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Tumor cells adapt to nutrient-limited environments by
inducing gene expression that ensures adequate nutrients to
sustain metabolic demands. For example, during amino acid
limitations, ATF4 in the amino acid response induces expres-
sion of asparagine synthetase (ASNS), which provides for aspar-
agine biosynthesis. Acute lymphoblastic leukemia (ALL) cells
are sensitive to asparagine depletion, and administration of the
asparagine depletion enzyme L-asparaginase is an important
therapy option. ASNS expression can counterbalance L-aspara-
ginase treatment by mitigating nutrient stress. Therefore,
understanding the mechanisms regulating ASNS expression is
important to define the adaptive processes underlying tumor
progression and treatment. Here we show that DNA hyperme-
thylation at the ASNS promoter prevents its transcriptional
expression following asparagine depletion. Insufficient expres-
sion of ASNS leads to asparagine deficiency, which facilitates
ATF4-independent induction of CCAAT-enhancer-binding
protein homologous protein (CHOP), which triggers apoptosis.
We conclude that chromatin accessibility is critical for ATF4
activity at the ASNS promoter, which can switch ALL cells from
an ATF4-dependent adaptive response to ATF4-independent
apoptosis during asparagine depletion. This work may also help
explain why ALL cells are most sensitive to L-asparaginase treat-
ment compared with other cancers.
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Regulation of the acquisition and utilization of amino acids is
important for supporting tumor cell growth and survival (1, 2).
Along this line, asparagine, a nonessential amino acid (NEAA),*
is critical for supporting protein synthesis during tumor pro-
gression, when environmental nutrients become limited be-
cause of pathophysiological alterations (3—6). The effect of
asparagine on protein synthesis is at least partially attributed to
its role as a counterion to import essential amino acids (7).
Unlike the other 19 proteinogenic amino acids, asparagine is
unable to be catabolized in mammalian cells because of a lack of
functional asparaginase during evolution (5). Thus, under-
standing the uptake and de novo biosynthesis of asparagine has
been the focus for adaptive mechanisms to nutrient deficiencies
in cancer.

The rate-limiting step of de novo biosynthesis of asparagine is
regulated by asparagine synthetase (ASNS) (8). It is generally
thought that expression of ASNS is low in acute lymphoblastic
leukemia (ALL) cells, rendering ALL patients sensitive to treat-
ment with L-asparaginase. L-asparaginase is a purified bacterial
enzyme that is administrated by intramuscular injection or
intravenous infusion and functions by depleting circulating
asparagine (9-11). In ALL cells, a reciprocal correlation
between ASNS expression and sensitivity to L-asparaginase
treatment has been reported (12, 13), suggesting a role of de
novo asparagine biosynthesis in mitigating the nutrient stress
caused by depletion of exogenous asparagine. Cells expressing
low amounts of ASNS can adapt to L-asparaginase treatment
through transcriptional induction of ASNS (14). This process
requires activation of general control nonderepressible 2
(GCN2) and the ensuing adaptive amino acid response.

In the amino acid response, GCN2 is activated by uncharged
tRNA during amino acid starvation (15, 16). In turn, GCN2
phosphorylates the « subunit of elF2«, sharply reducing de-
livery of initiator tRNAs to ribosomes, which culminates in

“The abbreviations used are: NEAA, nonessential amino acid; ASNS, aspara-
gine synthetase; ALL, acute lymphoblastic leukemia; ER, endoplasmic
reticulum; cDNA, complementary DNA; GSEA, gene set enrichment analy-
sis; MEF, mouse embryonic fibroblast; LCM, lymphocyte culture medium;
qPCR, quantitative PCR; IP, immunoprecipitation; Ctrl, control.
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Figure 1. ASNS is both necessary and sufficient for cell growth/survival during asparagine depletion. A, the indicated B- and T-ALL cell lines were
cultured in asparagine-replete medium, and protein lysates were analyzed by immunoblot analysis using antibodies specific for ASNS and B-actin. B, relative
cell growth of ALL cell lines cultured 4 days in the absence of exogenous asparagine. Results were normalized to cell number collected on day 4 in the presence
of exogenous asparagine. C, Nalm-6, RS4;11 and DND-41 cells were cultured in asparagine-replete or -depleted medium for 4 days. Viability was determined by
trypan blue staining. D and E, restoration of ASNS expression in RS4;11 and DND-41 cells by cDNA overexpression fully rescued the growth defect during 4-day
culture in asparagine-deficient medium. Results are presented as mean * S.D. of triplicates from a representative experiment. F and G, Nalm-6 cells stably
expressing control (Ctrl) guide RNA or two independent guide RNAs targeting ASNS were cultured in asparagine-replete or -depleted medium for 16 h. Protein
extracts were subjected to immunoblotting with ASNS antibody. Viability was determined by trypan blue staining on day 4. The data in B-E are presented as

mean * S.D. of triplicates.

lower global translation (17). Coincidentally, phosphorylation
of elF2a promotes translation of certain stress-responsive
mRNAs via ribosome bypass of inhibitory upstream open read-
ing frame (18 -20). An important translationally induced gene
is ATF4, which activates a transcriptional program that governs
genes involved in amino acid biosynthesis, reduction of oxida-
tive stress, and induction of autophagy, which mediate meta-
bolic adaptation (21, 22). ASNS is a direct transcriptional target
of ATF4 (23). However, ATF4 can also be activated by other
stresses through different elF2a kinases (24). For example, dur-
ing endoplasmic reticulum (ER) stress, ATF4 is activated via the
elF2a kinase protein kinase R-like endoplasmic reticulum
kinase (PERK), which can culminate in expression of CCAAT-
enhancer-bindingproteinhomologousprotein(CHOP)andapo-
ptosis (25, 26). It is still uncertain how cell fate decisions are
made when both adaptive and apoptotic genes are transcrip-
tionally activated by ATF4, but the duration and amplitude of
the stress response are thought to be contributing factors (27).

