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General control nonderepressible 2 (GCN2) plays a major role in the
cellular response to amino acid limitation. Although maintenance of
amino acid homeostasis is critical for tumor growth, the contribution
of GCN2 to cancer cell survival and proliferation is poorly under-
stood. In this study, we generated GCN2 inhibitors and demon-
strated that inhibition of GCN2 sensitizes cancer cells with low basal-
level expression of asparagine synthetase (ASNS) to the antileukemic
agent L-asparaginase (ASNase) in vitro and in vivo. We first tested
acute lymphoblastic leukemia (ALL) cells and showed that treatment
with GCN2 inhibitors rendered ALL cells sensitive to ASNase by pre-
venting the induction of ASNS, resulting in reduced levels of de novo
protein synthesis. Comprehensive gene-expression profiling revealed
that combined treatment with ASNase and GCN2 inhibitors induced
the stress-activated MAPK pathway, thereby triggering apoptosis. By
using cell-panel analyses, we also showed that acute myelogenous
leukemia and pancreatic cancer cells were highly sensitive to the
combined treatment. Notably, basal ASNS expression at protein lev-
els was significantly correlated with sensitivity to combined treat-
ment. These results provide mechanistic insights into the role of
GCN2 in the amino acid response and a rationale for further investi-
gation of GCN2 inhibitors for the treatment of cancer.
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he integrated stress response (ISR) is essential for maintaining

cellular homeostasis under a wide range of stressors (1). ISR
is regulated by four distinct kinases—heme-regulated initiation
factor-2a kinase, dsRNA-activated protein kinase (PKR), PKR-
like endoplasmic reticulum kinase (PERK), and general control
nonderepressible 2 (GCN2) —all of which phosphorylate eukary-
otic initiation factor 2a subunit (eIF2a) (1). The phosphorylation
of elF2a in turn leads to inhibition of global protein synthesis and
active translation of specific mRNAs, such as those of activating
transcription factor 4 (ATF4) (1). ATF4 functions as a transcrip-
tional activator of genes encoding proteins involved in oxidative
stress, nutrient uptake, and metabolism (2, 3).

GCN2, which is directly activated by uncharged tRNA resulting
from amino acid deficiency, serves as a master regulator of the
amino acid response (AAR) (4, 5). Amino acids constitute vital
cellular building blocks for molecules such as protein, lipids, and
nucleic acids, thereby serving as essential nutrients for rapidly
proliferating cancer cells. The maintenance of amino acid homeo-
stasis plays a significant role in tumor growth to sustain cancer cell
survival under nutrient-limited tumor microenvironments. Notably,
a previous study reported the activation of the GCN2 pathway in
human primary tumors and described the essential role of this
protein in xenograft tumor growth in mice (6). However, develop-
ment of potent and selective inhibitors targeting the GCN2 pathway
has been limited, and the potential of GCN2 inhibitors as cancer
therapeutic agents has not been explored.

Recent advances in our knowledge of cancer metabolism sug-
gest that targeting amino acid metabolism represents a promising
strategy for the development of novel therapeutic agents (7). A
traditional treatment that targets amino acids is L-asparaginase
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(ASNase). Escherichia coli-derived ASNase is a critical component
of acute lymphoblastic leukemia (ALL) treatment (8, 9). Its
mechanism of action involves catalyzing the hydrolysis of aspara-
gine to aspartic acid and ammonia, with glutamine as a lower-
affinity ASNase substrate. The antileukemic effects of ASNase re-
sult from the decreased expression of asparagine synthetase (ASNS)
in ALL cells (10-12). ALL cells expressing low levels of ASNS are
dependent on exogenous asparagine, making them particularly
sensitive to ASNase treatment. Clinical resistance to ASNase may
develop from ASNase inactivation by an anti-ASNase antibody and/
or from the emergence of ASNase-insensitive tumor cells (13-15);
however, the mechanisms underlying the insensitivity of ALL cells
to ASNase remain controversial. Several studies have suggested that
elevated ASNS expression leads to ASNase resistance, whereas
other studies have reported different resistance mechanisms (16).
In this preclinical study, we generated potent and selective
small-molecule inhibitors of GCN2 to investigate the contribution
of GCN2 to ASNase sensitivity in ALL cells. By using gene-
expression profiling, we performed mechanistic characterization
of GCN2 inhibitors in combination with ASNase. Additionally, we
explored the therapeutic potential of this combination in various
types of cancer cells. Our findings establish a preclinical rationale
for targeting GCN2 activity by using small-molecule inhibitors in
combination with ASNase for the treatment of cancer.

Significance

L-asparaginase (ASNase) is a critical component of treatment
protocols for acute lymphoblastic leukemia (ALL). Although the
cure rates have dramatically improved, the prognosis for pa-
tients with recurrent ALL remains poor. General control non-
derepressible 2 (GCN2) plays a major role in cellular response to
amino acid limitation. As inhibitors targeting GCN2 have been
lacking, the potential of GCN2 inhibitors as cancer therapeutic
agents remains unclear. Here we report potent GCN2 inhibitors
that exhibit synergistic antiproliferative effects with ASNase in
asparagine synthetase-low cancer. Our findings enhance the
molecular understanding of the disrupted amino acid response
caused by GCN2 inhibition under limited asparagine availability.
Combined treatment with GCN2 inhibitors and ASNase shows
promise for achieving improved outcomes in ALL and other
types of cancer.
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Results

Reversal of ASNase Resistance by Inhibition of the GCN2/ASNS Pathway
in ALL Cells. To explore the function of GCN2, we generated a
potent kinase inhibitor of this protein (GCN2iA; Fig. 14). Kinase
assay revealed that this compound showed an ICsy value of
4.0 nmol/L for GCN2 (SI Appendix, Fig. S14). In a focused panel
of 27 kinases covering the major kinase families, GCN2iA at
1 pmol/L showed inhibition of most kinases by <50%, and only
one kinase (GSK3p) showed >75% inhibition (SI Appendix, Fig.
S1B). In U20S cells, treatment with GCN2iA suppressed the
phosphorylation of GCN2 and elF2a as well as ATF4 expression
in the absence of amino acids in the medium (Fig. 1B).

