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Abstract

L-asparaginase (ASNase) is a paradigmatic amino-acid depletion therapy that induces
systemic asparagine starvation and remains foundational in acute lymphoblastic leukemia
(ALL). Amino-acid metabolism constitutes a fundamental therapeutic vulnerability in
hematologic malignancies, yet the determinants of response to systemic asparagine deple-
tion remain incompletely defined. Asparagine synthetase (ASNS) regulates intracellular
asparagine biosynthesis and functions as a stress-responsive metabolic node embedded
within adaptive nutrient-sensing pathways. Emerging transcriptomic and proteomic ev-
idence demonstrates that reduced ASNS expression is enriched in biologically distinct
subsets of acute myeloid leukemia (AML), particularly those characterized by immature
differentiation states and cytogenetic features associated with metabolic fragility, including
inv(16) and chromosome 7-associated disease. Clinical experience in natural killer/T-cell
(NK/T-cell) neoplasms provides proof-of-principle that enzymatic asparagine depletion
can achieve durable therapeutic efficacy in tumors intrinsically dependent on extracellular
amino-acid supply, establishing extranodal NK/T-cell lymphoma (ENKTL) as a mecha-
nistically aligned anchor indication beyond acute lymphoblastic leukemia. Integrative
molecular analyses further indicate that ASNS deficiency functions as a permissive rather
than deterministic biomarker, with therapeutic response modulated by lineage-specific
metabolic wiring, adaptive stress signaling, and microenvironmental nutrient buffering.
Advances in protein-anchored diagnostic platforms, including intracellular flow cytom-
etry and quantitative proteomics, now enable operationalization of ASNS as a clinically
actionable stratification marker. Mechanistic studies also suggest that amino-acid depletion
may interact with apoptotic signaling networks, supporting rational combination strate-
gies with targeted agents such as BCL-2 inhibitors. Collectively, these findings support a
conceptual framework in which ASNS-low defines a context-dependent metabolic vulnera-
bility rather than a uniform disease-wide predictor, underscoring the need for prospective
biomarker-enriched clinical trials to establish ASNS-guided amino-acid depletion as a
precision oncology strategy across heterogeneous myeloid and lymphoid malignancies.

Keywords: L-asparaginase; asparagine synthetase; ASNS-low; acute myeloid leukemia;
NK/T-cell lymphoma; biomarker; intracellular flow cytometry; proteomics; companion
diagnostic; combination therapy

1. Introduction and Scope
L-asparaginase (ASNase) is a paradigmatic amino-acid depletion therapy that exploits

tumor dependence on extracellular asparagine when compensatory de novo synthesis is
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limited. Extending ASNase beyond canonical acute lymphoblastic leukemia (ALL) requires
biomarker logic that is both clinically honest and operationally testable. This review frames
“ASNS-low” (low or absent asparagine synthetase, ASNS) as a prerequisite-like state for
ASNase benefit (Q requires P), while explicitly acknowledging that ASNS-low alone rarely
guarantees response because lineage programs, treatment-induced metabolic rewiring,
microenvironmental rescue, and exposure/toxicity constraints modulate realized benefit
(Figure 1).

Figure 1. Context-dependent metabolic vulnerability of ASNS-low leukemia during ASNase therapy.
ASNS-low leukemic cells are intrinsically susceptible to systemic asparagine depletion, but this
effect may be attenuated in vivo by microenvironmental nutrient rescue. Bone marrow stromal
cells can replenish extracellular asparagine, and adipocytes can support leukemic survival through
glutamine release. In parallel, amino-acid depletion may suppress cap-dependent translation, reduce
MCL-1 expression, and increase susceptibility to BCL-2 inhibition. The schematic therefore depicts
ASNS-low as a prerequisite-like, but non-sufficient metabolic vulnerability shaped by both intrinsic
and extrinsic determinants.

2. A Biomarker Logic That Is Safe to Claim: Necessary-like vs. Sufficient
Across experimental systems, ASNS protein content correlates inversely with ASNase

sensitivity more consistently than ASNS mRNA, and perturbation experiments support
causality (ASNS overexpression induces resistance; knockdown increases sensitivity) [1]. In
contrast, multiple studies show that ASNS mRNA levels alone can fail to predict ASNase
response in pediatric ALL contexts, arguing against a portable transcript-only cutoff [2–4].
Context dependence is not a footnote: in TEL-AML1-negative pediatric ALL, higher ASNS
expression was linked to resistance, whereas this relationship did not generalize to TEL-
AML1positive cases [3].

