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ABSTRACT 52 

Acute lymphoblastic leukemia (ALL) is the most common pediatric cancer, arising from 53 

both B- and T-cell lineages. Current therapy exploits ALL cells’ low expression of 54 

asparagine synthetase (ASNS) by using L-asparaginase, a bacterial enzyme that 55 

depletes circulating asparagine. However, resistance can emerge through induction of 56 

ASNS, mediated in part by the amino acid stress sensor GCN2. In this study, we 57 

addressed the efficacy of L-asparaginase in combination with genetic or 58 

pharmacological inhibition of GCN2 and a novel ASNS inhibitor designated ASX-173. 59 

Using a KrasG12D-driven mouse model of T-ALL, we found that GCN2 is dispensable for 60 

leukemogenesis. However, genetic inactivation or pharmacologic inhibition of GCN2 61 

sensitized ALL cells to asparagine depletion, correlating with impaired ASNS induction. 62 

While GCN2 targeting enhanced sensitivity to asparagine depletion, a subset of Gcn2⁻/⁻ 63 

T-ALL cells retained high ASNS expression and remained resistant to L-asparaginase. 64 

Likewise, some human T-ALL cells with elevated ASNS levels were refractory to GCN2 65 

inhibition even under asparagine-depleted conditions. When combined with L-66 

asparaginase, ASX-173 effectively eliminated ASNS-high leukemic cells in vitro and in 67 

vivo. These findings suggest that direct targeting of ASNS provides therapeutic benefit 68 

in leukemias that express high ASNS and are resistant to GCN2 inhibition under 69 

asparagine-depleted conditions. 70 

 71 

 72 

 73 

 74 
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INTRODUCTION 75 

Acute lymphoblastic leukemia (ALL) is the most frequently diagnosed pediatric cancer, 76 

characterized by the rapid proliferation of immature B- or T-lymphoblasts in the bone 77 

marrow that can disseminate to the peripheral blood and lymphoid organs such as the 78 

spleen (1, 2). Recent advances in understanding metabolic vulnerabilities in cancer 79 

have led to the development of therapeutic agents that target metabolic dependencies 80 

(3). Among these, L-asparaginase is a key component of ALL therapy, functioning by 81 

depleting circulating asparagine (4). Its efficacy relies on the observation that ALL cells 82 

express low levels of asparagine synthetase (ASNS) and therefore depend on 83 

extracellular asparagine for survival (5).  84 

 85 

However, emerging evidence indicates that ALL cells can upregulate ASNS expression 86 

following asparagine depletion through the integrated stress response (ISR), thereby 87 

conferring resistance to L-asparaginase (6). The ISR features a family of protein 88 

kinases that phosphorylate the α subunit of eIF2, conferring adaptive gene expression. 89 

Central to the ISR are eIF2α kinases that sense cellular stresses, including GCN2 that 90 

responds to amino acid depletion and PERK that is activated by endoplasmic reticulum 91 

(ER) stress (7). The ensuing induced phosphorylation of eIF2α (p-eIF2α) leads to 92 

enhanced expression of ATF4, a transcriptional activator of genes involved in uptake, 93 

reclamation, and synthesis of amino acids, including ASNS. Furthermore, promoter 94 

demethylation of the ASNS gene is required for ATF4 recruitment and transcriptional 95 

activation (8). Therefore, multiple mechanisms contribute to regulation of ASNS 96 

expression.  97 



5 
 

Given that GCN2 and the ISR is critical for ASNS induction, pharmacological inhibition 98 

of GCN2 has been shown to sensitize ASNS-low leukemia cells to L-asparaginase 99 

treatment (6). Interestingly, GCN2 has also been implicated in prostate cancer cell 100 

proliferation under amino acid–replete conditions, suggesting a broader role in 101 

supporting tumor growth under suboptimal nutritional microenvironment (9). 102 

Nonetheless, the contribution of GCN2 to leukemia initiation and whether GCN2-103 

independent mechanism may also contribute to leukemia resistance to asparagine 104 

depletion remain unclear. 105 

 106 

Despite high cure rates, approximately 15% of pediatric ALL patients relapse and 107 

develop chemoresistance, leading to poor outcomes (10). Thus, identifying new 108 

therapeutic strategies to overcome L-asparaginase resistance is of critical importance. 109 

Notably, combining GCN2 inhibitors with L-asparaginase does not benefit cancers with 110 

high ASNS expression (6), likely because these cells can synthesize asparagine de 111 

novo and are independent of the GCN2 pathway for ASNS induction. These 112 

observations suggest that small molecule inhibitors of ASNS would be effective in 113 

combination therapies for relapsed ALL. Although first-generation ASNS inhibitors 114 

demonstrated poor cell permeability and limited efficacy in cellular assays (11), the 115 

potential of newer ASNS inhibitors to overcome L-asparaginase resistance in ASNS-116 

high cancers remains unexplored. 117 

 118 

In this study, we addressed the therapeutic utility of ASX-173, a new and potent ASNS 119 

inhibitor (12). We employed a KrasG12D-driven mouse T-ALL model to investigate ASX-120 
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173 in combination with L-asparaginase and genetic and pharmacological inhibition of 121 

GCN2 to evaluate individual and combination efficacy in leukemia initiation and 122 

therapeutic resistance. Deletion of Gcn2 did not delay leukemia onset but rendered 123 

leukemia cells sensitive to asparagine depletion. Similarly, pharmacological inhibition of 124 

GCN2 using GCN2iB sensitized wild-type leukemia cells to L-asparaginase both in vitro 125 

and in vivo. However, we identified a subset of Gcn2-/- leukemia cells that maintained 126 

high ASNS expression, indicating a GCN2-independent mechanism of ASNS regulation. 127 

Consistent with this, certain human T-ALL cell lines with elevated basal ASNS levels 128 

exhibited minimal response to GCN2iB and L-asparaginase treatment. These findings 129 

suggested features of ALL chemoresistance that we address by direct targeting ASNS 130 

using ASX-173. Combined treatment with ASX-173 and L-asparaginase demonstrated 131 

strong anti-leukemic efficacy in ASNS-high cells. Collectively, our results establish that 132 

targeting the GCN2–ASNS axis represents a promising strategy to overcome L-133 

asparaginase resistance in ALL. 134 

 135 

 136 

RESULTS 137 

 138 

Genetic inactivation of GCN2 alone does not delay leukemia onset in a KrasG12D-139 

driven mouse T-ALL model  140 

 141 

Previous studies indicate that GCN2 is activated under asparagine-depleted conditions 142 

to alleviate amino acid stress through ATF4-dependent induction of ASNS (6, 8). To 143 



7 
 

address its role in ALL, we employed a mouse T-ALL model driven by KrasG12D activated 144 

by a T-cell specific Cre recombinase (Lck-Cre) (Figure 1A) (13, 14). Mice expressing 145 

Lck-Cre developed aggressive T-ALL within 16 weeks with 100% penetrance, 146 

characterized by enlarged thymus and spleen (Figure 1B), and increased CD4+CD8+ 147 

double-positive cells in the peripheral blood (PBL) and spleen (Figure 1C). 148 

Immunohistochemical (IHC) staining for phospho-GCN2(T899), a marker of GCN2 149 

activation, revealed regional positivity in the thymus, suggesting a potential role for 150 