To examine the contribution of GCN2 to ASNase sensitivity in
ALL cells, we first characterized four ALL cell types with different
levels of sensitivity to ASNase: HPB-ALL cells are hypersensitive,
MOLT-4 and CCRF-CEM cells are intermediately insensitive, and
HAL-01 cells are hyperinsensitive (SI Appendix, Table S1). Western
blot analysis revealed that HPB-ALL cells showed no detectable
ASNS expression regardless of ASNase treatment (SI Appendix, Fig.
S24), whereas MOLT-4 and CCRF-CEM cells exhibited weak
basal expression of ASNS protein, which was induced by
ASNase treatment (0.001-1 U/mL; SI Appendix, Fig. S24). In
HAL-01 cells, basal levels of ASNS expression were relatively
high and did not change following ASNase treatment (SI Appen-

dix, Fig. S24). Although there was no clear increase in elF2a
phosphorylation at 24 h after ASNase treatment, the up-regulation
of elF2a phosphorylation was observed within a shorter time
period in CCRF-CEM cells (4 h; SI Appendix, Fig. S2B). The
results were putatively attributable to feedback regulation by
elF2a-phosphatase—targeted growth arrest and DNA damage-
inducible protein 34 (GADD?34; SI Appendix, Fig. S2B). Im-
portantly, GCN2 phosphorylation and ATF4 expression were
clearly increased in HPB-ALL, MOLT-4, and CCRF-CEM cells
after ASNase treatment (0.001-1 U/mL; SI Appendix, Fig. S24).
These results indicate that AAR was activated by treatment even
with low concentrations of ASNase in the cell lines. On the con-
trary, in HAL-01 cells, the GCN2/ATF4 pathway was activated only
following treatment with high concentrations of ASNase (1 U/mL),
suggesting that high basal-level expression of ASNS mediated de
novo asparagine synthesis and prevented GCN2 pathway activation.
As ASNase is known to catalyze glutamine hydrolysis at high con-
centrations, we also measured extracellular asparagine/glutamine
content by gas chromatography/MS (GC-MS). Asparagine and glu-
tamine were depleted following treatment with high concentrations
of ASNase (1 U/mL; SI Appendix, Fig. S2C). Glutamine depletion
was considered to affect ASNS induction in HAL-01 cells (SI Ap-
pendix, Fig. S24). Thus, we decided to use lower concentrations of
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N.S., not significant, i.e., P > 0.05).

PNAS | vol. 115 | no.33 | E7777

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805523115/-/DCSupplemental

L T

/

D\

ASNase in the subsequent mechanistic study to evaluate the ef-
fects of asparagine limitation without glutamine depletion.

We then tested GCN2iA in the presence of ASNase by using the
ALL cell lines. ASNase-induced GCN2 phosphorylation, ATF4 ex-
pression, and ASNS expression were inhibited by GCN2iA in
CCRF-CEM cells and MOLT-4 cells (Fig. 1C and SI Appendix, Fig.
S2D). Notably, GCN2iA treatment rendered the intermediately in-
sensitive ALL cells (CCRF-CEM and MOLT-4) highly sensitive to
ASNase; in addition, GCN2iIA treatment alone did not cause any
single-agent effects on cell viability (Fig. 1D). In ASNase-hypersensitive
HPB-ALL and hyperinsensitive HAL-01 cells, GCN2iA treatment
did not extensively modulate ASNase sensitivity (Fig. 1D). Given
that GCN2IA inhibited kinases other than GCN2, albeit with lower
potency (SI Appendix, Fig. S1B), we next examined whether its
cellular activities were on target. Importantly, the moderate anti-
proliferative effects achieved by combining ASNase and GCN2iA
treatment were observed in GCN2- WT MEF cells, but not in
GCN2-KO MEF cells, ruling out a significant impact from off-
target effects (Fig. 1E). In MEF cells, we confirmed that ASNase
treatment induced ATF4/ASNS expression in a GCN2-dependent
manner (SI Appendix, Fig. S2E). Furthermore, siRNA-mediated
depletion of ASNS sensitized the CCRF-CEM cells to ASNase
(Fig. 1F and SI Appendix, Fig. S2F). Together, these results indicate
the involvement of the GCN2/ASNS pathway in ASNase resistance.

We also performed a long-term proliferation assay to assess
whether GCN2 inhibition prevents the development of resistance
to ASNase (Fig. 1G). ASNase reduced cell proliferation of CCRF-
CEM cells by day 3, but the cells started to grow, as did the control
cells, from day 3 to day 7. Notably, the combined treatment of
ASNase with GCN2 inhibitors persistently suppressed the cell
growth over 7 d. Next, we established ASNase-resistant MOLT-4-
R (R1 and R2) cells by incubating them with increasing concen-
trations of ASNase (0.00001-1 U/mL). Consistent with a previous
report, MOLT-4-R cell lines showed higher levels of ASNS ex-
pression than the parental cells (Fig. 1H) (17). Additionally, the
MOLT-4-R cell lines were capable of proliferation even when
treated with high concentrations of ASNase (1 U/mL), although
they showed slower growth than untreated parent cells (Fig. 1/).
We observed that GCN2IA treatment in the presence of ASNase
decreased ASNS expression and increased apoptosis marker
PARP cleavage in these cell lines (Fig. 1H). Consistently, com-
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bined treatment with ASNase and GCN2iA decreased MOLT-4-R
cell viability (Fig. 17). These findings indicate that GCN2 inhibition
has the potential to prevent and reverse ASNase resistance.