For review writing and for future companion diagnostic (CDx) work, the clinically
defensible claim is therefore asymmetric: ASNS-low is best treated as a necessary-like
vulnerability state (a prerequisite for meaningful benefit in selected contexts), whereas
sufficiency must be earned by first applying explicit minimal context filters and then
companion biomarkers. Mechanistically, sufficiency fails when (i) ASNS is inducible under
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amino-acid stress, (ii) effective drug exposure is not achieved or maintained, or (iii) extrinsic
asparagine supply rescues tumor cells despite tumor-intrinsic ASNS-low.

3. What Counts as “Efficacy” for ASNase Repurposing
Operationalization requires endpoint discipline that aligns in vitro response metrics

with clinically meaningful outcomes. In vitro and ex vivo systems typically quantify AS-
Nase response using viability and apoptosis readouts together with summary metrics
such as IC50/EC50, LD70, and AUC/DSS. In childhood AML, large ex vivo pharmacologic
datasets demonstrated marked FAB-dependent heterogeneity in ASNase sensitivity. Me-
dian LD70asp values (U/mL) differed substantially across FAB subtypes, with relatively
low values observed in M0 (0.76), M1 (0.46), M4 (1.18), and M5 (1.35), whereas M2, M3, and
M7 samples exhibited markedly higher LD70asp values approaching the upper assay limit.
Notably, the distribution of LD70asp among M1 cases was comparable to that observed
in childhood ALL, indicating a biologically meaningful degree of asparagine dependence
in this subset. Collectively, these findings support the concept that selected AML sub-
types, including M1, M4, and M5, may retain intrinsic sensitivity to ASNase rather than
representing uniformly resistant disease entities [5].

Clinically, therapeutic “efficacy” of L-asparaginase (ASNase) should be defined not
solely by early cytoreduction but by the integrated dimensions of response depth (objective
response or remission) and durability (duration of response or event-free survival). A
biologically coherent translational framework emerges when ASNS-low status is concor-
dant with experimental susceptibility and sustained clinical benefit, as demonstrated most
clearly in lymphoid malignancies. In acute myeloid leukemia (AML), however, the evidence
supporting such alignment remains context-restricted and mechanistically heterogeneous.

Cytogenetic abnormalities involving chromosome 7 have been associated with reduced
ASNS gene dosage and diminished protein expression, features that correlate with increased
sensitivity to ASNase in preclinical models [6,7]. Functional perturbation studies further
support a causal relationship between ASNS suppression and metabolic vulnerability to
asparagine depletion, reinforcing the concept that intracellular asparagine biosynthetic
capacity constrains therapeutic response [6]. Nevertheless, tumor-intrinsic susceptibility
does not uniformly translate into durable clinical benefit.

A major confounder is the bone marrow microenvironment, which can attenuate
ASNase efficacy through nutrient-rescue mechanisms. Mesenchymal stromal cells can
upregulate ASNS and supply extracellular asparagine, thereby protecting leukemic blasts
from enzymatic depletion [8,9]. Similarly, adipocyte-mediated glutamine release can
buffer metabolic stress and sustain leukemic proliferation under ASNase exposure [10].
These findings underscore that therapeutic durability depends on systemic pharmacologic
exposure and microenvironmental nutrient exchange rather than tumor-intrinsic ASNS
status alone.

Experimental AML models further demonstrate that ASNase exerts antiproliferative
and pro-apoptotic effects, with activation of apoptosis pathways correlating with low
baseline ASNS expression and impaired adaptive metabolic responses [11,12]. Collectively,
these data support a conceptual model in which ASNase activity in AML is governed by
a convergence of genetic context, metabolic state, and microenvironmental modulation.
Accordingly, ASNS-low should be interpreted as a prerequisite-like determinant of sus-
ceptibility rather than a sufficient predictor of durable response, emphasizing the need for
biomarker-anchored clinical validation strategies.
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4. Biological Rationale and Failure Modes: Why ASNS-Low Is
Rarely Sufficient

ASNS is a stress-responsive metabolic enzyme embedded within the integrated stress
response (ISR) and broader nutrient-sensing transcriptional programs. Under amino-
acid deprivation, coordinated promoter occupancy by ATF4, ATF3, and C/EBPβ induces
ASNS transcription, while unfolded protein response signaling can further reinforce ASNS
upregulation. These adaptive mechanisms provide a biologically plausible escape pathway
during systemic asparagine depletion and help explain why baseline ASNS deficiency does
not uniformly translate into sustained therapeutic sensitivity [13,14].