GCN2 in leukemogenesis (Figure 1D). In addition, leukemic thymus tissues exhibited 151 

elevated expression of oncogenic molecules NOTCH-1 and c-MYC (Figure 1E), both 152 

critical for T-ALL pathogenesis (15). Furthermore, we also observed increased 153 

phosphorylation of eIF2α(S51), and upregulation of ATF4 and ASNS in leukemic 154 

compared to normal thymus (Figure 1E), implicating activation of an upstream eIF2α 155 

kinase. Among the candidate kinases, PERK and GCN2 are known to contribute to 156 

amino acid stress adaptation in MYC-driven cancers (16). While PERK primarily 157 

responds to endoplasmic reticulum (ER) stress (7), its phosphorylation at Thr982a 158 

marker of its activationwas minimally detected in leukemic thymus tissues 159 

(Supplemental Figure 1A), suggesting PERK is not a major driver of eIF2α 160 

phosphorylation in this model. These results prompted us to further evaluate the role of 161 

GCN2 in T-ALL initiation and progression.  162 

 163 

We crossed KrasG12D;Lck-Cre mice with Gcn2-/- animals to generate GCN2-deficient T-164 

ALL mice. Gcn2 germline knockout mice develop normally unless fed on amino acid 165 

restricted food, confirming its central role in amino acid sensing (17). Kaplan-Meier 166 
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survival analysis revealed no significant difference in leukemia onset or overall survival 167 

between Gcn2+/+ and Gcn2-/- T-ALL mice (Figure 1F). We did not observe differences in 168 

spleen or thymus weights, nor in splenic CD4/CD8 profiles, between genotypes 169 

(Supplemental Figure 1B & 1C). Western blot analysis of thymic tissues showed 170 

minimal PERK activation only in one sample, though ASNS expression trended lower in 171 

Gcn2-/- leukemias (Supplemental Figure 1D). To determine whether this effect was 172 

intrinsic to leukemia cells, we generated a secondary T-ALL model by transplanting pre-173 

leukemic bone marrow from 7-week-old KrasG12D;Lck-Cre;Gcn2+/+ or Gcn2-/-  mice into 174 

lethally irradiated wild-type recipients (Supplemental Figure 1E). At this pre-leukemic 175 

stage, donor bone marrow displayed a normal CD4/CD8 profile (Supplemental Figure 176 

1F). This secondary model exhibited a shorter latency, yet no significant difference in 177 

leukemia onset was observed between genotypes (Supplemental Figure 1G). Control 178 

mice lacking the KrasG12D allele did not develop leukemia (Supplemental Figure 1G). 179 

Collectively, these data indicate that GCN2 is dispensable for leukemia initiation and 180 

progression in this KrasG12D-driven T-ALL model. 181 

 182 

GCN2 deficiency sensitizes ALL cells to asparagine depletion 183 

 184 

To assess the impact of GCN2 loss on asparagine depletion, we established primary T-185 

ALL cell lines from Gcn2+/+ and Gcn2-/- leukemias. All lines proliferate normally in 186 

asparagine-containing RPMI medium (Figure 2A). However, upon treatment with 187 

pegylated-L-asparaginase (PEG), Gcn2-/- cells failed to proliferate and underwent cell 188 

death, while Gcn2+/+ cells remained viable and proliferating (Figure 2B & 2C). Western 189 
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blotting analysis confirmed that Gcn2-/- cells failed to induce ATF4 and ASNS protein 190 

following PEG treatment (Figure 2D), and the failure of ASNS protein induction is due to 191 

mRNA expression (Figure 2E).  192 

 193 

To assess the impact of GCN2-deficiency in response to L-asparaginase treatment in 194 

vivo, we employed our secondary T-ALL model with Gcn2+/+ and Gcn2-/- pre-leukemic 195 

bone marrow transplantation. Mice received two doses of PEG a week apart, and 196 

analysis was performed 2 weeks post the 2nd dose (Figure 2F). PEG treatment resulted 197 

in a greater reduction in peripheral lymphocyte percentage and thymus size in Gcn2-/- 198 

than Gcn2+/+ mice (Figure 2G, 2H & 2I).  Hematoxylin and eosin (H&E) staining 199 

revealed decreased leukemic infiltration in Gcn2-/- spleen (Figure 2J). IHC staining of 200 

ASNS showed strong induction in Gcn2+/+ but only modest induction in Gcn2-/- thymic 201 

tissues (Figure 2K). These findings demonstrate that GCN2 is required for ASNS 202 

induction during asparagine depletion, and its loss sensitizes leukemia cells to L-203 

asparaginase both in vitro and in vivo.   204 

 205 

A small molecule inhibitor of GCN2 sensitizes ALL cells to asparagine depletion 206 

therapy 207 

 208 

We next tested whether pharmacological inhibition of GCN2 phenocopied genetic 209 

deletion of GCN2. Treatment of Gcn2+/+ T-ALL lines with GCN2iB (6), a small-molecule 210 

inhibitor of GCN2, induced cell death only in combination with PEG (Figure 3A). 211 

Consistent with our prediction, GCN2iB blocked ATF4 and ASNS induction after PEG 212 
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treatment, which correlated with increased PARP cleavage (Figure 3B). The 213 

suppression of ASNS protein induction by GCN2iB is attributable to inhibition of its 214 

mRNA induction (Figure. 3C). In human T-ALL lines, GCN2iB similarly suppressed 215 

ASNS induction following asparagine depletion in KOPT-K1 and HPB-ALL cells, but not 216 

in Jurkat cells, which expressed high basal ASNS (Figure 3D). Correspondingly, 217 

GCN2iB suppressed proliferation in KOPT-K1 and HPB-ALL cells, but not Jurkat cells, 218 

only when asparagine is removed from the media (Figure 3E). GCN2iB inhibited eIF2α 219 

phosphorylation and ATF4 induction in KOPT-K1 and HPB-ALL cells within 4 hours of 220 

asparagine depletion (Supplemental Figure 2A), preceding ASNS induction. At 16 221 

hours after asparagine depletion, GCN2iB suppressed both ASNS mRNA and protein 222 

expression (Supplemental Figure 2B). These results suggest that GCN2iB can 223 

effectively suppress the induction of ASNS in ALL cells expressing low levels of ASNS. 224 

Furthermore, eIF2α phosphorylation and ATF4 induction are early events of activation, 225 

and the induction of ASNS requires longer likely due to mRNA transcription and protein 226 

synthesis.  227 

 228 

To test efficacy in vivo, primary leukemic cells from Gcn2+/+ mice were transplanted into 229 

recipients to generate a more aggressive secondary T-ALL model. The advantage of 230 

this model is its short latency of about 2 weeks, making it ideal for therapeutic testing of 231 