Here we show that, despite the fact that ATF4 is required for
the induction of ASNS in ALL cells following asparagine deple-
tion, activation of ATF4 through the amino acid response path-
way was not sufficient to drive transcription of ASNS. Indeed,
DNA hypomethylation in the CpG island at the promoter
region of ASNS is a prerequisite for ATF4 recruitment and
transactivation. In contrast, DNA hypermethylation at the
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ASNS promoter restricts the accessibility of ATF4 to chroma-
tin, leading to failure of induction of ASNS and an inability to
synthesize asparagine de novo when exogenous asparagine is
deprived. Furthermore, lack of intracellular asparagine leads to
CHOP accumulation and CHOP-dependent apoptosis in an
ATF4-independent manner. Using ALL lines as a model, our
results provide a comprehensive understanding of the tran-
scriptional regulation of ASNS in tumor cells that inherit dis-
tinct chromatin modification status at a specific gene promoter
to dictate cell fate decision. These findings will help to facilitate
treatment strategies involving L-asparaginase in ALL patients
and may accelerate development of therapeutic agents to better
target asparagine biosynthesis in cancer.

Results

Expression of ASNS dictates the cellular response to
asparagine depletion

We identified a dynamic expression pattern of ASNS protein
across a panel of human B- and T-ALL cell lines (Fig. 14). The
amounts of ASNS protein largely correlated with the ability of
ALL cells to grow in the absence of exogenous asparagine (Fig.
1B). RS4;11 and DND-41 cells barely expressed ASNS protein
and were most sensitive to asparagine depletion—induced
growth inhibition and cell death (Fig. 1, B and C). The other
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ALL lines had no survival defect in asparagine-free medium
(data not shown) despite various degrees of growth rate reten-
tion (Fig. 1B). To determine whether the expression of ASNS
protein is sufficient to support cell growth and drive resistance
in the absence of exogenous asparagine, ASNS cDNA was stably
expressed in RS4;11 and DND-41 cells through lentiviral
vector—-mediated transduction. We found that restoring the
expression of ASNS in these cells led to rescue of cell prolifer-
ation during asparagine depletion (Fig. 1, D and E). Conversely,
CRISPR-mediated deletion of the ASNS gene from Nalm-6 cell
induced cell death only when exogenous asparagine was
deprived (Fig. 1, F and G). These findings support the central
role of differential regulation of ASNS expression in ALL cells’
sensitivity to asparagine depletion.

Asparagine is required for tRNA charging and protein
synthesis

To determine whether the level of ASNS expression corre-
lates with asparagine biosynthesis, we performed quantitative
LC-MS to measure intracellular asparagine. We chose Nalm-6
cell as an example of cells expressing ASNS and RS4;11 cell as
an example of ones that barely express ASNS. Asparagine
became nearly undetectable in RS4;11 cells following aspara-
gine depletion (Fig. 24). By comparison, in Nalm-6 cells de-
prived of asparagine in the medium, there was about 20% of the
intracellular asparagine levels compared with cells supple-
mented with asparagine (Fig. 2A4). Furthermore, expressing
exogenous ASNS in RS4;11 cells restored 50% intracellular
asparagine during asparagine depletion compared with aspar-
agine-replete conditions (Fig. 2B).

We next addressed the levels of aminoacylated tRNAASY,
which would be adversely affected by severe asparagine deple-
tion. Using a covalently linked tRNA”*" charging assay (28), we
found that the fraction of uncharged tRNA”*" was appreciable
in RS4;11 cells cultured with asparagine supplement, which was
sharply increased upon deprivation of asparagine (Fig. 2C). By
comparison, there was minimal detectable uncharged tRNA#™
in Nalm-6 cells independent of asparagine addition to the
medium. Consistent with these changes in tRNA®*" charging,
the global protein synthesis rate was significantly reduced in
RS4;11 cells, but not in Nalm-6 cells, following asparagine
depletion (Fig. 2D). These results indicate that there is a thresh-
old of asparagine levels in cells that can adversely affect amino-
acylation of tRNA”*", which culminates in lowered global pro-
tein synthesis.

The role of the GCN2-ATF4 pathway in induction of ASNS
following asparagine deprivation

Because L-asparaginase treatment can induce expression of
ASNS in ALL cells in vitro (29), we wondered whether elevated
expression of ASNS following asparagine depletion can also
contribute to growth restoration in ALL cells that express low
to medium levels of ASNS, including Nalm-6, HBP-ALL, and
KOPT-K1 cells (Fig. 1, A and B). GCN2 plays an important role
in induction of ASNS following L-asparaginase treatment by
enhancing the expression of ATF4, which induces transcription
of its target genes (14, 30, 31). Indeed, we found that phosphor-
ylation of GCN2 at Thr-899, a measure of activation, and ATF4
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Figure 2. Asparagine production is required for tRNA charging and pro-
tein synthesis. A, Nalm-6 and RS4;11 cells were cultured in medium with or
without asparagine for 16 h. Intracellular asparagine was measured by LC-MS.
B, RS4;11 cells stably expressing a Ctrl vector or ASNS cDNA were cultured in
asparagine-replete or -depleted medium for 16 h. Intracellular asparagine
was measured by LC-MS. U.D., undetectable. C, Nalm-6 and RS4;11 cells were
cultured in asparagine-replete or -depleted conditions for 24 h. The fraction
of uncharged tRNA"*" was determined by a tRNA charging assay as described
under “Experimental procedures.” D, Nalm-6 and RS4;11 cells were culturedin
asparagine-replete or -depleted medium for 24 h. Puromycin (Puro, 90 um)
was added to the culture for 10 min before protein harvest. Immunoblot
analysis was performed with an anti-puromycin antibody that recognizes
premature puromycin-containing polypeptides. Quantification is presented
as signal intensity of the anti-puromycin blot normalized to the anti-B-actin
blot (bottom). The results in A and C are presented as mean * S.D. of tripli-
cates. The p values in A and C were calculated using Student’s two-tailed
paired t test. *, p < 0.05; ***, p < 0.001; ns, not significant.

protein were induced in response to asparagine depletion in
Nalm-6, HPB-ALL, and KOPT-K1 cells, which coincided with
induction of ASNS protein (Fig. 3A).

