). This converts the rate from units of inverse time to
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moles of amino acid over unit cell volume and time. These are the same units as the protein scavenging rate, allowing direct
comparison.

Assuming cell growth is exponential and protein content per cell is fixed, the growth of total cellular protein should also be
exponential:

Prot(t) = Prot(0) x e* (Equation 8)

This equation can be rearranged such that the rate k is described in terms of the ratio of total protein after a given time to total
protein at the initial time-point:

1. (Prot(t) .
k= ?In<Prot(0)> (Equation 9)

Total cellular protein at these two time-points could be measured directly, but measurements based on standard protein assays
are typically too noisy to reliably estimate small changes in total protein. Instead we use the amino acid labeling of cellular protein to
estimate the relative growth of the total protein pool. For cells grown as described above (see simultaneous measurement of protein
synthesis rate and protein scavenging rate), cellular protein at the start of the experiment is predominantly L1-labeled, and new pro-
teinis not (it is unlabeled or L2-labeled). Thus, the fractional growth of protein at any given time relative to the amount of protein at the
initial time-point can be approximated as total protein over L1-labeled protein, or the inverse of the L1-labeled protein fraction:

Prot(t)  Prot®
Prot(0) ~  Prott

(Equation 10)

This equation makes two assumptions that can be corrected for. First, the equation assumes that protein starts completely L1-
labeled, but this is not the case: usually, 5-10% of protein at the initial time-point is unlabeled or L2-labeled. Thus, even at the initial
time point, according to Equation (10), it appears as if there is 5-10% growth. This can be corrected for by simply multiplying the L1
fraction at the initial time-point:

Prot(t)  Prott® Prott

Prot(0) =~ Prot! * Brogeai (%)

(Equation 11)

Second, intracellular protein degradation is assumed to be negligible. Indeed, we see little intracellular protein degradation relative
to protein synthesis or even protein scavenging, but still enough to warrant a correction. When intracellular protein is degraded, some
L1-labeled amino acids initially incorporated in cellular protein are secreted into the medium. Thus, the pool of L1-labeled protein
shrinks during the experiment, leading to overestimation of the protein synthesis rate. By measuring the molar amount of L1-labeled
amino acids secreted into the medium, we can calculate how much the L1-labeled cellular protein pool shrunk during the experiment,
and correct for it:

Prot(t)  Prot® Prot-! Prott'(0) — AALY, (1) )
= X X Equat 12
Prot(0)  Prott! Prottotal Prott1(0) (Equation 12)

Notably, the correction in Equation 12 makes this protein synthesis rate a net protein synthesis rate - i.e. the rate of intracellular
protein synthesis subtracted by the rate of intracellular protein degradation. This net protein synthesis rate is the relevant rate to
compare with the protein scavenging rate, as scavenging limits net protein synthesis, not absolute protein synthesis, in amino-
acid deficient conditions.

Combining Equations 9 and 12:

k=

1 (Prottotl Prott’ Prot™'(0) — AALL . (1) i
i ( ot x Prot ProtU(O)ex ra ) (Equation 13)

To convert this rate constant into one with the appropriate units, it is multiplied by the fixed ratio of nmol leu in cellular protein to unit
cell volume.

nmol Leu in cellular protein
cell volume

(Equation 14)

VProtein synthesis—Leu = k X

This rate has the same units as and thus can be compared directly with the protein scavenging rate above.