GCN2iB and/or PEG (Figure 3F). While each monotherapy had variable effects on 232 

leukemia progression in spleen (no statistical significance of spleen weight between 233 

untreated and each monotherapy), combination treatment consistently normalized 234 

spleen size (Figure 3G & 3H). IHC staining of ASNS showed elevated expression of 235 
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ASNS in PEG-treated spleen, which is blocked by GCN2iB, correlating with a reduction 236 

of leukemia burden (Figure 3I).  Together, these results demonstrate that GCN2 237 

inhibition enhances the efficacy of L-asparaginase therapy by suppressing the 238 

upregulation of ASNS in T-ALL following treatment.  239 

 240 

GCN2-indepenent mechanisms contribute L-asparaginase resistance via ASNS 241 

induction 242 

 243 

In clinical applications of L-asparaginase, there are reports of ALL resistance that 244 

feature enhanced ASNS expression (18), suggesting a selection for variants that boost 245 

synthesis of asparagine likely by GCN2 activation and induction of ATF4 that overcome 246 

the L-asparaginase-based therapy (19). However, we observed that two out of seven 247 

Gcn2-/- T-ALL lines expressed high levels of ASNS (Figure 4A, lines #5 & #7) (Figure 248 

4A). As a result, lines #5 and #7 were fully resistant to PEG treatment in vitro (Figure 249 

4B). Remaining cell lines are sensitive or partially sensitive to PEG, correlating with 250 

ASNS protein expression (Figure 4A & 4B). Notably, shRNA-mediated knockdown of 251 

ATF4 or ZBTB1two transcriptional factors known to regulate ASNS expression (20, 252 

21), in line #7 did not alter ASNS expression and had minimal effects on cell 253 

proliferation and survival following PEG treatment (Supplemental Figure 3A-3D), 254 

indicating a GCN2/ATF4- and ZBTB1-independent mechanism regulating ASNS 255 

expression.  256 

 257 
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To determine whether GCN2 inactivation in vivo selects for GCN2-independent 258 

mechanisms driving ASNS expression and L-asparaginase resistance, we treated 259 

leukemia-bearing mice transplanted with primary Gcn2-/- leukemic cells with PEG 260 

(Figure 4C). PEG treatment significantly delayed leukemia-associated lethality (Figure 261 

4D).  Analyzing spleen tissues from untreated and PEG-treated mice showed that ASNS 262 

expression was markedly increased in PEG-treated animals at the endpoint of morbidity 263 

(day 35; d35) (Figure 4E). In contrast, animals euthanized on day 42 (d42) remained 264 

healthy and exhibited intermediate ASNS induction (Figure 4E). Consistent results were 265 

observed in an independent experiment using primary leukemia cells derived from a 266 

separate Gcn2-/- donor (Supplemental Figure 3E & 3F). In this cohort, all five PEG-267 

treated animals reached morbidity (Supplemental Figure 3E), and two representative 268 

animals (d25 & d43) displayed elevated expression of ASNS (Supplemental Figure 3F). 269 

 270 

To determine whether heterogeneity in ASNS expression contributes to its induction in 271 

the in vivo experiment, we established multiple single-cell-derived T-ALL clones from 272 

spleen cells harvested from an untreated mouse on day 18 (Figure 4D & 4E). Six 273 

clones derived from the same spleen exhibited variable ASNS expression (Figure 4F). 274 

Furthermore, their sensitivity to PEG treatment was inversely correlated with ASNS 275 

protein expression (Figure 4G).  276 

 277 

We previously showed that promoter demethylation of human ASNS is required for 278 

ATF4-dependent ASNS expression in human T-ALL lines (8). To assess the role of 279 

promoter demethylation of Asns gene in mouse leukemia cells, we performed bisulfite 280 
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sequencing in four Gcn2-/- T-ALL lines expressing variable levels of ASNS. We found 281 

that the degree of promoter methylation was inversely correlated with ASNS expression 282 

at both protein and mRNA levels (Figure 4A, 4F, 4H & 4I), indicating a role for promoter 283 

demethylation in driving ASNS expression in Gcn2-/- leukemia cells. These results are 284 

consistent with the model where expression of ASNS is a key driver of L-asparaginase 285 

resistance. Furthermore, the ASNS induction can occur even when induction of GCN2 286 

and the ISR are disabled.  287 

 288 

ASX-173 overcomes resistance caused by GCN2-independent ASNS induction 289 

 290 

To further test whether ASNS is the key driver of resistance to L-asparaginase 291 

treatment, we generated KrasG12D;Lck-Cre;Asnsflox/flox mice, allowing for concurrent 292 

KrasG12D activation and Asns deletion in T cells. Leukemia lines derived from these mice 293 

lack ASNS and were highly sensitive to PEG treatment (Figure 5A & 5B), confirming 294 

ASNS as a key resistance determinant. These results suggest that targeting ASNS 295 

directly will overcome resistance to L-asparaginase in ASNS high-expressing cancer 296 

cells.  297 

 298 

To address the variations in ASNS expression among human hematopoietic cancers, 299 

we measured the expression of ASNS protein in lines derived from ALL, Burkitt’s 300 

Lymphoma (BL), Acute Myeloid Leukemia (AML), and Multiple Myeloma (MM). The 301 

levels of ASNS as judged by Western blot varied, with ALL lines showing the lowest 302 
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levels (Figure 5C). These results are consistent with the literature (22, 23), and align 303 

with the clinical success of L-asparaginase in the treatment of ALL patients (24, 25). 304 

 305 

We next pursued the idea of targeted inhibition of ASNS to expand the utility of L-306 

asparaginase to help alleviate resistance in ALL and potentially expand L-asparaginase 307 

among hematopoietic cancers.  ASX-173 is a recently reported cell permeable ASNS 308 

inhibitor (12, 26). We found that all tested hematopoietic cancer lines responded to 309 

ASX-173 when asparagine is depleted from the cell culture media (Figure 5D and 310 

Supplemental Figure 4A), with most of these lines showing IC50 values of ASX-173 311 

below 200 nM. None of the tested cell lines responded to ASX-173 even up to 1 µM 312 

when asparagine was present in the media (Figure 5D and Supplemental Figure 4A), 313 

indicating high specificity of this drug for ASNS. Furthermore, the IC50 values of ASX-314 

173 correlated well with ASNS protein expression in these lines (Figure 5E).  315 

 316 

Metabolomic profiling in Jurkat cells confirmed a 70% reduction in intracellular 317 

asparagine when exogenous asparagine is removed (Figure 5F); however, this 318 

reduction is further exaggerated (>95%) when ASX-173 was given simultaneously 319 

(Figure 5F). Notably, there was no reduction of other amino acids, but changes of 320 

nucleotides and their precursors when combining ASX-173 with asparagine depletion 321 

(Figure 5G, Supplemental Figure 4B & 4C). In Jurkat, H929, and Ramos cells, ASX-322 

173 induced PARP cleavage under asparagine-depleted conditions, accompanied with 323 

increased GCN2 phosphorylation and ATF4 accumulation (Figure 5H). These results 324 

suggest that leukemia cells primarily acquire asparagine through uptake, rendering 325 
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ASX-173 ineffective when extracellular asparagine is present (Figure 5D); however, 326 

upon depletion of exogenous asparagine, cells rely exclusively on ASNS for intracellular 327 

asparagine synthesis (Figure 5F). Consequently, ASX-173 triggers ISR and cell death 328 

only in the absence of exogenous asparagine (Figure 5H).  329 

 330 

ASX-173 suppresses leukemia progression in ASNS-high ALL in vivo  331 

 332 

ASX-173 demonstrated promising therapeutic potential in our in vitro experiment when 333 

combined with asparagine depletion. To test whether ASX-173 can overcome resistance 334 

of L-asparaginase in ASNS-high leukemias in vivo, we established another 335 

transplantable secondary T-ALL model. In the experiment in Figure 3F-3I, we retained 336 

animals in the GCN2iB plus PEG group for long-term monitoring. Many of the treated 337 

animals relapsed (spleen weight > 350 mg) after 2 weeks post-treatment (Supplemental 338 