These findings led us to think that loss of GCN2/ATF4 sig-
naling may explain the diminished ASNS expression of RS4;11
and DND-41 cells and their heightened sensitivity to aspara-
gine depletion (Fig. 1B). Of interest, we found that ATF4 accu-
mulation following asparagine depletion is not defective in
RS4;11 and DND-41 cells, whereas there was minimal induc-
tion of ASNS protein and mRNA (Fig. 3, B and C). To further
address whether there is a defect in the general amino acid
response or ATF4-directed gene expression, we performed
RNA-Seqanalysis of RS4;11 cells subjected to asparagine deple-
tion. Using gene set enrichment analysis (GSEA), we found that
a collection of amino acid starvation-responsive genes was
induced by asparagine depletion, with the exception of ASNS
(Fig. 3D). A heatmap illustrates the induction patterns for a
collection of ATF4 target genes involved in amino acid and
protein homeostasis (Fig. 3E). These results suggest that
although the GCN2/ATF4 pathway functions appropriately
in ALL cells that are sensitive to asparagine depletion, there

SASBMB



A Nalm-6  HPB-ALL KOPT-K1

Asn: + - £ = E o
o — ...,| p-GCN2 (T899)

bt S e et| GCN2

191KD-| 1o

191kD- Il I

39kD-‘ ; '” = . ATF4
v ][~ e *] ASNS
51kD-
39kD-‘-q|——-—| p-actin
C « 4 o +Asn 47 o +Asn
Z ¢ -Asn * -Asn
©
£ 3= 3=
»
2
2 2+ 2mi
(]
2
= 1+ 1=
Q
14
0= 0~
Nalm-6  RS4;11 HPB-ALL DND-41
E S 555 5 5
[72]
R
DDIT3
SESN2
WARS
CARS
NARS
NARS2
SARS
DDIT4
SLC7A11
PSAT1
MTHFD1L
MTHFD2
SHMT2
PMAIP1
BNIP3L
TRIB3
PPP1R15A
CEBPB
TXNIP
HERPUD1
DNAJB2
GOT1
ATF3
NFE2L2
MAP1LC3B
JUN
Log2 Exp
4210 0 0

Stress response control by promoter methylation

Nalm-6 RS4;11 HPB-ALL DND-41

Asn: + -+ - + -+ -

— - ATF4
39KkD | i) 2 -

1 NG |

51kD-|—-—-—-~| T ————

ASNS

a-tubulin

D KRIGE Amino Acid Deprivation

2 NES=3.113
i p=0.0

Ranked List Metric Enrichment Score

[=Enichment profie — its — _ Ranking metric scores]

F Asparagine Depletion

GCN2-dependent pathway @

:ASNST@

’& " ASNS

@ ASNS low, sensitive
@ ASNS high, resistant

Figure 3. Activation of ATF4 is not sufficient to drive transcription of the ASNS gene in ALL cells following asparagine depletion. A, Nalm-6, HPB-ALL,
and KOPT-K1 cells were cultured in asparagine-replete or -depleted medium for protein harvest. Immunoblot analysis was performed with antibodies specific
for phospho-GCN2 (Thr-899), GCN2, ATF4, and ASNS. Protein lysates were collected at 8 h for ATF4 and 24 h for the others. B, Nalm-6, RS4;11, HPB-ALL, and
DND-41 cells were cultured in asparagine-replete or -depleted medium for 24 h. Protein lysates were subjected to immunoblot analysis with antibodies for
ATF4 and ASNS. C, qPCR analysis of the mRNA of ASNS in Nalm-6, RS4;11, HPB-ALL, and DND-41 cells 24 h after asparagine depletion. The results are presented
as mean = S.D. of triplicates from a representative experiment. D, GESA showed enrichment of amino acid deprivation-induced genes following asparagine
depletion (16 h) in RS4;11 cells. E, heatmap of selected amino acid starvation-responsive genes and well-characterized ATF4 target genes. RNAs were collected
as triplicates under both asparagine-replete and -depleted conditions. F, proposed working model for transcriptional regulation of ASNS by asparagine
deprivation, in which ATF4 may not be able to be recruited to the promoter of ASNS in ALL cells that are unable to turn on ASNS expression.

is an intrinsic defect in transcriptional expression of ASNS
(Fig. 3F).

DNA methylation status within the CpG island region of the
ASNS promoter dictates ATF4-dependent induction of ASNS
following asparagine depletion

DNA methylation within the CpG island of the gene pro-
moter is a central mechanism of gene silencing (32). Because
DNA methylation within the promotor of the ASNS gene has
been reported (33), we hypothesized that the chromatin struc-
ture around the promoter of the ASNS gene may restrict ATF4
accessibility to drive gene transcription in leukemic cells that
are deficient for induced ASNS expression following asparagine
depletion (Fig. 3F). To test this, we performed bisulfite se-
quencing analyses in the CpG island region of the ASNS pro-
moter. Nearly all predicted CpG islands were methylated in
RS4;11 cells that are sensitive to asparagine depletion (Fig. 44,
bottom). By comparison, the majority of the predicted CpG
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islands were unmethylated in Nalm-6 cells, which efficiently
adapts to depletion of asparagine (Fig. 44, top).