35S-methionine-based protein synthesis measurements

Cells seeded at low density in 6-well plates were switched to either amino acid-replete or leucine-free medium supplemented with the
indicated concentration of bovine serum albumin. 5 pCi **S-Methionine was then added to each well. After 24 h, cells were trypsi-
nized, cell pellets washed once with PBS, and then resuspended in 200 puL PBS, of which 100 uL was immersed in Ultima Gold scin-
tillation fluid and measured using a liquid scintillation counter. Control samples to which 5 pCi **S methionine was added for only
10 min prior to cell pellet harvesting were used to estimate background due to unincorporated 3°S methionine.
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Isotope tracer-proteomics and proteomic analysis

Medium containing uniformly '*C,'*N-labeled lysine and arginine was prepared. Cells were grown for five doublings in this labeled
medium supplemented with 10% dialyzed FBS. Cells were then seeded in 100 mm tissue culture dishes in this labeled medium
supplemented with 5% dialyzed FBS. After 24 h, cells were switched to the specified unlabeled media. Cells were then grown as
specified, washed three times with room temperature PBS, and lysed with 350 pL lysis buffer 25 mM HEPES pH 7.2, 10 mM
EDTA, 2% SDS, and the cOmplete protease inhibitor cocktail (Roche)). Proteomics was performed as described previously (Gupta
et al., 2018). Briefly, lysate protein was quantified using a reducing agent-compatible BCA Protein Assay (Thermo Scientific). 100 ug
of protein was cysteine-protected with N-ethylmaleimide and purified using methanol-chloroform extraction. Purified protein was
digested with lysyl endopeptidase and sequencing grade trypsin, labeled with TMT tags (TMT11-131C Label Reagent), prefractio-
nated using a medium pH reverse phase HPLC separation using a C18 column (Agilent), and analyzed using the MultiNotch MS3
method on an Orbitrap Fusion Lumos (Thermo Scientific). Proteomics data was analyzed as described previously (Sonnett
et al., 2018).

To calculate the amount of newly synthesized protein relative to the starting amount of protein at the initial time point, filters were
first applied to remove poorly or incompletely measured peptides and proteins from the dataset. Any protein for which only light or
only heavy peptides were measured was removed. Any peptide with an isolation specificity of less than 0.75 was removed. Finally,
any light peptide which did not show at least three-fold more signal in the light-only control sample compared to the heavy-only con-
trol sample was discarded, and vice versa. For each remaining protein, the median ratio of heavy signal to light signal summed over all
TMT channels (measured in MS1) was calculated, and the signal for all light peptides and all heavy peptides (measured in MS3) were
summed to generate a total light signal and a total heavy signal for every protein in every individual TMT channel. These total signals
were then adjusted such that the total light signal and the total heavy signal across all channels was in accordance with the heavy-to-
light ratio measured in MS1. At this point, total abundance and heavy and light fractions can be calculated for every remaining protein
in every channel. All proteins which were less than 85% labeled in the labeled control sample or more than 15% labeled in the un-
labeled control sample were removed.

Data from a special subset of proteins can be used to estimate the growth of the pool of all proteins in a population of cells. Namely,
proteins that are not meaningfully degraded (or secreted) can be used for this purpose. For these proteins, the interpretation of the
data is straightforward: the labeled pool is the initial pool, so the total pool size (relative to the initial) is the inverse of the labeled frac-
tion. We are confident that such proteins exist because the global rate of intracellular protein degradation is much smaller than the
global rate of protein synthesis in these cells (Figure S4). To isolate a subset of proteins that can be used to estimate protein synthesis,
first, proteins whose levels change a lot between conditions were excluded (only proteins whose levels remain roughly constant
across conditions are useful for this application). All but the 500 proteins (out of ~5000) with the lowest deviations in protein levels
across all samples measured were filtered out. Of these remaining 500, we selected the 50 proteins with the lowest unlabeled frac-
tions. Unlabeled fractions of these 50 stable proteins were then converted into estimates of relative growth.

RNA sequencing

RNA was extracted from 100 pL cell lysate prepared for ribosome profiling (STAR Methods see ribosome profiling) with an RNeasy
Plus Mini Kit (QIAGEN). RNA sequencing libraries were prepared using the PrepX RNA-seq library preparation protocol (Takara Bio)
on an Apollo 324 automated system, and sequenced on an lllumina NovaSeq 6000 using the standard protocol. Read alignment and
quantification were done using the Galaxy instance at the Lewis-Sigler Institute at Princeton University (Afgan et al., 2018). Reads
were mapped to the Mouse Genome (GRCm38 from lllumina’s iGenomes) using STAR RNA-seq alignment software (Dobin et al.,
2013). Read counts were generated using FeatureCounts from the Subread software package (Liao et al., 2014).