Figure 5A). Leukemic tissues from relapsed animals expressed high levels of ASNS 339 

(Supplemental Figure 5B), which provided a model for therapy-resistant disease. As 340 

highlighted in the illustration of our experimental design (Figure 6A), we used CD45.1+ 341 

bone marrow cells as the helper cells to differentiate normal hematopoietic cells 342 

(CD45.1+) and leukemia cells (CD45.2+) (Figure 6A). ASX-173 was given by oral 343 

gavage at one dose per day for 5 days, and PEG was administrated after the 3rd dose of 344 

ASX-173 (Figure 6A). The combination treatment of ASX-173 with PEG markedly 345 

reduced spleen size (Figure 6B) and CD45.2+ leukemia burden in spleen and bone 346 

marrow (Figure 6C & 6D). Of interest, combining ASX-173 with PEG restored the 347 

spleen CD4/CD8 profile to near normal in recipient mice, which was not seen by 348 



16 
 

monotherapy (Figure 6E & 6F). In addition, combining ASX-173 with PEG markedly 349 

reduced MYC staining in the spleen tissues (Figure 6G), correlating with a reduction of 350 

leukemia burden. Consistently, ASX-173 suppressed MYC protein expression in Jurkat 351 

and Gcn2-/- line #7 cells in vitro only when exogenous asparagine was depleted (Figure 352 

6H). PEG treatment resulted in a modest decline of body weight which was not 353 

exaggerated by ASX-173 at the dose used (Supplemental Figure 5C). Histology and 354 

IHC studies revealed that combining ASX-173 and PEG markedly reduced leukemia 355 

infiltration into the liver and partially restored a normal liver architecture (Supplemental 356 

Figure 5D). Together, these findings suggest that ASX-173 enhances the efficacy of 357 

PEG-mediated asparagine depletion in suppressing leukemia progression in vivo, with 358 

no evidence of prohibitive toxicity.  359 

 360 

Discussion 361 

GCN2 is a central component of the ISR, functioning as a sensor of amino acid 362 

deficiency (7). Its role in cancer has only recently been appreciated. In solid tumor 363 

models, the GCN2-ATF4 pathway has been shown to be critical for tumor adaptation to 364 

amino acid-limited microenvironment (27). Similarly, a recent study reported that GCN2 365 

is required for prostate cancer proliferation even under amino acid-replete conditions 366 

(9), suggesting that these tumors may exist in nutrient-poor microenvironments and rely 367 

on GCN2 to regulate amino acid acquisition. However, these studies utilized xenograft 368 

models and fully transformed tumor cells, which may not accurately reflect the metabolic 369 

state during tumor initiation. In a mouse genetic model of soft tissue sarcoma, Gcn2 370 

deletion did not impair tumor initiation or progression; instead, compensatory PERK 371 
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activation maintained ISR signaling (28), indicating its role in de novo tumorigenesis 372 

may be context dependent.  373 

 374 

Using a mouse genetic model of de novo leukemogenesis, we demonstrate that GCN2 375 

is dispensable for KrasG12D-driven T-ALL initiation and progression (Figure 1). In 376 

contrast to the sarcoma study, we did not observe compensatory PERK activation in the 377 

absence of GCN2 (Supplemental Figure 1). These results suggest that leukemia cells 378 

may reside in a microenvironment with sufficient amino acid availability during initiation 379 

and early progression. The upregulation of ISR signaling observed in leukemia tissues 380 

compared to normal tissues (Figure 1D & 1E) may instead reflect increased local amino 381 

acid consumption at later stages of the disease. Collectively, these observations 382 

suggest that the role of GCN2 in tumor initiation is context dependent, likely influenced 383 

by cell of origin, microenvironment, and oncogenic signaling. Future studies should 384 

evaluate the role of GCN2 in additional genetic models of hematologic malignancies, 385 

such as acute myeloid leukemia and B-cell lymphoma.  386 

 387 

Despite its dispensability in leukemia initiation and progression, our results clearly 388 

showed that GCN2 becomes essential under asparagine-depleted conditions, mediating 389 

ATF4-ASNS activation and conferring resistance to L-asparaginase (Figure 2 & 3). In 390 

contrast to prostate cancers (9), GCN2-deficient T-ALL cells grow and proliferate 391 

normally in amino acid-replete media, suggesting their full capacity of uptake. Using 392 

both genetic and pharmacological approaches, we showed that inhibition of GCN2 393 

significantly reduced the induction of ASNS by asparagine depletion and sensitized 394 
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primary T-ALL to L-asparaginase treatment in vivo. These results are consistent with a 395 

report where GCN2iB sensitizes ASNS-low expression cancer cells to L-asparaginase 396 

therapy (6). However, GCN2iB has no effect in ASNS-high expressing cancer cells 397 

because they do not rely on GCN2 to drive the expression of ASNS. 398 

 399 

To our surprise, we identified a subset of Gcn2-/- leukemias expressing high levels of 400 

ASNS regardless of L-asparaginase treatment (Figure 4A). Notably, ASNS protein 401 

expression remained unchanged following shRNA-mediated knockdown of ATF4, a key 402 

transcriptional factor upstream of the Asns gene (8, 20), suggesting a GCN2/ATF4-403 

independent regulatory mechanism. Importantly, single-cell-derived clones from the 404 

same Gcn2-/- leukemic tissue exhibited variable ASNS expression (Figure 4F & 4G), 405 

indicating that cellular heterogeneity may contribute to the selection of GCN2/ATF4-406 

independent mechanisms driving ASNS expression and L-asparaginase resistance in 407 

vivo (Figure 4D & 4E). Recent work has implicated the transcription factor ZBTB1 in 408 

ASNS transcription via promoter recruitment in human T-ALL cells (21). However, 409 

shRNA-mediated knockdown of ZBTB1 in ASNS-high Gcn2-/- mouse T-ALL cells did not 410 

affect ASNS expression (Supplemental Figure 3C). Whether additional transcriptional 411 

factors are involved in this context warrants further investigation.  412 

 413 

In contrast, we found that the degree of DNA demethylation within the CpG island of the 414 

Asns promoter correlates with ASNS expression (Figure 4H & 4I), indicating a critical 415 

role for promoter demethylation in GCN2/ATF4-independent ASNS regulation. These 416 

findings raise the concern that combination of GCN2iB with L-asparaginase may enable 417 
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selection for GCN2-independent ASNS induction, ultimately leading to therapeutic 418 

resistance (Supplemental Figure 5A & 5B). Consistent with this, human T-ALL cells 419 

(Jurkat) also express high levels of ASNS under amino acid-replete conditions, 420 

rendering them insensitive to the combination of GCN2iB and asparagine depletion 421 