Correlation Between ASNS Expression and the Combined Effects of
ASNase Treatment and GCN2 Inhibition. To determine whether there
is a correlation between baseline ASNS expression and sensitivity
to ASNase-GCN2iA combination treatment, particularly in ALL
cells, we examined ASNS expression at the protein levels in 20
ALL cell lines, including the 4 previously mentioned cell lines
(Fig. 24 and SI Appendix, Table S1). To analyze the mRNA ex-
pression of ASNS, we used information available from public
databases (SI Appendix). Our analyses showed that the mRNA
expression levels of ASNS were correlated with the ASNS protein
levels, regardless of the protein used for normalization (eIF2ux or
HSP90; Fig. 2B). Consistent with the previous study (18), there
was a significant correlation between ASNase sensitivity and
baseline ASNS levels, even when we used different evaluation
parameters (ASNase sensitivity, ICsy or IC;y value; ASNS ex-
pression, mRNA or protein level; Fig. 2C). To assess the combined
effects of ASNase treatment and GCN2 inhibition, we measured
the fold change in the ICsy and IC;q values. As six ALL cell lines
were highly sensitive to ASNase alone (i.e., hypersensitive; SI Ap-
pendix, Table S1), we excluded them from subsequent correlation
analyses. We found that the fold changes in the ICy value, but not
in the ICsj value, were associated with ASNS protein levels (Fig.
2D). Considering the dose-response curve in ALL cells with in-
termediate ASNase sensitivity (e.g., MOLT-4 cells in Fig. 1D), the
fold change in IC; value appeared to be a better parameter than
IG5y value for assessing the effects of the combined treatment.
Thus, our results indicate that ASNS protein levels are associated
with sensitivity to the combined effects of ASNase treatment and
GCN2 inhibition in ASNase-insensitive ALL cells.

Our findings in CCRF-CEM and MOLT-4 cells (Fig. 1C and SI
Appendix, Fig. S2D) indicate that GCN2 mediates the induction of
ASNS following ASNase treatment in ALL cells, which show in-
termediate sensitivity to ASNase. To further support the hypothesis,
we tested five ALL cell lines with intermediate sensitivity to ASNase
and three ASNase-hypersensitive ALL cell lines. In the cell lines that
were intermediately insensitive to ASNase, ASNS expression was
induced by ASNase treatment, and GCN2IA treatment prevented

R2=0.10
=, P =027
2“’ 4
3.
E 2 w7l Fig. 2. Correlation between ASNS expression and
g * ] the combined effect of ASNase treatment with
3!’ 5 GCN2 inhibition in ALL cells. (A) Western blot analysis
-1.5-1.0-0.5 0.0 of 20 ALL cell lines. (B) Correlation between ASNS
Log (ASNS/elF2a) mRNA !evels (in. 14 cell lines) and protein levels
(normalized against elF2a or HSP90 levels) was ana-
. R=044 lyzed. (C) Correlation between ICso or 1C;o value of
23 P =0.01 ASNase and ASNS mRNA or protein levels (normal-
o .« * . . .
= .. ized against elF2a levels) was analyzed. (D) Correla-
5 2 . tion between the combined effects of ASNase
T » . treatment with GCN2 inhibition (FS, fold shift in 1Csq
2 .. or 1C;o values) and ASNS protein levels (normalized
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ysis was performed, and R and P values determined
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this induction (SI Appendix, Fig. S2G). In contrast, ASNase-
hypersensitive cells showed no induction of ASNS expression in
response to ASNase treatment (SI Appendix, Fig. S2H).

Suppression of Protein Translation by GCN2 Inhibition in the Presence
of ASNase. We then performed rescue experiments by using as-
paragine in CCRF-CEM cells. Supraphysiological concentrations
of asparagine, but not those of glutamine, prevented GCN2
pathway activation following ASNase treatment and rescued the
antiproliferative effects of the ASNase-GCNZ2iA combined treat-
ment (Fig. 3 4 and B). To further investigate the mechanism un-
derlying the antiproliferative effect exerted by the combination of
ASNase treatment and GCN2 inhibition, we measured the extra-
cellular/intracellular amino acid levels. Our initial hypothesis was
that ASNase treatment activates the GCN2/ASNS pathway, thereby
recovering cellular asparagine concentration by up-regulating the
expression of ASNS. Contrary to our expectations, the extracellular/
intracellular asparagine levels were depleted 1 h after ASNase
treatment and remained undetectable even at 24 h after ASNase
treatment, although ASNS expression was increased (Figs. 1C and
3C). Further, the combined treatment with ASNase and GCN2iA
caused the accumulation of cellular aspartic acid levels (Fig. 3C).
Such accumulation was not observed in other amino acids tested,
excluding glutamic acids, which showed modest accumulation fol-
lowing combined treatment (SI Appendix, Fig. S3B). As ASNS
catalyzes the conversion of aspartic acid to asparagine, the increase
in aspartic acid levels likely results from suppression of ASNS ex-
pression by GCN2 inhibition. Based on these results, we speculate
that newly synthesized asparagine by ASNS was rapidly consumed,
thereby precluding the observation of recovered asparagine levels.

In addition to its function as a substrate for protein synthesis
(19), asparagine has been shown to be important for protection
against apoptosis under limited glutamine availability (20). As-
paragine also functions as an amino acid exchange factor and
regulates mMTORCT1 signaling (21). In CCRF-CEM cells treated
with ASNase and/or GCN2iA, the extracellular and intracellular
glutamine levels were not reduced compared with those in control
cells, precluding the possibility of glutamine limitation (SI Ap-
pendix, Fig. S3). Meanwhile, ASNase and/or GCN2iIA treatment

did not decrease the levels of extracellular amino acids, other than
those of asparagine. Besides aspartic acid and glutamic acid, only
alanine levels showed a significant increase after ASNase treat-
ment for 24 h (SI Appendix, Fig. S34). The data suggest that the
depletion of asparagine by ASNase does not have much impact on
the import of other amino acids in CCRF-CEM cells. To further
explore the potential use of asparagine, we evaluated de novo
protein synthesis. Puromycin-incorporation assays revealed that
the decrease in protein synthesis caused by ASNase was enhanced
upon cotreatment with GCN2iA (24 h; Fig. 3D and SI Appendix,
Fig. S44). As a positive control for this assay, we confirmed that
PERK inhibition recovered protein translation when combined
with endoplasmic reticulum stressor tunicamycin (SI Appendix,
Fig. S4B). Importantly, supraphysiological levels of asparagine
caused the recovery of protein synthesis activity in CCRF-CEM
cells treated with ASNase alone or with GCN2iA and ASNase,
whereas supraphysiological levels of glutamine did not (SI Appen-
dix, Fig. S4C). As mTORCI, which is activated upon amino acid
stimulation, positively regulates protein translation, we additionally
examined whether the reduction in protein synthesis following
combined treatment with ASNase and GCN2iA is caused by in-
activation of mTORCI1 signaling. Phosphorylation of S6K was de-
creased by ASNase treatment; however, GCN2 inhibition reversed
the decrease in S6K phosphorylation (SI Appendix, Fig. S4D), in
accordance with a previous report showing that GCN2 suppresses
mTORCI signaling through up-regulation of Sestrin2 (22). We
verified that Sestrin2 expression was induced by amino acid star-
vation in a GCN2-dependent manner in CCRF-CEM cells and
MEF cells (SI Appendix, Fig. S4 D and E). Taken together, our
findings indicate that GCN2 inhibition prevents ASNS expression
and thereby augments the inhibition of protein translation in the
presence of ASNase, independent of mTORCT signaling.