Pharmacological inhibitor experiments

Cells were seeded in 24-well tissue culture plates in DMEM supplemented with 5% FBS. Media containing inhibitors was prepared
such that DMSO concentration was constant in each experiment. After 24 h, cells were washed once with PBS and switched to the
specified medium with the specified inhibitor concentration. After the indicated time in culture, cells were washed twice with PBS,
and standard DMEM supplemented with 10% FBS and 0.1 mg/mL resazurin, but without additional BSA, was added. After 2 h,
absorbance was measured.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
For proliferation, protein scavenging rate, and protein synthesis rate experiments, p-values were calculated using two-tailed un-

paired t-tests. 95% confidence intervals were calculated as the standard error of the mean multiplied by 1.96. For comparison of
log-ratio distributions in the ribosomal profiling and proteomics datasets, p-values were calculated using two-tailed t tests.
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Gcen2 KO and re-expression cell lines
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Supplementary Figure 1 — Western blots showing knockout and re-expression of Gcn2
and Vasp. (A-B) Cells were cultured in standard DMEM. Protein was extracted and analyzed
by Western Blot. (Vps39 KO was validated by Sanger sequencing, as there is no reliable VPS39
antibody.)
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Supplementary Figure 2 - GCN2 knockout cells initially overload mRNAs with ribosomes,
but the number of translating ribosomes normalizes after 24 hours. (A) Polysome profiles
of Gen2 WT and Gen2 KO cells switched to either amino acid-replete medium or leucine-free
medium, each supplemented with 50 g/L bovine serum albumin (BSA), for the indicated times.
Cell lysates were loaded onto 10-50% sucrose gradients and spun at 35,000 g for 2.5 h at 4°C
before measurement. Profiles were normalized such that the area under each curve was equal.
(B) For each ribosome configuration (monosome, disome, etc), the area under the curve was
calculated, and the fraction of each species was plotted.
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Supplementary Figure 3 — GCN2 is not required for protein scavenging: phenylalanine
and lysine secretion data. Unlabeled phenylalanine (A) and lysine (B) secretion over 24 h in
Gcen2, Vasp, and Vps39 knockout cells expressing either EGFP or the corresponding sgRNA-
resistant human cDNA. For each cell line, rates were normalized to the amino acid-replete
condition with re-expression. All media were supplemented with 50 g/L bovine serum albumin
(BSA). Error bars represent 95% confidence intervals (n=3). *p < 0.05, **p < 0.01, ***p < 0.001.



Complete Raw Valine Data Underlying Protein Synthesis and Protein Eating Rates in Figure 4
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Supplementary Figure 4 — Complete unprocessed valine data and comparison of stable
isotope tracer-based measurements with *S-methionine-based protein synthesis
measurements. (A) Complete unprocessed valine data underlying the protein synthesis and
protein scavenging rates in 4C-E. (B) Gecn2 WT and Gen2 KO cells were cultured in leucine-free
medium supplemented with the indicated amounts of serum albumin in the presence of 5 pCi
35S methionine for 24 h. Monolayers were then washed three times with PBS, trypsinized, and
resuspended in standard DMEM. Cell pellets were washed once with PBS, then resuspended in
200 L PBS. 100 pL was transferred to scintillation fluid. Scintillation counts are reported
relative to counts in AA-replete medium. Control samples to which 5 uCi *S methionine was
added for only 10 min prior to cell pellet harvesting were used to estimate background due to
unincorporated S methionine. Background radioactivity was subtracted all other samples
before normalization. (C) Comparison of stable isotope-based measurements with radioactivity-
based measurements of protein synthesis. All measurements are reported relative to protein
synthesis in amino acid-replete medium.