(Figure 3D & 3E). Collectively, these results support the development of therapeutics 422 

that directly target ASNS.  423 

 424 

The role of ASNS in solid tumors has been recently explored extensively (5). All these 425 

studies indicate that it is a promising therapeutic target under asparagine-restricted 426 

conditions, except for no effective inhibitors. We found that ASX-173 is a potent and 427 

selective ASNS inhibitor with minimal off-target toxicity in vitro. Combined ASX-173 and 428 

L-asparaginase treatment suppressed both ALL and other hematologic malignancies 429 

with high ASNS expression (Figure 5D and Supplemental Figure 4A), potentially 430 

broadening the therapeutic utility of L-asparaginase. Metabolomic profiling revealed that 431 

ASX-173 specifically depleted intracellular asparagine when exogenous asparagine was 432 

withdrawn (Figure 5F & 5G). Of interest, levels of all the other amino acids are 433 

increased by the same treatment (Figure 5G). Whether this is due to a suppression of 434 

global protein synthesis and thereby cells accumulate amino acids (29), or other 435 

mechanisms, remains to be determined. Furthermore, pool of nucleotides and their 436 

precursors were altered by ASX-173 in asparagine-depleted conditions (Supplemental 437 

Figure 4C). This result is unexpected as asparagine cannot be used as a biosynthetic 438 

precursor in mammalian cells due to their lack of endogenous asparaginase activities 439 

(29). Thus, we speculate that the alteration of nucleotides and their precursors may be a 440 
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secondary effect of growth inhibition or indicate an allosteric regulation of nucleotide 441 

biosynthesis by asparagine, which warrants further investigation.  442 

 443 

To test the efficacy of ASX-173 in vivo, we applied a tertiary transplantable T-ALL by 444 

using the leukemia cells relapsed from a combined treatment with GCN2iB and L-445 

asparaginase (Supplemental Figure 5A & 5B). These leukemia cells express high 446 

levels of ASNS and are suitable tools to test the efficacy of ASX-173 in vivo. We found 447 

that combining ASX-173 with L-asparaginase in vivo markedly suppresses leukemia 448 

progression (Figure 6), which cannot be achieved by monotherapy. The fact that ASX-449 

173 synergizes with L-asparaginase to reduce MYC expression in leukemia cells may 450 

indicate the importance of asparagine in regulating MYC mRNA translation (30), which 451 

warrants further investigation.  Importantly, ASX-173 plus L-asparaginase therapy did 452 

not significantly impact body weight or normal T-cell homeostasis, and even partially 453 

restored normal liver morphology (Figure 6E & Supplemental Figure 5C & 5D), 454 

indicating the treatment is well tolerated in mice. In liver, even PEG monotherapy 455 

substantially reduced leukemia infiltration with most leukemia cells found near the blood 456 

vessels (Supplemental Figure 5D), suggesting a potential role of circulating asparagine 457 

in leukemia infiltration to other tissues, a phenomenon sharing similarity to metastasis in 458 

solid tumors (31).  Given the adverse effects associated with L-asparaginase, including 459 

pancreatitis and allergic reactions (4), future studies exploring dietary asparagine 460 

restriction in combination with ASX-173 may provide safer therapeutic options. In 461 

summary, our work establishes that GCN2 is dispensable for T-ALL initiation but critical 462 

for resistance to L-asparaginase via ASNS induction. Direct ASNS inhibition using ASX-463 
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173 represents a promising strategy to overcome resistance driven by GCN2-464 

independent mechanism and potentially expand asparagine-targeted therapies beyond 465 

ALL.  466 

 467 

Materials and Method 468 

 469 

Sex As a Biological Variable 470 

Sex is a biological variable in the context of leukemia. Both males and females were 471 

used for animal experiments in this study.  472 

 473 

Cell Culture and Primary Cell Line Establishment 474 

Human T-ALL cell lines were cultured in our lymphocyte culture medium (LCM) at 37° C 475 

in 5% CO2. LCM was prepared as previously described (8) using a high glucose DMEM 476 

(11965092, Thermo Fisher Scientific) as a base supplemented with 0.1 mM final 477 

concentration of asparagine. Primary leukemic lines derived from T-ALL mice were 478 

cultured in RPMI media (11875093, Thermo Fisher Scientific). Both media contain 10% 479 

FBS, 100 Units/mL penicillin/streptomycin and 55 µM β-mercaptoethanol. List of human 480 

cell lines, disease type, and origin is supplied in Supplemental Table 1. Primary mouse 481 

T-ALL lines were established by plating spleen leukemia cells on methylcellulose 482 

(03231, Stemcell). Cells growing out will be transferred into RPMI medium to expand 483 

until they became stable cell lines. Single-cell-derived clones were established by 484 

plating cells at a low density (~50,000 per 3 cm dish). Colonies were picked at 10-14 485 

days after plating and expanded into RPMI medium.  486 
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 487 

Cell Growth and Viability Assay 488 

Cell growth and viability experiments were done using a Vi-CellXR cell analyzer 489 

(Beckman Coulter), which estimates viable cells based on trypan blue exclusion. Assays 490 

were performed in triplicates. Population doubling was calculated by normalizing cell 491 

numbers to day 0, followed by a logarithmic transformation with base 2.  492 

 493 

Asparagine Depletion Experiments 494 

To deprive human T-ALL cell lines of asparagine, cells were centrifuged at 1250 rpm for 495 

5 minutes at room temperature. The supernatant was removed, and cells were 496 

resuspended in asparagine deficient LCM media. Asparagine deficient LCM was 497 

prepared as previously described, except it was supplemented with 10% dialyzed FBS 498 

and no asparagine supplementation. For cells cultured in RPMI, asparagine depletion 499 

was achieved by adding the clinically used pegylated asparaginase (Asparlas) to a final 500 

concentration of 0.01 IU/mL.  501 

 502 

Flow Cytometry 503 

For immunophenotyping, cells were collected from peripheral blood, spleen, and bone 504 

marrow of T-ALL mice. Bone marrow was flushed with 1 mL of PBS using a 25-505 

gauge needle into a microcentrifuge rube and kept on ice. Spleens were crushed and 506 

filtered with PBS using a 40 µm nylon cell strainer (210804-301, MIDSCI). Cells were 507 

collected by centrifugation at room temperature. Red blood cells were removed by using 508 

1X RBC lysis buffer (sc296258, ChemCruz) as recommended by the manufacturer. The 509 
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harvested single cells were resuspended with blocking buffer containing 10% goat 510 

serum (16210064, Gibco™) and purified anti-mouse CD16/32 antibody (101302, 511 

BioLegend) in PBS and kept on ice for 10 min. After centrifugation, the supernatant was 512 

discarded, and cells were stained with fluorescence-conjugated cell-surface antibodies 513 

and run on an Attune NxT Flow cytometer.  A list of used antibodies can be found 514 

in Supplemental Table 2. Annexin V/PI staining was used to assess apoptosis. Cells 515 

were pelleted by centrifugation followed by a PBS wash to remove remaining media. 516 

Cells were resuspended in 100 μl of 1X Annexin V binding buffer (1mM HEPES pH=7.4, 517 

15 mM NaCl, and 0.25 mM CaCl2), supplemented with 5 µL FITC-Annexin V (640905, 518 

Biolegend) and 2 µL of propidium iodide solution (P3566, Thermos Fishers Scientific). 519 