Activation of MAPK Pathways by GCN2 Inhibition in Combination with
ASNase Treatment. To examine the mechanism of action in an
unbiased manner, we performed microarray analysis in CCRF-
CEM cells: 207, 3, or 145 genes were differentially expressed
following treatment with ASNase, GCN2iA, or ASNase-GCN2iA
combination, respectively. The limited number of differentially
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Fig. 3. Suppression of protein translation by inhibiting GCN2 in the presence of ASNase. (A) CCRF-CEM cells were treated with 1 mU/mL ASNase and
supraphysiological levels of asparagine (10x, 4.3 mmol/L; 30x, 12.9 mmol/L) or glutamine (10x, 20 mmol/L; 30x, 60 mmol/L) as indicated for 24 h. Cell lysates
were analyzed by Western blot. (B) CCRF-CEM cells were treated with 1 mU/mL ASNase (marked as “A") and/or 1 pmol/L GCN2iA (“G") along with supra-
physiological levels of asparagine (10x, 4.3 mmol/L) as indicated for 72 h. Cell viability was measured (mean with SD; n = 3; *P < 0.0001 and **P < 0.000001).
(C) CCRF-CEM cells were treated with 1 mU/mL ASNase (“A") and/or 1 pmol/L GCN2iA (“G") as indicated. Asparagine and aspartic acid levels in the cells were
measured by GC-MS. Plots represent values from three biological replicates with SD (*P < 0.001 and **P < 0.00001). (D) CCRF-CEM cells were treated with
1 mU/mL ASNase and/or 1 pmol/L GCN2iA as indicated. Cells were then treated with 10 pmol/L puromycin for 10 min before being harvested. Cell lysates were
analyzed by Western blot using an anti-puromycin antibody to detect newly synthesized proteins (N.S., not significant, i.e., P > 0.05).
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Fig. 4. Transcriptional profiling of CCRF-CEM cells following combined treatment with ASNase and GCN2 inhibition. (A) CCRF-CEM cells were treated with 1 mU/mL
ASNase (marked as “A") and/or 1 pmol/L GCN2iA (“G") as indicated for 6 h. Gene expression level was measured by microarray (mean with SD; n = 3). Venn diagram
shows the number of genes altered (\fold change\ > 3), categorized as unique to ASNase treatment (type I) or unique to the combined treatment (type II). ASNS or
JUN is shown as a representative of type | or type Il genes, respectively (*P < 0.00001). (B) Pathway analysis of type I/ll genes in CCRF-CEM cells by IPA. (C) Upstream
analysis of type I/ll genes in CCRF-CEM cells by IPA. (D) CCRF-CEM cells were treated with 1 mU/mL ASNase and/or 1 pmol/L GCN2iA as indicated. Cell lysates were
analyzed by Western blot. (E) MOLT-4 cells were treated with 1 mU/mL ASNase and/or 1 pmol/L GCN2iA as indicated for 24 h. Cell lysates were analyzed by Western
blot. (F) CCRF-CEM cells were treated with ASNase (“A”) and/or 1 pmol/L GCN2iA (“G") along with 12.5 pmol/L JNKi (SP600125), 12.5 umol/L p38i (SB203580), or
100 nmol/L MEKi (PD0325901) as indicated for 24 h. Caspase 3/7 activity was measured (mean; n = 3). *P < 0.05 and **P < 0.005; CI.PARP, cleaved PARP.

expressed genes following GCN2iA treatment supported the idea
that GCN2 serves as a regulator of amino acid homeostasis
through its kinase activity, particularly under amino acid limita-
tion. Among the 207 genes, 161 were modulated by ASNase
treatment but not by GCN2iA or the combined treatment (type I;
Fig. 44). This finding indicates that most of the ASNase-mediated
gene expression changes (~80%) are dependent on GCN2. In-
terestingly, among genes differentially expressed following com-
bined treatment with ASNase and GCN2iA, ~70% (99 of 147)
were not robustly modulated in response to treatment with
ASNase or GCN2iA alone (type IL; Fig. 44). A comprehensive
evaluation of transcriptional changes using Ingenuity Pathway
Analysis (IPA) revealed that type I genes were enriched for
multiple processes related to ISR or amino acid metabolism (Fig.
4B), in accordance with the known role of GCN2. We also per-
formed upstream analysis and identified GCN2 and other ISR
regulators as upstream factors for type I genes (Fig. 4C). Notably,
the top-ranked biological processes and upstream factors enriched
with type II genes suggested the induction of growth factor or
stress-activated MAPK pathway (Fig. 4 B and C). Consistent with
these results, Western blot analysis revealed that the phosphory-
lation of JNK, p38 MAPK, and ERK was robustly induced by
combined treatment of CCRF-CEM cells with ASNase and
GCN2iA (Fig. 4D). Similar results were observed in MOLT-4 cells
(Fig. 4E). Considering that mitogen/stress-activated MAPK path-
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way regulates cell death and survival, we then examined whether
the activation of the pathway contributes to cell death and survival
induced by the combined treatment with ASNase and GCN2iA. In
CCRF-CEM cells, the combined treatment increased PARP
cleavage and caspase 3/7 activity, indicative of apoptosis induction
(Fig. 4 D and F). Importantly, the increase in caspase 3/7 activity
following combined treatment with ASNase and GCN2iA was re-
versed by treatment with JNK inhibitor SP600125 or p38 inhibitor
SB203580. Conversely, the MEK inhibitor PD0325901 slightly
potentiated the induction of apoptosis (Fig. 4F).