To determine the functional consequence of the promoter
methylation status on ASNS expression and the response of
leukemic cells to asparagine depletion, we established an
RS4;11 line that is resistant to asparagine depletion by subject-
ing the parental RS4;11 cells to rounds of culture in low levels of
asparagine in the medium, followed by culturing in the absence
of asparagine supplement (Fig. 4B). The resulting resistant cells,
designated RS4;11/R, displayed the ability to proliferate in
asparagine-free medium (Fig. 4C). Consistently, we observed
restoration of ASNS expression at both the protein and mRNA
levels (Fig. 4, D and E). The results from bisulfite sequencing
showed that a significant portion of the DNA in RS4;11/R cells
was now unmethylated at nearly all predicted CpG islands in
the promoter region of ASNS (Fig. 4F). These results suggest
that the DNA methylation status of the ASNS promoter is an

J. Biol. Chem. (2019) 294(49) 1867418684 18677
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Figure 4. Promoter hypermethylation restricts ATF4-dependent induction of ASNS following asparagine depletion. A, bisulfite sequencing analyses
revealed that the ASNS promoter is hypermethylated in RS4;11 cells. As a control, the same region is hypomethylated in Nalm-6 cells. Each dot represents a
predicted CpG site. Each line represents one sequencing result from a bulk population of cells. B, RS4;11 cells were maintained in medium containing low levels
of exogenous asparagine (20 um, 20% of complete LCM) for 4 weeks. The resulting cells were then plated on 1% methylcellulose prepared in asparagine-free
LCM for another 4 weeks to establish the RS4;11/R line, which was maintained in asparagine-deficient LCM. C, growth curve of RS4;11 and RS4;11/R cells
cultured in in asparagine-replete or -depleted medium for 4 days. Results are presented as mean = S.D. of triplicates from a representative experiment. D,
RS4;11 and RS4;11/R cells were cultured in asparagine-replete or -depleted medium for 24 h. Protein lysates were analyzed by immunoblot with antibodies
specific for p-GCN2 (Thr-899), GCN2, ATF4, and ASNS. E, RS4;11 and RS4;11/R cells were cultured under the same condition as in D. RNA was extracted and
subjected to qPCR analysis. The result is normalized to 18S rRNA as an internal control. Results are presented as mean = S.D. of triplicates from a representative
experiment. F, bisulfite sequencing results of the ASNS promoter from a bulk population of RS4;11/R cells. G, RS4;11 and RS4;11/R cells were cultured in
asparagine-replete or -depleted medium for 24 h. A ChIP assay was performed using an ATF4-specific antibody or an isotype IgG control antibody. Promoter-
specific qPCR amplification was done with primer pairs specific for the promoter region of ASNS (left) or SESN2 (right). Results were normalized to total input
DNA prior to antibody enrichment. Data are presented as mean = S.D. of triplicates from a representative experiment. The p values were calculated using
Student’s two-tailed paired t test. **, p < 0.01; ***, p < 0.001; ns, not significant. H, RS4;11/R cells stably expressing control guide RNA (sgCtrl) or ATF4-specific
guide RNA were cultured in asparagine-replete or -depleted medium for 24 h. Protein lysates were analyzed by immunoblot analyses for ATF4 and ASNS.

important reason for the differences in ASNS expression and
the cell sensitivity to asparagine depletion.

Next we addressed whether the methylation status at the
ASNS promoter dictates ATF4 recruitment in ALL cells in
response to asparagine depletion. We performed a ChIP assay
with an ATF4 antibody followed by promoter-specific PCR

18678 J Biol Chem. (2019) 294(49) 18674 -18684

amplification. ATF4 occupancy at the ASNS promoter was
blocked in RS4;11 cells independent of the presence or absence
of asparagine in the medium (Fig. 4G, left panel). However,
ATF4 occupancy was restored in RS4;11/R cells even under
asparagine-replete conditions, and ATF4 binding was further
enhanced when exogenous asparagine was deprived (Fig. 4G,

SASBMB
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same cells as in D were cultured in asparagine-replete or -depleted medium for 96 h. The cell death percentage was quantified by trypan blue staining. Results are
presented as mean = S.D. of triplicates. The p value was calculated using Student’s two-tailed paired t test. **, p < 0.01.

left panel). As a control, there was induced recruitment of ATF4
to the promoter region of another target gene, SESN2 (Fig. 3E),
following asparagine depletion in both the RS4;11 and RS4;11/R
cells (Fig. 4G, right panel). Of importance is that ATF4 was still
required for ASNS expression in RS4;11/R cells. CRISPR was
used to selectively delete the A TF4 gene, leading to abolishment
of ASNS expression independent of the availability of aspara-
gine in the medium (Fig. 4H). Of interest, readdition of aspara-
gine to RS4;11/R cells for 8 days did not significantly alter ASNS
expression (Fig. S1), suggesting the involvement of additional
regulatory mechanisms to control the expression of ASNS
when the cells are fully adapted to culturing conditions without
any exogenous asparagine.