Cells were incubated for 15 mins in the dark, followed by washing the excess dye 520 

using 1X binding buffer. Cells were run on the Attune NxT flow cytometer using the 521 

recommended channels. Data was analyzed using FlowJo software. 522 

 523 

Western Blotting 524 

Cells were centrifuged and pellets were washed with PBS. Cells were lysed using RIPA 525 

lysis buffer (20-188, EMD Millipore) supplemented with Halt Protease inhibitor (87785, 526 

Thermo scientific), and Halt Phosphatase inhibitor (78420, Thermo scientific). Protein 527 

concentrations were measured using Bradford’s reagent (5000006, Bio-Rad) as 528 

described in the manufacturer’s protocol. Equal amounts of protein were loaded and 529 

separated via electrophoresis on a 4-12% bis-tris gel (NP0322BOX, Invitrogen) using a 530 

MOPS SDS running buffer (NP0001, Invitrogen). Protein was transferred using a 1X 531 

transfer buffer (NP00061, Invitrogen) onto a 0.45 µm nitrocellulose membrane 532 
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(1620115, Bio-Rad). Membrane was blocked using 5% Milk (232100, Difco) prepared in 533 

1X Tris buffered saline with Tween 20 (TBST) (sc-362311, ChemCruz). The membrane 534 

was incubated with primary antibody overnight at 4°C and washed three times for 10 535 

mins at room temperature with 1X TBST. Afterwards the membrane was incubated at 536 

room temperature for 1 hour with horseradish peroxidase-conjugated secondary 537 

antibody. Then membrane was washed as described previously. Signal detection was 538 

done by SuperSignal West Pico PLUS Chemiluminescent Substrate (34578, Thermo 539 

Scientific). Membrane was stripped for detection of other proteins using Restore 540 

Western Blot stripping buffer (21059, Thermo Scientific) as per the manufacturer’s 541 

recommendation. The membrane was then re-probed with other primary antibodies. A 542 

list of antibodies used in this study is provided in Supplemental Table 2. 543 

 544 

mRNA Quantification by PCR 545 

Approximately 5 x106 cells were centrifuged and resuspended in Trizol reagent 546 

(15596026, Life Technologies) to collect total RNA following the manufacturer’s 547 

protocol. 500-1000 ng of RNA was used for cDNA synthesis using ProtoScript II first 548 

strand cDNA synthesis kit (E6560, NEB). q-PCR was done using EvaGreen qPCR 549 

master mix (BEQPCR, MIDSCI) on QuantStudio 3 (Applied biosystems). A list of 550 

primers used in the q-PCR analyses in this study is included in Supplemental Table 3. 551 

 552 

MTT Assay 553 

Cells were plated at an initial density of 0.4 x 106 cells/ mL as indicated, with or without 554 

asparagine with ASX-173 concentrations from 0-1024 nM in technical replicates. Plates 555 
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were incubated for 2 days at 37°C in 5% CO2. 100 μL of cells were used for the MTT 556 

assay using Cell proliferation kit I (MTT) (11465007001, Roche) following the 557 

manufacturer’s protocol. Absorbance was read on SpectraMax iD3 plate reader 558 

(Molecular Devices, USA). Absorbance values were normalized to the respective 559 

untreated conditions. IC50 graphs were generated in GraphPad Prism by fitting the data 560 

to a sigmoidal IC50 analysis.   561 

 562 

Animal Experiments 563 

For our primary T-ALL model we used a KrasG12D mutation that was activated by LoxP-564 

flanked stop codon (LSL) system driven by a Lck-Cre promoter during T-cell 565 

development. To assess the role of GCN2 in T-ALL development, KrasG12D;Lck-Cre 566 

mice were crossed with a Gcn2 germline deleted mice. To establish a secondary T-ALL 567 

model, 7-week pre-leukemic bone marrows were collected. 1 × 106 pre-leukemic bone 568 

marrow cells were transplanted via intravenous injection into C57BL/6 mice that 569 

received 950 rads of irradiation. In cases we need to transplant primary leukemia cells, 570 

we included 0.5 × 106 helper bone marrow cells derived from BoyJ mice (CD45.1+). 571 

To  generate Asns-/- T-ALL mice, KrasG12D;Lck-Cre mice were crossed with a 572 

AsnsLoxP/LoxP strain (a gift from Dr. Ruoning Wang in the Nationwide Children’s Hospital, 573 

Columbus, OH)  (32). Asparaginase treatment was done with the clinically used 574 

Asparlas as indicated in the figures. Mice received 2.0 IU/g body weight via intra-575 

peritoneal injection. For pharmacological inhibition of GCN2, GCN2iB (2071802, Sun-576 

shine Chemical) was prepared in 5% DMSO/ 20% Captisol solution.  150 μL of GCN2iB 577 

was administered daily via oral gavage to achieve a dosage of 30 mg/kg. For 578 
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pharmacological inhibition of ASNS, ASX-173 (24015, Sun-shine Chemical) was 579 

prepared in 10% DMSO/ 20% Captisol solution. 100 μL of ASX-173 was administered 580 

daily via oral gavage to achieve a dosage of 25 mg/kg.  581 

 582 

Immunohistochemistry  583 

Spleen and Thymus were sliced into an appropriate size and fixed in 4% 584 

paraformaldehyde (PFA) for 24 hours. Next day the tissues were washed with PBS and 585 

stored in 70% ethanol (EtOH) at 4°C. Tissue sectioning, embedding, and staining were 586 

done by IU Pathology Lab. IHC staining was performed with DAKO Omnis Automated 587 

Stainer and antigens were retrieved using DAKO High pH solution. Primary antibodies 588 

are ASNS (ProteinTech # 14681-1-AP, 1:500), p-GCN2(T899) (Abcam ab75836, 1:200) 589 

and c-MYC (Ventana # 790-4628, ready to use). Slides were counter stained with 590 

hematoxylin and eosin (H&E). Slides were visualized on a Leica DM4 microscope and 591 

images captured using Leica Application Suite X platform. 592 

 593 

Mass Spectrum Analysis of Metabolites 594 

15 × 106 Jurkat cells (per replicate) were cultured as indicated for 16 hours. Cells were 595 

collected by centrifugation, supernatant was aspirated, and the pellets were washed 596 

thoroughly once with ice cold 1 × HBSS (14025092, Life Technology). Cellular 597 

metabolites were extracted with 80% methanol on ice. Supernatant was collected and 598 

dried with SpeedVac (SPD111V, Thermo Fisher Scientific) connected to Refrigerated 599 

Vapor Trap (RVT5105, Thermo Fisher Scientific) at room temperature. Dried samples 600 

were resuspended in water and analyzed using a Thermo Q-Exactive mass 601 
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spectrometer coupled to a Vanquish Horizon UHPLC. Metabolites were separated on a 602 

2.1 × 100 mm, 1.7 µM Acquity UPLC BEH C18 Column (Waters) with a gradient of 603 

solvent A (97:3 H2O/methanol, 10 mM TBA, 9 mM acetate, pH 8.2) and solvent B (100% 604 

methanol). The gradient was: 0 min, 5% B; 2.5 min, 5% B; 17 min, 95% B; 21 min, 95% 605 