In Vitro Antiproliferative Effects of Combined ASNase Treatment and
GCN2 Inhibition on Various Types of Cancer Cells. Preclinical and
clinical studies have shown ASNase-related antitumor activities in
various types of cancer (23). To identify the types of cancer that are
particularly sensitive to the combination of GCN2 inhibition and
ASNase treatment, we performed a cell-panel study with >100 cell
lines, including ALL, acute myelogenous leukemia (AML), pan-
creatic cancer, colorectal cancer, diffuse large B-cell lymphoma,
non-small-cell lung cancer, ovarian cancer, hepatocellular carci-
noma, breast cancer, melanoma, and multiple myeloma cells (Fig.
5A4 and SI Appendix, Fig. SS5). Similar to the observations in ALL
cells, GCN2IA treatment alone did not exert an antiproliferative
effect on these cells. Except for ASNase-hypersensitive ALL cells,
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Fig. 5.

In vitro antiproliferative effects of ASNase-GCN2iA combination in various types of cancer cells. (A) Cell lines of the indicated cancer types were

treated with ASNase (0.00001-1 U/mL) and/or 1 pmol/L GCN2iA for 72 h. Cell viability was measured, and the ICso value of ASNase was calculated. (B and C)
AML (CMK-11-5 or SKM-1) and pancreatic cancer (AsPC-1, Capan-1, KP-4, or SU.86.86) cells were treated with ASNase and/or 1 pmol/L GCN2iA as indicated for
72 h. Cell viability was measured (mean with SD; n = 3). (D) SU.86.86 cells were treated with 1 mU/mL ASNase (marked as “A”) and/or 1 pmol/L GCN2iA (“G")
along with supraphysiological levels of asparagine (10x, 4.3 mmol/L) as indicated. Cell viability (i.e., ATP) was measured at the indicated time points (mean
with SD; n = 3). Statistical analyses were performed at day 6 (*P < 0.000001; N.S., not significant, i.e., P> 0.05); DLBCL, diffuse large-cell B-cell lymphoma; HCC,

hepatocellular carcinoma; NSCLC, non-small-cell lung cancer.

most cell lines did not show extreme sensitivity to ASNase treat-
ment (Fig. 54 and SI Appendix, Fig. S5). Notably, we found that the
1Cs( values of ASNase, when used in combination with GCN2 in-
hibition, were significantly lower against AML and pancreatic
cancer cells (Fig. 5 A-C and SI Appendix, Fig. S5). Several cancer
cell lines in other tumor types were also highly sensitive to
ASNase-GCN2iA combination treatment; however, we did not
observe statistically significant differences (Fig. 54 and SI Ap-
pendix, Fig. SS5). Importantly, similar to the results observed in
ALL cells, the antiproliferative effects of ASNase-GCN2iA com-
bination treatment on pancreatic cancer cells were attenuated by
treatment with supraphysiological levels of asparagine (Fig. 5D),
indicating an identical mechanism of action.

Previous studies have reported that 50-80% of pancreatic ad-
enocarcinomas express null or low levels of ASNS compared with
normal pancreatic tissues (24, 25). An in vitro study showed that
pancreatic cancer cells expressing low levels of ASNS were sen-
sitive to ASNase treatment, although only a limited number of cell
lines were tested (25). Therefore, we investigated the correlation
between baseline ASNS expression and sensitivity to ASNase or
ASNase-GCN2iA combination treatment in pancreatic cancer
cells. Unlike that in ALL cells, we observed no significant corre-
lation between protein and mRNA levels of ASNS (Fig. 64 and S/
Appendix, Fig. S6A4); further, the baseline mRNA or protein ex-
pression of ASNS was not associated with ASNase sensitivity (S7
Appendix, Fig. S6B and Table S2). However, we found that the
combined effect of ASNase and GCN2iA treatment (measured by
fold change in ICs, value) was associated with ASNS protein
levels, but not mRNA levels (Fig. 6D and SI Appendix, Fig. S6C
and Table S2). We did not use the IC;, value in the analysis of
pancreatic cancer cells because of their intrinsic lower sensitivity
to ASNase compared with ALL cells (Fig. 54 and SI Appendix,
Tables S1 and S2). Consistent with the significant correlation
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between ASNS protein levels and sensitivity to the combined
treatment, we found that ASNase treatment induced ASNS ex-
pression in a GCN2-dependent manner in pancreatic cancer
SU86.86 and AsPC-1 cells (Fig. 6C), which were highly sensitive to
ASNase-GCN2iA combination treatment (Fig. 5C). However,
ASNS expression remained unchanged following the treatment of
pancreatic cancer KP-4 cells with ASNase (Fig. 6C), in which
GCN2 inhibition did not enhance sensitivity to ASNase (Fig. 5C).

We additionally performed siRNA experiments to validate our
findings in pancreatic cancer cells. Depletion of ASNS or ATF4
phenocopied the antiproliferative effects of GCN2 inhibition on
SU.86.86 cells in the presence of ASNase (Fig. 6D). Notably, GCN2
phosphorylation was elevated on depletion of ASNS or ATF4 only
in the presence of ASNase (Fig. 6F), suggesting that suppression of
ASNS-mediated asparagine synthesis caused an increase in the ratio
of uncharged asparaginyl tRNA, thereby stimulating GCN2 auto-
phosphorylation. Together, our data indicate that the GCN2/ASNS
pathway plays a pivotal role in conferring ASNase insensitivity to
pancreatic cancer cells.