A B
— Gcn2 WT  — Gcn2 KO % increase in protein pool size =
Exptl, +AA+BSA, 24h  Exptl,-Leu+BSA, 24 h ( Unlabeled ) X 100%
Labeled
2 assuming no degradation
(%]
c
&)
[a} :2 E O Gen2 WT B Gen2 KO
Tt T T T T T ____*AA+BSA
0 0.5 1 0 0.5 1 400 A

(]
Expt2, +AA +BSA, 12h  Expt2, -Leu +BSA, 24 h g 300 1 %
S 200 - $ + =
o £
£ X 100 A
o { 5 Q
D O L] L] L]
Exptl Expt2 Expt3
T 0s . T os 24h 12h 24h
-Leu +BSA

Expt 3, +AA +BSA, 24 h Expt 3, -Leu +BSA, 24 h

@ 150 #
2 I
% %100- $+ +
[a} z E § 50 4 é*
L BN B R E— L BN B R E—
0 0.5 1 0 0.5 1 0

L) L) L)
) . Exptl Expt2 Expt3
Unlabeled fraction (all measured proteins) 24 h 24 h 24 h

Supplementary Figure 5 — Protein labeling shows that GCN2 does not slow protein
synthesis in KRPC-A cells cultured in amino acid-deficient medium. (A) Three separate
proteomics experiments showing unlabeled fractions of all measured proteins in Gen2 WT and
Gcen2 KO cells grown in amino acid-replete or leucine-free medium supplemented with 50 g/L
bovine serum albumin (BSA) for the indicated times. (B) Unlabeled fractions were converted into
percent increases in protein pool size using the highlighted equation, and percent increases for
50 stable proteins (proteins with minimal degradation) are shown in boxplots (STAR Methods).
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Supplementary Figure 6 — GCN2 suppresses the translation of ribosomal proteins. (A)
Gcn2 WT and KO cells were switched to amino acid-replete medium or leucine-free medium,
each supplemented with 50 g/L albumin (BSA). After one hour, cells were lysed in the presence
of 100 ug/mL cycloheximide, and traditional RNA sequencing libraries as well as ribosome
profiling libraries were prepared and analyzed by deep sequencing. Log-ratios of transcript
levels in leucine-free medium versus amino acid-replete medium are plotted on the x axes; log-
ratios of ribosome footprints are plotted on the y axes. (B) Differences in translation efficiencies
(difference between translation change and mRNA change) in leucine-free medium versus
amino acid-replete medium of all measured ribosomal subunits (red bars) and all measured
transcripts (black lines). p-values were calculated using two-tailed t tests. (C) CUC and CUU
codons, the two leucine codons at which stalling occurs in KRPC-A cells (Figure 2B), are not
present at higher frequencies in ribosomal protein-encoding transcripts than in the average
transcript. The lower and upper hinges correspond to the 25" and 75" percentiles, and the
whiskers extend from the hinge to the most extreme values or, at most, 1.5X the interquartile
range. (D) Comparison of codon occupancies in all MRNAs and ribosome-encoding mRNAs.
The codon occupancy profiles look very similar; thus, the results in (A) and (B) cannot be
explained by more stalling on this subset of transcripts.
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Supplementary Figure 7 — Small molecule targeting of GCN2 and cathepsin L in K-Ras®?P
MEFs. K-Ras®'?P MEFs were cultured in amino acid-replete and leucine-free media in varying
concentrations of GCN2iB (GCN2 inhibitor); GDC0941 (PI3-kinase class 1A inhibitor); cathepsin
L inhibitor; and hydroxychloroquine. All media were supplemented with 50 g/L bovine serum
albumin (BSA). Error bars represent 95% confidence intervals (n=3).
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