Asparagine deficiency leads to CHOP-dependent apoptosis

L-asparaginase treatment in mice induces a profound amino
acid starvation response in normal tissues, with up-regulation
of many known ATF4 target genes, including ASNS and CHOP
(34). Our results suggest that DNA hypermethylation at the
promoter region of ASNS genes specifically blocked ATF4-de-
pendent adaptation to asparagine depletion by inhibiting tran-
scription of the ASNS gene while promoting ATF4-dependent
induction of apoptotic genes to dictate cell fate decision.
Because CHOP is also a direct transcriptional target of ATF4
(26), which plays a critical role in programmed cell death during
ER/unfolded protein response stress (35, 36), we sought to
determine whether CHOP was induced in ALL lines that were
unable to induce ASNS expression because of promoter
hypermethylation. We found that CHOP mRNA and protein
were induced by asparagine depletion in RS4;11 and DND-41
cells but not in Nalm-6 and HPB-ALL cells (Fig. 5, A and B).
Induction of CHOP was accompanied by increased caspase-3
cleavage, a marker of apoptosis (Fig. 54). Furthermore, Q-VD,
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a pan-caspase inhibitor, blocked apoptosis in RS4;11 and
DND-41 cells following asparagine depletion (Fig. 5C), sup-
porting the idea that caspase activity facilitates cell death. To
determine whether CHOP is critical for apoptosis in response
to asparagine depletion, we used CRISPR to delete the CHOP
gene in the RS4;11 cells. Loss of the CHOP gene enhanced ALL
cell survival following asparagine depletion (Fig. 5, D and E).
We conclude that induction of CHOP expression is critical
for apoptosis induced in ALL cells subjected to asparagine
depletion.

CHOP induction under asparagine deficiency is
ATF4-independent

Because CHOP is a well-defined ER stress response gene and
a target of ATF4, we next sought to determine whether ATF4 is
required for CHOP induction following asparagine depletion.
Although deletion of ATF4 by CRISPR in Nalm-6 cells ablated
induced ASNS expression in response to asparagine depletion,
there was more robust induction of CHOP protein and mRNA
expression with loss of ATF4 (Fig. 6, A and B). The induction of
CHOP was accompanied by growth/survival defects in ATF4-
deficient Nalm-6 cells following asparagine depletion (Fig. 6C).
Furthermore, mouse embryonic fibroblasts (MEFs) deleted for
ATF4 did not express ASNS, which correlated with strong
induction of CHOP following asparagine depletion (Fig. 6, D
and E). These findings suggest that CHOP is an important trig-
ger of apoptosis in ALL cells that are unable to adapt to aspar-
agine depletion. Of importance, induced CHOP expression can
occur independent of ATF4.

Discussion

In this study, we found that a critical molecular feature dic-
tating the ability of ALL cells to induce the expression of ASNS
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Figure 6. CHOP induction under asparagine deficiency is ATF4-inde-
pendent. A and B, Nalm-6 cells stably expressing a Ctrl guide RNA or ATF4
guide RNA were subjected to asparagine depletion for 24 h. Protein lysates
were analyzed by immunoblot for ATF4, ASNS, and CHOP. RNAs were sub-
jected to gPCR analysis for CHOP, and the results are presented as mean *=
S.D. of triplicates from a representative experiment. C, the same cells as in A
were cultured in asparagine-replete or -depleted medium for 4 days. Viable
cell numbers and the percentage of viable cells were recorded. Results are
presented as mean = S.D. of triplicates from a representative experiment. D
and E, WT or Atf4~’~ MEFs were cultured in asparagine-replete (Com) or -de-
pleted (-Asn) medium for 24 h. Protein lysates were analyzed by immunoblot
for Asns and Chop. RNAs were subjected to gPCR analysis for CHOP, and the
results are presented as mean = S.D. of triplicates from a representative
experiment.

is the DNA methylation status at the promoter region of ASNS.
As aresult, the ability to induce expression of ASNS is critical in
driving resistance to asparagine depletion. When the ASNS
promoter is hypomethylated, transcription of ASNS is induced
by ATF4 through a GCN2-dependent adaptive amino acid
response. However, when the ASNS promoter is hypermethy-
lated, ATF4 is not able to be recruited to the cis-regulatory
element for transactivation (Fig. 4G). In addition, we provided
an example of the hierarchy between the methylation status of
the gene promoter and key transcription factor. Using a stan-
dard ALL cell line (Nalm-6) and an experimentally derived
asparagine-insensitive ALL line (RS4;11/R), we showed that
hypomethylation at the ASNS promoter is necessary, but not
sufficient, to drive transcription of ASNS without ATF4 in ALL
cells (Figs. 6A and 4H). Recently, DNA methylation at the pro-
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Figure 7. Proposed model of cell fate decisions following asparagine
depletion. Asparagine depletion induces ATF4 through a GCN2-dependent
amino acid response. When the ASNS promoter is hypomethylated, ATF4 is
recruited to the promoter region to induce gene expression. As a result,
increased expression of ASNS drives de novo biosynthesis of asparagine to
support cell survival and growth (left). When the ASNS promoter is hyperm-
ethylated, ATF4 recruitment is blocked. Consequently, failure to induce ASNS
expression leads to intracellular deficiency, which triggers CHOP induction
and apoptosis in an ATF4-independent manner (right).

moter region of ASNS has been found to be a feature of TLX1-
positive T-ALL patient samples, which correlates with a better
prognosis (37). To further elucidate the genetic components
that dictate promoter methylation status in ALL cells may pro-
vide better management of ALL patients in the future.

Because perturbing amino acid metabolism has been pro-
posed to be a potential strategy to treat cancer (38), it is critical
to understand how tumor cells make decisions between adap-
tation versus cell death during metabolic stress. The fact that
ALL cells respond differentially to asparagine depletion pro-
vides a compelling example to interrogate this question. Both
adaptive and apoptotic responses can be induced by ATF4 dur-
ing amino acid starvation (27). Whether this relies on selective
expression of ATF4 target genes or involves ATF4-independ-
ent mechanism is still unclear. Here we showed that CHOP was
induced only in ALL cells that are unable to turn on the expres-
sion of ASNS following asparagine depletion to trigger apopto-
sis (Fig. 5, A—E). Of interest is that induction of CHOP did not
require the presence of ATF4 but correlated with a lack of intra-
cellular asparagine (Fig. 6, A—E). It has been shown that ATF6
may compensate for the loss of ATF4 to drive CHOP transcrip-
tion during ER/UPR stress (39). Whether amino acid starvation
shares a similar machinery or employs a different context-spe-
cific molecular component to drive the induction of CHOP
warrants further investigation. Therefore, we propose a model
where promoter hypermethylation of ASNS prevents ATF4-
dependent adaptation by blocking transcription of ASNS,
which consequently leads to ATF4-independent induction of
CHOP and apoptosis through intracellular depletion of aspar-
agine (Fig. 7).