B; 21.5 min, 5% B. Flow rate was 0.2 mL min–1. Metabolites were identified based on 606 

exact M/z and retention time determined using chemical standards. Data were 607 

normalized to internal standard of 13C4,15N2-Asparagine (1 pmole/sample) and then total 608 

cell number of each sample. Heatmaps were generated by using Galaxy Heatmap 2 609 

webtool.  610 

 611 

Bisulfite Sequencing Analysis 612 

Genomic DNA was isolated from the cells using a Qiagen Puregene kit (158063, 613 

Qiagen) according to the manufacturer’s instructions. The isolated genomic DNA was 614 

then subjected to CT conversion using the EZ DNA methylation kit (D5001, Zymo 615 

Research) following the manufacturer’s protocol. Primers flanking the mouse ASNS 616 

promoter were designed using the online MethPrimer webtool (https://methprimer.com/). 617 

First-round amplification was performed using the hot-start polymerase protocol (E2001, 618 

Zymo Research). The PCR product was purified, followed by a second round of 619 

amplification of the purified product using barcoding primers (Supplemental Table 3). 620 

The PCR products were gel-purified and sent for Amplicon-EZ Sequencing (Azenta).  621 

R1 reads were initially demultiplexed with cutadapt v3.7 using the barcoded 622 

sequences with the default error rate of 10%, allowing no mismatches based on indels 623 

and having a minimum overlap of 20 bases between read and the barcoded adapter 624 

https://methprimer.com/
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sequence. Bismark v0.24.0 index for the promoter sequence was prepared, and reads 625 

were aligned to the prepared reference using end-to-end mode (default for bowtie2 626 

based alignments) allowing for 1 mismatch, with the seed-length of 20 (for sensitive 627 

matches) and a scoring function L, 0, -0.6 to control read-mapping. Methylation events 628 

were extracted using the bismark_methylation_extractor module to extract methylation 629 

events in all the contexts, and the events were visualized in R 4.2.1 using ggplot2 R 630 

package. 631 

 632 

shRNA-mediated Knockdown and Virus Production 633 

shRNA hairpins for mouse ATF4 and ZBTB1 were designed using the splashRNA 634 

program from MSKCC (33). The individual 97-mer hairpins were PCR amplified and 635 

cloned into an MSCV-miRE-SV40-GFP backbone using Xho1/ EcoR1 enzymes (34). 636 

Retroviruses were generated in 293T cells using pCL-Eco and VSV-G for packaging. 637 

Mouse leukemia cell lines were transduced with the retroviruses in the presence of 638 

polybrene (6 µg/mL) and sorted based on GFP expression. 639 

 640 

Study Approval 641 

All mouse experiments were performed in compliance with IU′s animal care and use 642 

protocols (IACUC protocol 26065). 643 

 644 

Data Availability 645 

Supporting data values for figures and supplemental figures can be found here.  646 

 647 



29 
 

Data Rigor and Reproducibility 648 

Experiments were performed in biological and technical replicates confirming data 649 

reproducibility. Western blots were performed twice or more with a representative blot 650 

shown in figures. Cell growth experiments were conducted and recorded in biological 651 

triplicates. Chemical inhibitors were assessed in a range of doses alone or in 652 

combination with other drugs to confirm observations. GraphPad Prism (v10.5.0) was 653 

used to plot data. Bar graphs were shown as mean ± standard deviation (SD) with at 654 

least three biological replicates. Statistical significance was determined using two-way 655 

ANOVA. Specific additional information was listed in the figure legends.  656 
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Figure 1. GCN2 is not required for leukemogenesis. (A) Schematic diagram of T-694 

ALL mice that were established by a KrasG12D mutation knocked into the endogenous 695 

locus of the Kras gene. The LoxP-flanked STOP codon was deleted only when Cre was 696 

expressed under the T-cell specific Lck promoter. (B) Representative images of thymus 697 

and spleen, collected at 16 weeks from KrasG12D mice with or without Cre. (C) CD4/CD8 698 

profiles were assessed by flow cytometry analysis in spleen, peripheral blood (PBL) and 699 

thymus of KrasG12D mice with or without Cre. (D) IHC staining of p-GCN2(T899) in 700 

thymus from KrasG12D mice with or without Cre. Images from two representative mice of 701 

each genotype were shown. (E) Western blot analysis was used to measure c-MYC, 702 

NOTCH-1, p-eIF2α (S51), ATF4 and ASNS protein in thymus from KrasG12D mice, with 703 

or without Cre. NOTCH-1 and ATF4 blots were run at a separate time, and protein 704 

lysates for the ATF4 blot were prepared from independent animals. (F) KrasG12D;Lck-705 

Cre T-ALL mice were crossed with Gcn2-/- mice. Kaplan-Meier curve comparing survival 706 

between the Gcn2+/+ and Gcn2-/- mice were plotted. Statistical comparison between the 707 

two groups was done using the log-rank (Mantel-Cox) test.  708 
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Figure 2. GCN2 deficiency sensitizes ALL cells to asparagine depletion.  (A) 716 

Gcn2+/+ and Gcn2-/- murine leukemic lines were cultured in RPMI media and cell 717 

numbers were recorded over a 3-day period. (B, C) Gcn2+/+ and Gcn2-/- T-ALL cells 718 

from panel (A) were treated with pegylated-L-asparaginase (PEG) (0.01 IU/mL) over a 719 

3-day period. Population doublings and cell viability were measured on day 3. Statistical 720 

significance was determined using two-way ANOVA. **** p<0.0001 (D) Gcn2+/+ and 721 

Gcn2-/- T-ALL mouse cell lines were treated with PEG for 16 hours to collect cell lysates. 722 

Western blot was used to detect GCN2, ASNS, and ATF4 proteins. (E) RNA was 723 

isolated from a representative Gcn2+/+ and Gcn2-/- mouse T-ALL cells treated with or 724 

without PEG for 16 hours. qPCR was used to measure ASNS mRNA levels. (F) 725 

Schematic illustration of secondary T-ALL model. Seven-week old pre-leukemic bone 726 

marrow cells from KrasG12D;Gcn2+/+ and KrasG12D;Gcn2-/-mice were transplanted into 727 

lethally irradiated wild-type recipients. Mice received two doses of PEG at 53- and 60-728 

days post transplantation (arrows). Mice were euthanized day 74 post transplantation. 729 

(G, H) Lymphocyte % in peripheral blood and thymus weights from panel (F) were 730 

recorded at the experimental endpoint (n=3 per group). Statistical significance was 731 

determined using two-way ANOVA for (G) and multiple unpaired t-test for (H). * p<0.05; 732 

**** p<0.0001 (I) Images of representative thymus from mice in panel (F). (J) 733 

Representative image of hematoxylin and eosin (H&E) stained mouse spleen from 734 

panel (F). (K) Representative IHC staining for ASNS in thymus tissues from mice in 735 

panel (I). 736 
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Figure 3. A small molecule inhibitor of GCN2 sensitizes ALL cells to asparagine 738 

depletion. (A) Gcn2+/+ lines #1 and #2, from Figure 2A, were treated with or without 739 

PEG (0.01 IU/mL) in the presence or absence of GCN2iB (2.5 µM). Cell viability was 740 

recorded on day 3. Statistical significance was determined using two-way ANOVA. **** 741 

p<0.0001. (B, C) Gcn2+/+ line #1 and #2 were treated as described in panel (A) for 16 742 

hours. ASNS, ATF4, and PARP protein levels were assessed by Western blot (B), and 743 