Even when leukemic cells are intrinsically ASNS-low, extrinsic nutrient exchange can
uncouple tumor ASNS status from effective asparagine depletion in vivo. Bone marrow
mesenchymal stromal cells can express high levels of ASNS and locally replenish asparagine
concentrations, thereby protecting leukemic blasts from ASNase-mediated cytotoxicity
in co-culture models [9]. Adipocytes similarly promote leukemia cell survival through
glutamine release, illustrating a microenvironmental nutrient-rescue mechanism that can
function as a sufficiency breaker despite tumor-intrinsic metabolic vulnerability [10].

Consistent with this context-dependent framework, recent translational studies in-
dicate that modulation of amino-acid availability can influence apoptotic signaling path-
ways central to therapeutic response. Amino-acid depletion, including ASNase-induced
metabolic stress, can disrupt cap-dependent translation and reduce MCL-1 protein abun-
dance, thereby enhancing susceptibility to BCL-2 inhibition. These findings support the
concept that metabolic targeting strategies may operate not only as direct cytotoxic interven-
tions but also as sensitizing mechanisms that reshape apoptotic dependency networks [15]
(Figure 1).

However, the clinical utility of ASNS as a biomarker must be interpreted within a
context-dependent framework integrating adaptive stress competence, lineage-specific
metabolic programs, microenvironmental nutrient rescue, and pharmacologic exposure
heterogeneity. Inducible ASNS re-expression via ATF4 signaling, glutamine buffering
capacity, and variability in achieved ASNase exposure can each limit durability even when
baseline ASNS expression is low.

Formulation enzymology introduces an additional layer of complexity. ASNase prepa-
rations retaining glutaminase co-activity can contribute to more durable preclinical an-
tileukemic effects, implying that the effective pharmacologic mechanism may extend
beyond isolated asparagine depletion and may interact with glutamine-axis metabolic
context [16]. Finally, asparagine itself functions as an amino-acid exchange factor capable
of regulating global amino-acid homeostasis and proliferative signaling, suggesting that
asparagine depletion exerts network-level metabolic effects beyond a single biosynthetic
pathway [17].

5. How to Prove “ASNS-Low”: Assay Modalities and What They
Really Measure

This review organizes “ASNS-low” operationalization by assay modality, emphasiz-
ing analytical validity (what is measured), clinical validity (association with response),
and deployability.

5.1. Enzymatic Activity Assays (Reference Standard)

Historically, ASNS-low was defined functionally by measuring ATP-dependent as-
paragine synthesis from aspartate with glutamine as nitrogen donor. Modern methods
include radiotracer product assays, chromatography-based product quantification, and cou-
pled AMP-production formats; activity assays are closest to causality but are constrained
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by specimen requirements, throughput, and cross-laboratory standardization, and thus are
best positioned as a reference assay for calibrating scalable biomarkers [18–20].

5.2. Immunostaining (ICC/IHC; FFPE-First Feasibility)

Immunostaining enables assessment of ASNS protein abundance within its histologic
and cellular context and is therefore inherently compatible with companion diagnostic
(CDx) development workflows. However, reliable clinical deployment requires rigorous an-
tibody validation, strict pre-analytic control (including fixation and processing conditions),
and standardized scoring frameworks to ensure reproducibility across laboratories.

Protein-level designation of “ASNS-negative/low” by immunostaining provides
clinically anchored, albeit largely case-based, support for apparent clinical sensitivity
to ASNase in selected AML contexts [7,21,22]. Early translational clinical observations
demonstrated that refractory AML cases harboring chromosome 7 abnormalities and lack-
ing detectable ASNS protein by immunohistochemistry exhibited objective responses to
ASNase-containing salvage regimens [7]. Similarly, pediatric AML and myeloid sarcoma
cases with ASNS-negative immunostaining have shown early clinical improvement fol-
lowing ASNase exposure, reinforcing the biological plausibility of ASNS deficiency as a
functional vulnerability marker [21].

Additional ICC/IHC-based observations across the AML disease spectrum support
this paradigm, indicating that protein-level ASNS assessment may provide actionable
biological stratification even when transcriptomic data are inconclusive [23–27]. Notably,
early multi-institutional clinical experience demonstrated that leukemia cells from multiple
FAB M0/M1/M5 cases frequently lacked detectable ASNS staining and that ASNase-
containing regimens could induce objective responses in refractory acute non-lymphocytic
leukemia, further supporting the predictive potential of immunostaining-based ASNS
assessment [22].