Asparagine has recently emerged as a critical NEAA to sup-
port tumor cell growth/survival in a variety of settings where
nutrient limitation becomes a barrier for further tumor pro-
gression (3—5, 40, 41). Thus, understanding the acquisition and
utilization of asparagine in tumor cells becomes an important
topic. Like other NEAAs, asparagine acquisition can be
achieved by direct uptake from the environment via a cell sur-
face transporter or de novo biosynthesis in the cell. However,
the preferential route of asparagine acquisition is context-de-
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pendent. For example, in breast tumors, loss of function of de
novo biosynthesis through genetic inhibition of ASNS signifi-
cantly reduces the incidence of lung metastases without per-
turbing tumor growth at primary sites (4), suggesting that limi-
tation of exogenous asparagine in the lungs or the process of
metastasis can create dependence on de novo biosynthesis dur-
ing tumor progression. In addition, KRAS mutant non-small-
cell lung cancer cells up-regulate ASNS to support cell survival
and protein synthesis through ATF4 regulation, suggesting a
direct connection between oncogenic signaling and the adapt-
ive amino acid response pathway (3). Furthermore, stroma cells
in the tumor environment can engage ATF4-dependent ASNS
induction and asparagine biosynthesis to feed tumor cell aspar-
agine during glutamine limitation (41). Thus, elucidating the
molecular mechanism that governs the expression of ASNS is
essential for understanding tumor cell adaptation to nutrient
limitation during tumor progression.

On the other hand, L-asparaginase has activity only in ALL
and certain cases of T/nature killer cell lymphoma, suggesting
that their route of asparagine acquisition is different from other
cancers (9). It is thought that ALL cells inherit intrinsic prop-
erties to limit their capacity to synthesize asparagine de novo.
However, despite their overall sensitivity to asparagine deple-
tion, we found that differential expression of ASNS following
asparagine depletion is central for dictating an adaptive or apo-
ptotic response in ALL cells. Although the GCN2/ATF4 path-
way plays an important role in induction of ASNS following
asparagine depletion, it is not sufficient to drive ASNS expres-
sion unless the promoter region of ASNS is hypomethylated.
Together, our results elucidate a comprehensive program in-
volving an adaptive amino acid response and chromatin modi-
fication component to regulate ASNS expression and de novo
asparagine biosynthesis. Failure of this process switches cells
from programmed adaptation to programmed cell death fol-
lowing deprivation of exogenous asparagine, which can broadly
affect therapeutic interventions that aim to targeting aspara-
gine bioavailability in cancer.

Experimental procedures
Cell culture

Allhuman T-ALL and B-ALL cell lines were cultured at 37 °C
in 5% CO, in lymphocyte culture medium (LCM). The base of
LCM is a 1:1 ratio mixture of DMEM and Iscove’s modified
Dulbecco’s medium. For practical reasons and quality control
purposes, we can consistently generate LCM in the laboratory
by supplementing high-glucose DMEM (11965092, Thermo
Fisher Scientific) with 0.14 mm L-alanine, 0.17 mM L-proline,
5.3 X 10~ ® mm biotin, 9.59 X 10~° mm vitamin B,,, 9.8 X 10~ °
mM sodium selenite, 10 mm HEPES, 55 uM -mercaptoethanol,
100 units/ml penicillin/streptomycin, 2 mm L-glutamine, 10%
FBS, and 0.1 mM L-asparagine. MEFs were cultured in DMEM
(11965092, Thermo Fisher Scientific) supplemented with 10%
FBS; 100 units/ml penicillin/streptomycin; 2 mm L-glutamine; a
mixture of nonessential amino acids containing 0.1 mwm glycine,
L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid, L-pro-
line, and L-serine (11140050, Thermo Fisher Scientific); and 55
uM B-mercaptoethanol. For cell growth experiments, cell via-
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bility and numbers were recorded in triplicates using the Vi-
CellXR cell viability analyzer (Beckman Coulter).

Asparagine deprivation experiments

Leukemic cells were centrifuged, and the supernatant was
removed by aspiration. Cell pellets were resuspended in aspar-
agine-free LCM. Asparagine-free LCM was made from high-
glucose DMEM as described above, with the exception of using
10% dialyzed FBS and not adding L-asparagine. MEFs were
rinsed with PBS once and then cultured with DMEM excluding
L-asparagine.

Puromycin labeling assay

Cells were cultured in the presence or absence of asparagine
for 24 h. Puromycin (90 um) was added to the cultured cells for
10 min before protein harvest. Puromycin-incorporated poly-
peptides were resolved by BisTris gel and detected by immuno-
blotting with an anti-puromycin antibody. The rate of global
protein synthesis was defined by the ratio between the anti-
puromycin signal and anti-B-actin signal per sample using
Image]J software.