In Vivo Antitumor Effects of GCN2 Inhibition Combined with ASNase
Treatment. We next examined the in vivo antitumor activity of
combined GCN2 inhibition and ASNase treatment in mouse xe-
nograft models. Before the combination study, we sought to op-
timize the dosing and schedule of ASNase administration by using
ALL xenograft models. We observed that plasma asparagine
levels were substantially depleted following a single treatment with
ASNase at 4, 8, or 24 h (300-3,000 U/kg; SI Appendix, Fig. S74)
and after repeated ASNase treatment (1,000-10,000 U/kg; SI
Appendix, Fig. S7TB). Higher doses of ASNase (>1,000 U/kg) also
depleted plasma glutamine levels (SI Appendix, Fig. S7B).
Importantly, asparagine levels in CCRF-CEM xenograft tumors
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Fig. 6. Correlation between ASNS expression and the combined effects of ASNase treatment with GCN2 inhibition in pancreatic cancer cells. (A) Western blot
analysis of 20 pancreatic cancer cell lines. (B) Correlation between the combined effects of ASNase treatment with GCN2iA inhibition (FS, fold shift in 1C5 value)
and ASNS protein levels (normalized against elF2« level) was analyzed. Linear regression analysis was performed, and R and P values determined by Pearson’s
correlation are indicated. PL-45 cells were excluded from the analysis because of their slow growth during the 72-h culture for the cell viability assay. (C) AsPC-1,
SU.86.86, or KP-4 cells were treated with ASNase and/or 1 pmol/L GCN2iA as indicated for 24 h. Cell lysates were analyzed by Western blot. (D) SU.86.86 cells were
transfected with siRNA as indicated; 24 h after transfection, cells were treated with 1 mU/mL ASNase and/or 1 pmol/L GCN2iA as indicated for 72 h. Cell viability
was measured (mean with SD; n = 3). (E) SU.86.86 cells were transfected with siRNA as indicated; 24 h after transfection, cells were treated with 1 mU/mL ASNase
for 24 h. Cell lysates were analyzed by Western blot. Individual blots with dividing lines were combined from a single electrophoresis gel.

were found to be decreased at 4, 8, and 24 h after ASNase
administration (300-3,000 U/kg; SI Appendix, Fig. S7A). The
depletion of asparagine in the tumors appeared to be saturated
at 1,000 U/kg ASNase. Consistent with these results, antitumor
activities of ASNase in an ASNase-hypersensitive HPB-ALL
xenograft model reached a plateau at 1,000 U/kg [for 300,
1,000, or 3,000 U/kg ASNase, treatment over control (T/C) values
of 7%, —8%, or —9% (P < 0.0001), respectively; SI Appendix, Fig.
S7C]. Therefore, we used a once-daily dose of 1,000 U/kg ASNase
for the subsequent experiment.

Because GCN2iA was not suitable for in vivo use because of its
poor pharmacokinetic profile, we generated GCN2iB (Fig. 74), an
ATP-competitive GCN2 inhibitory compound with a better
pharmacokinetic profile. The compound showed an ICs, value of
2.4 nmol/L for GCN2 (Fig. 74) and potent cellular activity (S/
Appendix, Fig. S84). In a panel of 468 kinases, only GCN2
showed >99.5% inhibition, and three kinases (MAP2KS5, STKI10,
and ZAK) showed >95% inhibition at 1 pmol/L GCN2iB (Fig. 74),
demonstrating high kinase selectivity. Unlike GCN2iA, GCN2iB
did not inhibit GSK3p (0% inhibition; Fig. 74). We verified that
GCN2iB exhibited in vitro antiproliferative effects in combination
with ASNase against GCN2-WT MEF cells, but not against GCN2-
KO MEF cells (SI Appendix, Fig. S8B), indicating that the com-
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bined effects were indeed mediated by the GCN2-inhibitory activity
of the compound. As observed in the case of GCN2iA, the robust in
vitro antiproliferative effects were also elicited following combina-
torial treatment with ASNase and GCN2iB in ALL (CCRF-CEM),
AML (MV-4-11), and pancreatic cancer (SU.86.86) cells (SI Ap-
pendix, Fig. S8 C and D). Next, we performed the combination
study in xenograft models of these cells. With respect to in vivo
target engagement, GCN2iB suppressed GCN2 pathway activation
when cotreated with ASNase in the CCRF-CEM xenograft model
(Fig. 7B). In the antitumor activity study of the CCRF-CEM xe-
nografts, ASNase or GCN2iB alone did not significantly affect tu-
mor growth (P = 0.84 and P = 0.99, respectively; Fig. 7C). Notably,
a combination of ASNase and GCN2iB elicited potent antitumor
activity (P = 0.0002; Fig. 7C) with synergistic effects (main effect of
ASNase, P = 0.0053; main effect of GCN2iB, P = 0.0006; in-
teraction effect of ASNase and GCN2iB, P = 0.0007). In MV-4-
11 and SU.86.86 xenografts, robust antitumor activity of the com-
bination of GCN2iB and ASNase was observed (P = 0.0003 and
P = 0.0038; Fig. 7 D and E) with synergistic effect (main effect of
ASNase, P = 0.0019 or P = 0.0045; main effect of GCN2iB, P =
0.00038 or P = 0.022; interaction effect of ASNase and GCN2iB,
P < 0.0001 or P = 0.0079), respectively. For MV-4-11 xenografts,
we measured tumor volume until 1 wk after drug cessation. As
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In vivo antitumor activity of ASNase treatment combined with GCN2 inhibition. (A) Compound structure, potency, and kinase selectivity of GCN2iB.

(B) Mice bearing CCRF-CEM xenografts were pretreated with 1,000 U/kg ASNase for 24 h and then with GCN2iB and/or ASNase as indicated. Tumor xenografts
were harvested 8 h after treatment and analyzed by Western blot. (Left) Individual blots with dividing lines are combined from a single electrophoresis gel.
(Right) Bars represent densitometric analysis of phospho-GCN2 divided by total GCN2, normalized to ASNase-treated control (mean with SD; n = 3). (C) Mice

bearing CCRF-CEM xenografts were treated daily with GCN2iB [marked as “G,

" 10 mg/kg (mpk) twice daily] and daily with ASNase (“A,” 1,000 U/kg once daily)

as indicated for 7 d; (Left) tumor volume (TV) and (Right) T/C values on day 7. (D and E) Mice bearing MV-4-11 or SU.86.86 xenografts were first treated 3 d
per week with GCN2iB (“G,” 10 mpk twice daily) and/or ASNase (“A,” 1,000 U/kg once per day) for 14 d as indicated; (Left) tumor volume (TV) and (Right) T/C

values on day 14. Data are mean tumor volume or T/C values with SD (n = 5).