These clinical observations are conceptually consistent with large ex vivo pharmaco-
logic datasets in childhood AML demonstrating marked FAB-dependent heterogeneity
in ASNase sensitivity, in which AML M1, M4, and M5 samples showed relatively greater
susceptibility compared with other subtypes [5]. Together, these convergent clinical and
pharmacologic data support a model in which protein-level ASNS deficiency identifies a
biologically enriched subset of AML characterized by context-dependent but potentially
therapeutically exploitable sensitivity to systemic asparagine depletion.

Practical implementation therefore depends on engineering diagnostic workflows
that minimize ambiguity near background staining thresholds and anchor classification
cutoffs to clinical outcomes or orthogonal functional correlates, including pharmacologic
response metrics.

5.3. Intracellular Flow Cytometry (Fresh-First, Single-Cell Quantification)

Intracellular ASNS flow provides a clinically practical shift from transcript surrogates
to a direct, single-cell protein phenotype that can be integrated into routine leukemia gating
on PB/BM specimens. A key enabling advance was the development of flow-compatible
anti-ASNS monoclonal antibodies, among which Z5808 MoAb (IgG2a isotype) emerged
as the lead reagent for quantitative intracellular testing. In the Hybridoma study, Z5808
and Z5801 both showed specific intracellular staining shifts, but Z5808 exhibited higher
reactivity than Z5801 on flow cytometric analysis and recognized endogenous ASNS in
K562 cells, supporting analytical specificity and sensitivity for clinical translation [27].
The same platform further enabled QIFIKIT-based calibration of flow signal to antibody
binding capacity (ABC), with an estimated dynamic range of approximately 5800 ASNS
molecules/cell in K562 versus 40 molecules/cell in MOLT-4, demonstrating that ASNS can
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be quantified across biologically relevant high- and low-expression states [27]. In subse-
quent leukemia-focused application studies, cytosolic flow using Z5808 quantified ASNS
as ∆MFI and MFI ratio against an isotype control, and these protein-level metrics were
inversely correlated with L-asparaginase sensitivity in cell lines and primary AML sam-
ples; cell line-anchored candidate cutoffs (<25 for ∆MFI and <1.8 for MFI ratio) were also
proposed for enrichment use [28]. Clinical deployability depends on controlling dynamic
range near background, explicit background correction (e.g., ∆MFI or MFI ratio), and ad-
herence to standardization/reporting frameworks (MIFlowCyt; EuroFlow-like instrument
harmonization) for cross-run and cross-site comparability [26–30].

5.4. Proteomics (Reverse-Phase Protein Array (RPPA) and Mass Spectrometry (MS)-Based
Proteomic Profiling)

Proteomics can quantify ASNS at scale, but large-cohort proteome data also show why
proteomic context can matter as much as the ASNS axis itself. In 810 newly diagnosed AML
cases profiled by RPPA, heterogeneous ASNS abundance was observed, with inv(16) cases
among the lowest, and ASNS showing prognostic and therapy-interaction signals [31].
Mass spectrometry complements antibody proteomics by enabling precise quantification;
targeted Liquid chromatography–tandem mass spectrometry (LC–MS/MS) has quantified
ASNS in circulating leukemia cells [32], AQUA-style strategies support absolute quantifica-
tion [33], and multicenter harmonization frameworks for distributed proteotype analysis
provide a translational path for robust measurement [34]. Dissemination of validated
assays via resources such as the CPTAC Assay Portal can reduce interlaboratory variability
and accelerate fit-for-purpose deployment [35].

5.5. ASNS mRNA and Promoter Methylation (State Markers; Context-Dependent)

ASNS mRNA alone is frequently discordant with protein and can fail as a universal
predictor [1–4]. Nonetheless, mRNA can be clinically informative in defined contexts: in
extranodal natural killer/T-cell lymphoma, nasal type (ENKTL) models, ASNS expres-
sion correlated with ASNase IC50 and functional manipulation of ASNS altered response
in vitro and in vivo [36]. Epigenetic silencing provides a stronger “state” marker in selected
lineages; ASNS promoter methylation correlated with ASNase sensitivity in T-ALL cell
lines and patient-derived xenografts [37]. Reviews emphasize that epigenetic and post-
transcriptional regulation can decouple mRNA from protein abundance, supporting a
protein-anchored and state-aware operational definition of ASNS-low [38].