ASNS mRNA was measured by qPCR (C). (D) Human T-ALL cell lines, KOPT-K1, 744 

HPB-ALL, and Jurkat were grown with or without exogenous asparagine in the 745 

presence or absence of GCN2iB (2.5 µM) for 24 hours. ASNS protein level was 746 

detected by Western blot.  (E) KOPT-K1, HPB-ALL, and Jurkat cells were treated with 747 

GCN2iB (2.5 µM) for 3 days in the presence or absence of exogenous asparagine. 748 

Population doublings on day 3 were recorded. Statistical significance was determined 749 

using two-way ANOVA. * p<0.05; **** p<0.0001. (F) Schematic illustration of a 750 

secondary KrasG12D T-ALL model. KrasG12D;Lck-Cre;Gcn2+/+ primary leukemic spleen 751 

cells were transplanted into lethally irradiated mice. GCN2iB was administered daily via 752 

oral gavage at 30 mg/kg for 5 days starting at 10 days post transplantation. PEG was 753 

administered on day 13 post transplantation and mice were euthanized on day 18. (G) 754 

Images of representative spleen from mice in panel (F). (H) Spleen weight of the mice 755 

treated in panel (G) were recorded, and Brown-Forsythe ANOVA test was used to 756 

determine the p-values. * p<0.05; **** p<0.0001. (I) IHC staining of ASNS (top) and H & 757 

E staining (bottom) of spleen from mice treated in panel (G). Representative microscopy 758 

images were obtained at 5X or 20X magnification as indicated. 759 
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Figure 4. GCN2 inactivation drives GCN2-independent expression of ASNS to 761 

confer L-asparaginase resistance. (A) Multiple Gcn2-/- T-ALL lines #1, #3, #5, #7, #2, 762 

#4, & #10 were treated with PEG for 16 hours. GCN2, ASNS, and ATF4 proteins were 763 

assessed by Western blot. (B) T-ALL lines in panel (A) were subjected to PEG 764 

treatment for 3 days, and cell death percentage was recorded by Trypan Blue staining. 765 

(C, D) Schematic illustration of a secondary T-ALL model established by using Gcn2-/- 766 

primary KrasG12D;Lck-Cre leukemia cells. PEG was given two doses on day 10 & 34 767 

post-transplantation. Kaplan-Meier curve comparing survival between the untreated and 768 

PEG-treated mice were plotted. Statistical comparison between the two groups was 769 

done using the log-rank (Mantel-Cox) test. (E) IHC staining of ASNS from the spleen of 770 

mice euthanized on day 18 (untreated), 35 (PEG), and 42 (PEG). Representative 771 

microscopy images were obtained at 5X or 20X magnification as indicated. (F, G) Six 772 

single-cell-derived clones from the same untreated spleen tissue in panel (E) were 773 

subjected to PEG treatment for 16 hours, and protein lysates were subjected to Western 774 

blotting analysis for ASNS (F). Cell death percentage following PEG treatment for 3 775 

days were recorded in (G). (H) DNA methylation status in the CpG island of Asns 776 

promoter was determined by bisulfite sequencing in Gcn2-/- lines #2, #4, #7 and clone 777 

D. Results were shown as heatmaps. The percentages of methylated CpG were 778 

indicated on the right of each panel. TSS: Transcription Start Site. (I) Asns mRNA levels 779 

from the cells in panel (H) were assessed by qPCR.  780 
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Figure 5. ASX-173 overcomes L-asparaginase resistance in ALL cells due to 783 

induced ASNS expression independent of GCN2. (A) KrasG12D;Lck-Cre mice were 784 

crossed with an AsnsLoxP/LoxP mice (32). Mouse T-ALL lines from two Asns-/- mice (lines 785 

#2 & #3) were treated with PEG for 16 hours. A wild-type mouse T-ALL line was used as 786 

a control. ATF4 and ASNS were assessed by Western blot. (B) Mouse T-ALL lines in 787 

pane (A) were treated with PEG for 3 days and cell death was recorded by Trypan Blue 788 

staining. (C) Basal ASNS expression was measured by Western blot analysis in a panel 789 

of human hematological cancer cell lines. ALL (RS4;11, Reh, Nalm-6, HPB-ALL, KOPT-790 

K1, Jurkat), Burkitt lymphoma (BL) (Raji and Ramos), Acute myeloid leukemia (AML) 791 

(MV4;11, Molm-14, HL-60), and Multiple myeloma (MM) (H929, U266). (D) Human T-792 

ALL Jurkat cells and mouse T-ALL Gcn2-/- line #7 from Figure 4A were grown with or 793 

without asparagine for 2 days, in the presence of a range of ASX-173 doses (2-1024 794 

nM). IC50 values were measured via MTT assay. (E) IC50 values from panel (D) and 795 

Supplemental Figure 4A, were plotted against basal ASNS expression from panel (C). 796 

(F) Jurkat cells were treated with ASX-173 (125 nM) in the presence or absence of 797 

exogenous asparagine for 16 hours. Intracellular asparagine levels were measured by 798 

liquid chromatograph mass spectrometry (LC-MS). Statistical significance was 799 

determined using one-way ANOVA. **** p<0.0001. (G) Heatmap showing intracellular 800 

levels of amino acids in Jurkat cells treated in panel (F) (n=3). (H) Jurkat, H929 and 801 

Ramos cells were cultured with or without asparagine in the presence or absence of 802 

ASX-173 (125 nM) for 24 hours. PARP, p-GCN2 (T899), ATF4, and ASNS proteins were 803 

assessed via Western blot analysis.  804 
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Figure 6. ASX-173 reduces leukemic burden in ASNS-high ALL model when 806 

coupled with L-asparaginase. (A) Schematic illustration of tertiary transplant of 807 

leukemia cells from Gcn2+/+ mice relapsed from PEG and GCN2iB combo treatment. 808 

Lethally irradiated mice were transplanted with 1.2 x 106 CD45.2+ leukemia cells and 809 

0.5 x 106 CD45.1+ helper bone marrow cells. ASX-173 was administered at 25 mg/kg for 810 

5 days via oral gavage, starting at day 14 post transplantation (blue box). PEG was 811 

administered at 2.0 IU/g body weight on day 17 post transplantation. Mice were 812 

euthanized on day 23. (B) Images of representative spleen from mice euthanized on 813 

day 23 in panel (A). (C, D) CD45.1 and CD45.2 profile of spleen and bone marrow cells 814 

measured by flow cytometry and the summary of CD45.2 percentage (n=3). (E, F) 815 

CD4/CD8 profile of CD45.2+CD3+ T-cells from spleens in panel (B) and the summary of 816 

CD8 percentage (n=3). Statistical significance was determined using two-way ANOVA. * 817 

p<0.05; ** p<0.01. **** p<0.0001. (G) Spleen tissues from panel (B) were subjected to 818 

IHC staining for c-MYC and H&E staining. Representative microscopy images were 819 

obtained at 5X or 20X magnification as indicated. (H) Human Jurkat cells and mouse 820 

Gcn2-/- line #7 were subjected to asparagine depletion for 12 hours with or without ASX-821 

173 (125 nM). c-MYC expression was assessed by Western blotting.   822 
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