(F) MOLT-3 cells were inoculated into SCID mice via the tail vein. Mice were first

treated 3 d per week with GCN2iB (“G,” 10 mpk twice daily) and/or ASNase (“A,” 1,000 U/kg once daily) as indicated for 28 d. Data indicate survival rates (n =
7). Day 1 is the beginning of treatment (*P < 0.05, **P < 0.005, and ***P < 0.0005; N.S., not significant, i.e., P > 0.05 vs. vehicle-treated control).

shown in SI Appendix, Fig. S94, ASNase/GCN2i-treated tumors did
not show significant growth even after drug cessation. To evaluate
the effects on long-term survival, we tested a disseminated ALL
xenograft model (MOLT-3). The combination of ASNase and
GCN2iB yielded survival advantage compared with the vehicle-
treated control (P = 0.011; Fig. 7F) with synergistic effect (main
effect of ASNase, P = 0.56; main effect of GCN2iB, P = 0.10;
interaction effect of ASNase and GCN2iB, P = 0.046). Severe
body weight loss was not induced by the treatments throughout the
study period, although the SU.86.86 model showed a modest ca-
chectic body weight reduction (SI Appendix, Fig. S9 B-E). Thus,
our data demonstrate that the combination of ASNase treatment
with GCN2 inhibition synergistically blocks in vivo tumor growth
in ALL, AML, and pancreatic xenograft models.

Discussion

The development of pharmacological tools that selectively modu-
late a target molecule has been facilitated by strategies enabling the
evaluation of biological function and therapeutic potential of such
agents. ASNS contributes to cancer cell survival and metastasis (6,
26), and ASNS inhibitors have been developed previously (27, 28);
however, information on small-molecule inhibitors of GCN2 has
been limited (29). In this study, we developed two potent and
structurally different GCN2 inhibitory compounds. Although com-
parable results were obtained with the use of these compounds, we
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cannot completely deny the possibility of off-target effects. For
example, the concentrations of GCN2iA that do not affect eIF2a
phosphorylation are sufficient to reduce ATF4 expression (Fig. 1B),
whereas such effects were not observed in the case of GCN2iB
(SI Appendix, Fig. S84). However, both compounds suppressed
ASNase-mediated activation of the GCN2 pathway and showed
comparable antiproliferative activity when combined with ASNase
in multiple cell lines tested. Consistently, the GCN2 inhibitors
phenocopied the effect of GCN2 KO in the proliferation of MEF
cells. In addition, treatment of GCNZiA as a single agent did not
have much impact on cell viability (in various cell lines) and on
global gene expression (in CCRF-CEM). These results suggest that
the potential off-target effect of GCN2iA may not hamper our
conclusion. To the best of our knowledge, the compound described
here is the first small-molecule inhibitor of GCN2 with high po-
tency and kinase selectivity and a good pharmacokinetic profile to
be reported. The compound will be an important tool for in-
vestigating the function of GCN2 in vitro and in vivo.

Despite its long history as a critical component of ALL treat-
ment, new formulations of ASNase are still being developed to
improve clinical outcomes. An E. coli-derived ASNase encapsu-
lated in red blood cells was shown to have a high response rate and
an ability to significantly reduce the incidence of allergic reactions
and other toxic effects such as coagulopathy. ERY-ASP has also
been tested in clinical trials for patients with AML or pancreatic
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Fig. 8. Schematic model of GCN2 inhibition-mediated disruption in AAR. (Left) Activation of GCN2 and MAPKs in response to amino acid limitation (i.e.,
ASNase treatment). (Right) Disruption of AAR by GCN2 inhibition. Detailed information is provided in the Discussion.

cancer (24) (ClinicalTrials.gov identifier NCT01810705). These trials
are supported by previous findings that indicated higher sensitivity
of these tumors to ASNase treatment (23, 25). In our cell-panel
study, ALL, AML, and pancreatic cancer cells were particularly
sensitive to combined treatment with ASNase and GCN2 inhibitors.
One caveat for this interpretation is that the panel includes a larger
number of these cell lines than other cell lines; therefore, it remains
possible that other types of cancer cells show sensitivity to the
combined treatment. In the in vivo setting, our data demonstrated
robust antitumor activities of combined treatment with ASNase and
GCN?2 inhibitors in ALL, AML, and pancreatic cancer cells com-
pared with the results of single-agent ASNase or GCN2 inhibitor
treatment. Thus, GCN2 inhibitors may represent ideal sensitizing
agents to ASNase used for treating these tumors. Furthermore,
considering the function of GCN2 as a regulator of AAR, further
testing of whether GCN2 inhibitors synergize with other agents
targeting amino acid metabolism is warranted.

In addition to ASNS, other proteins involved in amino acid
metabolism (ADSL, ASS1, and DARS), amino acid transport
(SLC1A4 and SLC38A2), apoptosis (BCL2L13), folate metab-
olism (DHFR and MTHFD1/2), and transcription (ATF5), as
well as ribosomal proteins (RPL3-6 and RPL11), have been
implicated in ASNase sensitivity (18, 30-36). Microarray analysis
revealed that ASNase treatment induced changes in the ex-
pression of some of these genes in a GCN2-dependent manner
(ASS1, SLC1A4, SLC38A42, MTHFDI1/2, and ATF5; SI Appendix,
Fig. S10). Therefore, the possibility that these factors might af-
fect ASNase sensitivity synergistically, with each other or with
ASNS, cannot be ignored. Notably, mRNA levels of the ribo-
somal proteins (RPL4-6 or RPL11) decreased significantly fol-
lowing ASNase treatment with GCN2 inhibition (SI Appendix,
Fig. S10), supporting the idea that the combined treatment may
attenuate the protein translation machinery.