5.6. Lineage- and Cytogenetics-Dependent ASNS Expression in AML: Integrative Transcriptomic
and Proteomic Evidence

Integrative analysis of publicly available AML transcriptomic cohorts, including
datasets deposited in the Gene Expression Omnibus (GEO), demonstrates substantial het-
erogeneity in ASNS expression across FAB-defined and cytogenetically stratified AML
subsets. Immature and monocytic AML subtypes (FAB M0, M1, and M5) consistently ex-
hibit relatively low ASNS expression, suggesting reduced intrinsic asparagine biosynthetic
capacity and increased reliance on extracellular amino-acid supply [30]. In contrast, more
differentiated AML subtypes, including myelomonocytic (M4) and erythroid-lineage AML
(M6), display comparatively higher ASNS expression, indicative of increased metabolic
autonomy. Megakaryoblastic AML (M7) shows intermediate expression levels, consistent
with lineage-dependent metabolic heterogeneity (Figure 2).

This transcriptional variability parallels pharmacologic observations demonstrating
marked FAB-dependent heterogeneity in L-asparaginase sensitivity, thereby supporting a bio-
logically coherent model linking metabolic phenotype to therapeutic response (Figure 2) [29].
Notably, cytogenetic subgroups associated with metabolic vulnerability, including core-
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binding factor AML with inv(16) and chromosome 7-associated abnormalities (−7/del(7q)),
exhibit significantly reduced ASNS expression relative to other AML categories [31]. Col-
lectively, these findings indicate that ASNS-low represents a lineage- and cytogenetics-
contextual metabolic vulnerability rather than a uniform predictive biomarker across AML
(Table 1).

Figure 2. Integrated representation of subtype-dependent L-asparaginase sensitivity and ASNS
expression in AML. The upper panel shows FAB-specific LD70asp distributions, indicating pharma-
cologic heterogeneity in ASNase sensitivity. The lower panel shows corresponding ASNS expression
patterns across AML subtypes and selected cytogenetic categories, supporting the concept that
reduced ASNS expression contributes to metabolically defined ASNase-sensitive AML subsets. Box-
plots display median, interquartile range, and 1.5× interquartile range. Abbreviations: AML, acute
myeloid leukemia; ASNS, asparagine synthetase; FAB, French–American–British classification.

This lineage-dependent heterogeneity is further supported by large-scale proteomic
profiling studies. Reverse-phase protein array analyses encompassing large cohorts of newly
diagnosed AML cases have demonstrated substantial inter-patient variability in ASNS protein
abundance and have identified associations between elevated ASNS expression and inferior
overall survival [32]. These findings suggest that enhanced adaptive metabolic stress buffering
may contribute to disease aggressiveness and therapeutic resistance.
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Table 1. AML subtype-specific metabolic context and potential vulnerability to asparagine depletion.
Summary of AML subtypes and genetic contexts in which reduced ASNS expression or related
metabolic features may increase susceptibility to L-asparaginase-mediated asparagine depletion.
Evidence levels reflect currently available experimental, proteomic, or clinical observations; as
classified based on availability of retrospective clinical cohorts vs. strictly in vitro perturbation data.

AML Subtype/Genetic Context ASNS Expression Tendency Biological Rationale for
ASNase Sensitivity Evidence Level

M0/minimally differentiated AML Low–moderate
Immature metabolic
phenotype with limited amino
acid biosynthesis capacity

Emerging

M1 AML Low
Early myeloid lineage state
may rely more on extracellular
amino acids

Emerging

M5/monocytic AML Low

Monocytic leukemias exhibit
altered amino-acid
metabolism and
stress-response signaling

Emerging

Core-binding factor AML (inv(16)) Reduced in subsets

Proteomic analyses suggest
ASNS-low metabolic
phenotype in part of
this group

Emerging

−7/del(7q) AML Low (ASNS
haploinsufficiency)

Chromosome 7 deletions
include the ASNS locus (7q21),
increasing vulnerability to
asparagine depletion

Preclinical/mechanistic

RUNX1-mutated AML Variable but often reduced

RUNX1 dysregulation may
influence metabolic gene
networks including
amino-acid metabolism

Hypothesis-
generating

Other AML subtypes Variable
Metabolic heterogeneity;
ASNS expression may act as
context-dependent biomarker

Hypothesis-
generating

6. Head-to-Head Method Comparison and an Indication-Specific
CDx Pathway

“ASNS-low” is not a platonic truth; its performance (sensitivity/specificity) must be
estimated against a declared reference endpoint (protein, functional drug sensitivity, or
clinical response). For binary outputs, performance evaluation should follow established
qualitative-test frameworks, including imprecision characterization (C5/C95), sensitiv-
ity/specificity estimation, stability, and interference testing [39].