Mass spectrometry analysis of metabolite asparagine

Ten million cells were collected by centrifugation. The
supernatant was aspirated, and the pellets were washed thor-
oughly once with ice-cold 1X Hanks’ Balanced Salt solution
(14025092, Life Technology). The cellular metabolite was
extracted with 80% methanol on ice. The supernatant was col-
lected and dried with a SpeedVac (SPD111V, Thermo Fisher
Scientific) connected to a refrigerated vapor trap (RVT5105,
Thermo Fisher Scientific) at room temperature. Dried samples
were resuspended in 80:20 acetonitrile:water and analyzed
using a Thermo Q-Exactive mass spectrometer coupled to a
Vanquish Horizon Ultra-High-Performance Liquid Chroma-
tography. Metabolites were separated on a 150 X 2.1 mm
SeQuant Polyether ether ketone (PEEK) HPLC column with
ZIC-pHILIC (5 wm) polymeric beads (Millipore Sigma). Sam-
ples were run with a gradient of solvent A (95% acetonitrile and
5% water) and solvent B (10 mm NH,Ac (pH = 5.5)) as follows:
0 min, 5% B; 2 min, 5% B; 18 min, 60% B; 19 min 90% B; 24 min,
90% B; and 25.5 min, 5% B. Data were collected on full scan
positive mode. The settings for the ion source were as follows:
12 auxiliary gas flow rate, 40 sheath gas flow rate, 1 sweep gas
flow rate, 3.5 kV spray voltage, 340 °C capillary temperature,
and 250 °C heater temperature. Asparagine was identified
based on the exact m/z and retention time of an asparagine
chemical standard. Data were analyzed with Maven (42, 43),
normalized to the internal standard of ['*>C,,'°N,]asparagine (1
pmol/sample), and then to the packed cell volume of each
sample.

tRNA charging assay

We adopted an assay to measure the percentage of aspar-
agine-charged tRNA based on the literature (28). In brief, total
cellular RNA was extracted with TRIzol (15596026, Life Tech-
nologies). 2 ug of RNA was incubated with 12.5 mm NalO,, or
12.5 mm NaCl (as a nonoxidization control) in acidic buffer
(sodium acetate buffer (pH = 4.5)) in the dark and then
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quenched with 0.3 M glucose. Each sample was spiked with 7.3
ng of yeast phenylalanine tRNA (R4018, Sigma) and then sub-
jected to desalination through a MicroSpin G-25 column
(27532501, GE Healthcare). Desalted RNA was precipitated
with cold ethanol and then subjected to deacylation in 50 mm
Tris-HCI (pH 9.0). 200~400 ng of tRNA was used to ligate with
a5'-adenylated adaptor (5'-/5rApp/ TGGAATTCTCGGGTG-
CCAAGG/3ddC/-3") using T4 RNA ligase 2 truncated KQ
(M0373S, New England Biolabs). Then a single-strand oligo
(5'-GCCTTGGCACCCGAGAATTCCA-3') complementary
to the adaptor was used to generated cDNA using the Super-
Script RT IV First-Strand Synthesis System (18091050, Life
Technologies). cDNA was diluted and then subjected to quan-
titative PCR to detect amino acid—specific tRNA with corre-
sponding primer pairs: yeast phenylalanine, GCGGAYTTAG-
CTCAGTTGGGAGAG (forward) and GAGAATTCCATGG-
TGCGAAYTCTGTGG (reverse); human asparagine, GTCTC-
TGTGGCGCAATCGGT (forward) and GAGAATTCCATG-
GCGTCCCTGG (reverse). The results were normalized to
yeast phenylalanine first, and then the uncharged tRNA frac-
tion was calculated by subtracting the charged fraction (NalO,-
treated) from the total (NaCl-treated).

Molecular cloning and virus production

Mouse ASNS ¢cDNA was ordered from Dharmacon and then
cloned into the LeGO-iG2 vector backbone (Addgene, 27341).
Guide RNAs were designed using the Feng Zhang laboratory
CRISPR design resource (http://crispor.tefor.net/ (47))° and
cloned into the pLentiCRISPRv2-Puro vector (Addgene, cata-
log no. 98290). The calcium phosphate method (44) was used to
produce the lentivirus. We used pMD2.G (Addgene, catalog no.
12259) and psPAX2 (Addgene, catalog no.12260) as packaging
plasmids.

Western blotting

Protein was extracted by using 1X radioimmune precipita-
tion assay buffer (diluted from 10X radioimmune precipitation
assay lysis buffer, Millipore, catalog no. 20-188) with protease
inhibitors (Thermo Scientific, catalog no. 1860932) and phos-
phatase inhibitors (Thermo Scientific, catalog no. 78428). Total
proteins of an equal amount (20 ug) were separated on
NuPAGE BisTris gels (Invitrogen, catalog no. NP0322BOX)
and then transferred to nitrocellulose membranes (Bio-Rad,
catalog no. 1620115). Membranes were blocked in 5% milk and
then incubated with corresponding primary antibodies over-
night at 4 °C. Membranes were washed with 1X Tris-buffered
saline with Tween 20 (TBST; diluted from 20X TBST, Santa
Cruz Biotechnology, catalog no. 362311) and then incubated
with HRP-conjugated secondary antibody (ECL anti-rabbit
IgG, Sigma, catalog no. NA934V; ECL anti-mouse IgG, Sigma,
catalog no. NA931V; 1:5000 dilution). Membranes were
washed with 1X TBST and subjected to chemiluminescent
Western ECL detection. We used Pierce ECL Western blot sub-
strate (Thermo Scientific, catalog no. 32106) to detect a-tubu-
lin and B-actin signals and SuperSignal West Pico Plus chemi-
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luminescent substrate (Thermo Scientific, catalog no. 34578) to
detect other protein signals. The blots were stripped with
Restore Western blot stripping buffer (Thermo Scientific, cat-
alogno. 21059), washed with 1 X TBST, and then reprobed with
the appropriate primary antibodies for signal detection. Pri-
mary antibodies were as follows: ASNS (14681-1-AP, Protein-
Tech), puromycin (MABE343, EMD Millipore), phospho-
GCN2(Thr-899) (Ab75836, Abcam), CHOP/DDIT3 (Ab11419,
Abcam), GCN2 (3302, Cell Signaling), caspase-3 (9662, Cell
Signaling), B-actin (A2228, Sigma), a-tubulin (T9026, Sigma),
and ATF4 (45).

mRNA quantification

Cells were collected 24 h after starvation. Total RNA was
then isolated with TRIzol (15596026, Life Technologies)
according to the manufacturer’s instructions. 500 ug of total
RNA was processed for cDNA synthesis with random hexamer
primers using EasyScript Plus RTase from the EasyScript Plus
c¢DNA Synthesis Kit (Lamda Biotech, catalog no. G235). The
synthesized cDNA was then subjected to qPCR amplification
with designed PCR primers for human ASNS, CHOP, and 18S
rRNA.