Phosphorylation of elF2a disrupts the formation of a ternary
complex comprising Met-tRNAi and GTP-bound elF2a, resulting
in the disassembly of the 43S preinitiation complex and the sup-
pression of protein translation initiation (1). Analysis of GCN2-KO
cells has revealed GCN2/elF2a-dependent inhibition of translation
under UV radiation or essential amino acid starvation (37, 38). Our
results demonstrated that GCN2 inhibition prevented elF2o phos-
phorylation after ASNase treatment but did not elicit the recovery
of protein synthesis. In addition, GCN2 inhibition reversed S6K
phosphorylation in the presence of ASNase, which indicates re-
covered mTORCI activity. We speculate that the suppression of
ASNS expression induced by GCN2 inhibition caused a decrease in
protein translation through the attenuation of asparagine synthesis,
even at reduced levels of elF2a phosphorylation and recovered
levels of S6K phosphorylation. More detailed analysis (e.g., via ri-
bosome profiling) is required to improve our understanding of how
GCN2 inhibition affects protein translation machinery.

GC-MS analysis revealed that cellular amino acid levels (ex-
cluding those of asparagine) were up-regulated by ASNase
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treatment in CCRF-CEM cells and that GCN2 inhibition par-
tially reversed the up-regulation. This is not surprising, as the
expression of various enzymes involved in amino acid metabo-
lism is controlled by the GCN2/ATF4 pathway. Considering that
ASNase suppresses protein synthesis, the up-regulation of cel-
lular amino acid levels may also be influenced by reduced con-
sumption of amino acids in de novo protein synthesis.

JNK and p38 have important roles in the signaling cascades that
orchestrate cellular responses to various types of stresses (39). In
response to amino acid limitation, JNK modulates the transcription
of amino acid-regulated genes by phosphorylation of transcription
factors such as ATF2 and c-Jun (40). The formation of homo- and/
or heterodimers between the ATF and JUN families of proteins
forms an integrated transcription factor network that determines the
initiation, magnitude, and duration of the cellular response to
amino acid limitation (41). Activation of JNK and p38 may also
impact apoptosis induction in response to cellular stresses. Mean-
while, the MEK/ERK pathway is essential for GCN2 pathway ac-
tivation following amino acid limitation in hepatocellular carcinoma
cells (42). Thus, the GCN2/ATF4 pathway is considered to regulate
AAR in cooperation with these mitogen/stress-activated MAPK
pathways. Our results indicate that GCN2 inhibition combined with
asparagine depletion (i.e., ASNase treatment) aberrantly activates
the MAPK pathways at the kinase signaling level and leads to cell
death resulting from the mixed signal for apoptosis and cell survival
(Fig. 4 and SI Appendix, Fig. S10). The balance between the sig-
naling pathways triggered by AAR may be critical for maintaining
cellular homeostasis under amino acid-limited condition.

Gene expression is controlled at the translation level by upstream
ORFs (uORFs). Given that ASNS, similar to ATF4, contains 5'-
uORFs in its transcript (43), ASNS expression may be regulated
not only at the transcription level, but also at the translation level.
Here, we observed no correlation between the mRNA and protein
levels of ASNS in pancreatic cancer cells, suggesting that these cells
possess specific mechanisms for ASNS regulation. Although ASNS
expression has been reported to be lower in pancreatic cancer tis-
sues than in normal tissues (24, 25), the mechanisms underlying this
difference, as well as its implications, remain unknown. Further in-
vestigation should allow us to better understand the regulatory
mechanisms underlying ASNS expression and its implications for
pancreatic cancer.

Our xenograft studies demonstrated that combined treatment
with ASNase and GCN2 inhibitors exerted synergistic antitumor
activity without causing severe body weight loss. Previous studies
have shown that GCN2-KO mice are viable, fertile, and display no
gross phenotypic abnormalities unless fed on diets lacking an es-
sential amino acid (44). Additionally, GCN2-KO mice are more
sensitive to ASNase treatment, which promotes liver and/or pan-
creas dysfunction (45, 46). In our mouse xenograft study, blood
test and histopathological examination revealed that ASNase-
related toxicity in the liver and pancreas of mice was not exacer-
bated by combining ASNase treatment with a GCN2 inhibitor. It is
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possible that the difference in ASNase dosage affected these re-
sults, as previous studies had used 3,000 U/kg ASNase (45, 46),
whereas we used 1,000 U/kg ASNase. In our analysis, 3,000 U/kg
ASNase, but not 1,000 U/kg ASNase, caused a depletion of plasma
glutamine levels after repeated administration. Given that such
substantial glutamine depletion after ASNase administration has
not been observed in rationally designed clinical studies (47, 48),
1,000 U/kg ASNase appeared to be an appropriate dose for use, at
least in our model.

In summary, our preclinical findings demonstrate that GCN2
inhibition enhances the sensitivity to ASNase treatment by pre-
venting ASNS induction in cancer cells with low ASNS expression
at basal levels. Mechanistically, the inhibition of GCN2 activity in
the presence of ASNase led to sustained suppression of protein
translation and induction of apoptosis via stress-activated MAPK
signaling (Fig. 8). Our findings offer valuable insights into the
importance of GCN2 in determining ASNase sensitivity in tumors
for which ASNase treatment has been clinically used or is under
evaluation through clinical trials. Future study using more clini-
cally relevant models (e.g., patient-derived xenograft models)
should demonstrate the clinical translatability of our findings.
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Materials and Methods

Detailed protocols regarding compound synthesis, kinase assay, kinase
panel, transfection, Western blot, amino acid measurement, microarray, cell
viability assay, caspase 3/7 assay, animal study, and statistical analysis, as well
as information regarding siRNA, antibody, and cell lines, is provided in
SI Appendix.

GCN2 inhibitors and a PERK inhibitor were synthesized at Takeda Phar-
maceutical Company Limited (49). ASNase, asparagine, glutamine, and pu-
romycin were purchased from Sigma-Aldrich. SB203580, SP600125, and
PD0325901 were purchased from Selleck Chemicals. For in vivo use of
ASNase, Leunase was purchased from Kyowa Hakko Kirin.
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