RNA-Seq and GSEA

We used STAR 2.4 to align the RNA-Seq samples to the ref-
erence genome (hgl9) and count the number of reads mapping
to each gene in the ensemble GRCh37 gene model. Differential
expression between the different groups was performed
through the use of DESeq 1.22.1. GSEA analysis (46) was
applied in weighted mode against the gene set collection in
MSigDB (v5.1). Gene sets with a size over 5000 genes or smaller
than 10 genes were excluded from further analysis. Each gene
set was permuted 1000 times to calculate the p value and false
discovery rate (FDR) values. The heatmap was generated with
Multi Experiment Viewer (http://mev.tm4.org/#/welcome)®
with gene/row adjustment by root mean square.

Bisulfite sequencing

Genomic DNA was isolated from 10 million cells using the
Blood & Cell Culture DNA Midi Kit (Qiagen, catalog no. 13343)
following the manufacturer’s instructions. Genomic DNA was
isolated from fresh cultured suspension cells using the Blood &
Cell Culture DNA Midi Kit (Qiagen, catalog no. 13343) and
then subjected to CT conversion using the EZ DNA Methyla-
tion Kit (Zymo Research, catalog no. D5001) following the
manufacturer’s instructions. Genomic DNA was amplified
from the CT-converted samples with primers specific for the
CpG island of human asparagine synthetase and then cloned
into the pPGEM-T Easy vector (Promega, catalog no. A1360). T7
primers were used for the following Sanger sequencing.

ChIP assay

2.5 X 107 cells were resuspended in 25 ml of PBS and fixed
with 1% formaldehyde (final concentration) on a platform
rocker at room temperature for 10 min. 1.4 ml of 2.5 m glycine
was added and incubated for another 5 min on a platform
rocker to quench the cross-linking reaction. Cells were washed
and lysed in 2 ml of cell lysis buffer A (20 mm Tris-HCI (pH 8.0),
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85 mm KCl, and 0.5% NP-40) and incubated on ice for 10 min.
Nuclei were pelleted by centrifugation at 1350 X g for 5 min at
4 °C. The nuclei were then resuspended in 750 ul of lysis buffer
B (50 mm Tris-HCI (pH 8.0), 10 mm EDTA, 1% SDS, and pro-
tease inhibitor mixture) and sonicated until the majority of
DNA fragments were between 200 and 500 bp in size. The son-
icated materials were then centrifuged at 20,000 X g for 10 min
at4 °Cto collect the supernatant. 10% of the supernatant (75 ul)
was used as input, and 300 ul of the supernatant was used for
each immunoprecipitation (IP) reaction.

The 300-ul supernatant sample was diluted 5-fold by adding
1.2 ml of IP dilution buffer (1.25% Triton X-100, 187.5 mm
NaCl, 20 mm Tris-HCI (pH 8.0), and protease inhibitor mix-
ture) and incubated overnight at 4 °C by rotating with 30 ul of
protein G Dynabeads (Life Technologies) preincubated with
ATF4 antibody (Cell Signaling, catalog no. 11815) or normal
rabbit IgG control. The beads were washed consecutively with 1
ml of low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mMm
EDTA, 20 mm Tris-HCI (pH 8.0), and 150 mMm NaCl, twice),
high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mm EDTA,
20 mm Tris-HCI (pH 8.0), and 500 mm NaCl, once), LiCl wash
buffer (0.25 m LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mm
EDTA, and 10 mm Tris-HCI (pH 8.0), once) and TE wash buffer
(50 mm NaCl, 10 mm Tris (pH 8.0), and 1 mm EDTA, once) and
incubated with 125 ul of elution buffer (1% SDS and 0.1 M
sodium bicarbonate) for 15 min on a thermomixer at 1000 rpm
and 65 °C. The supernatant was collected by magnet separation
from the beads. 5 ul of 5 M NaCl was added to each eluate and
incubated at 65 °C overnight. 30 ul of input samples were incu-
bated with 95 ul of elution buffer, and 5 ul of 5 M NaCl was used
for reverse cross-linking. 2 ul of RNase A (0.5 mg/ml) was
added to each IP and input sample for 30 min of incubation at
37 °C. 2 pl of proteinase K (20 mg/ml) was then added to each
sample and incubated for 2 h at 55 °C. A PCR purification kit
(Qiagen) was used to recover DNA from each sample in 40 ul of
elution buffer. 10 ul of DNA was used for qPCR amplification to
determine enrichment of regions of the ASNS promoter.

Apoptosis assessment experiment

Cells were washed twice with cold PBS and then resuspended
in Annexin V binding buffer (10 mm HEPES (pH 7.4), 150 mm
NaCl, and 2.5 mm CaCl,) at a density of 5 X 10 cells/ml. 5 ul of
FITC-Annexin V (Biolegend, catalog no. 640905) and 0.1 ug of
propidium iodide solution (Thermo Fisher Scientific) were
added to 100 ul of cell suspension for 15-min incubation at
room temperature (25 °C) in the dark. 400 ul of Annexin V
binding buffer (10 mm HEPES (pH 7.4), 150 mm NaCl, and 2.5
mMm CaCl,) was then added to each tube, followed by flow
cytometry analysis on the FL1 and FL3 channels.
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