For immunohistochemical assays, analytic validation and revalidation should follow
CAP guidance, with harmonized controls and scoring systems to reduce interobserver
variability [40,41]. Regulatory framing for CDx emphasizes tests that provide information
essential for the safe and effective use of a therapeutic product and expects analytical and
clinical validation commensurate with the intended labeling claim [42–44]. In Europe, CDx
development must be planned under IVDR and related consultation procedures involving
EMA [45,46], with laboratory quality systems aligned to ISO 15189 [47].

A pragmatic near-term pathway is “protein-first screen + reflex,” tailored to indication:
(i) ENKTL: FFPE-first ASNS IHC as the primary platform with prespecified binary + semi-
quantitative scoring and CAP-grade validation, reflexing to RNA/methylation for equivo-
cal cases or multi-site harmonization; (ii) AML: fresh-first intracellular ASNS flow on blasts
(∆MFI) where feasible, with reflex to targeted qPCR calibrated to flow when necessary, and
initial use restricted to trial enrollment or protocolized salvage until prospective durability
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data accrue (Table 2). Diagnostic framework for ASNS as a companion biomarker is shown
in Figure 3.

Figure 3. Diagnostic framework for ASNS as a companion biomarker. Schematic overview of
protein-anchored ASNS assessment modalities: immunohistochemistry (IHC) for FFPE/bone marrow
smear-based scoring, intracellular flow cytometry for rapid single-cell quantification in leukemia
suspensions, and mass spectrometry for peptide-level proteomic quantification. Together, these
platforms support companion biomarker use for L-asparaginase-based therapy, enable monitoring
of dynamic ASNS expression, and facilitate patient stratification in biomarker-enriched clinical
trials. Abbreviations: ASNS, asparagine synthetase; IHC, immunohistochemistry; MS/MS, tandem
mass spectrometry.

Table 2. Head-to-head comparison of methods to operationalize “ASNS-low” (analytical validity,
deployability, and intended-use fit).

Assay Platform Specimen Output Key Strengths Main Failure Modes/
Confounders

Best-Fit Role
(Near-Term)

IHC/ICC
(ASNS protein)

FFPE
tissue/cytology

Binary or
semi-quantitative
score

CDx-compatible;
spatial context;
low barrier

Fixation/processing,
clone/retrieval
dependence, scoring
variability

Primary screen in
ENKTL;
outcome-anchored
thresholding;
CAP-grade
validation

Intracellular flow
cytometry
(ASNS protein)

Fresh
blood/marrow

∆MFI/ratio on
gated blasts

Single cell; rapid
TAT; internal
comparators

Permeabilization
sensitivity; gating drift;
lot effects

Primary screen in
AML (trial/salvage);
SOP lock + bridging
controls

Proteomics
(RPPA/targeted MS)

Frozen/FFPE;
research cohorts

Relative or
absolute abundance

Quantitative;
scalable cohorts;
multiplex context

Pre-analytic handling;
digestion/LC variability;
cost/TAT

Clinical validity
support; threshold
calibration; reference
lab development

Enzyme activity
assay Fresh lysate pmol Asn/min/mg

(or proxy)
Mechanism-
proximal reference

Specimen demands; low
throughput;
standardization burden

Reference standard
for calibration and
dispute resolution

mRNA
(qPCR/RNA-seq) Bulk tumor RNA Expression level

High analytic
precision; easy
standardization

Tumor purity;
mRNA-protein
discordance; state
dependence

Reflex/adjunct
calibrated to protein
or functional
endpoints

Promoter
methylation
(targeted)

DNA from
tumor cells Methylation state Stable state marker

in defined contexts

Locus/lineage
dependence; not
universal

Adjunct in
T-ALL-like epigenetic
ASNS-off settings;
harmonization aid
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7. Indication Map: Where ASNS-Low-Guided ASNase Development Is
Most Defensible

A review that “operationalizes” ASNS-low should rank indications by translational
readiness: accumulation of (i) mechanistically coherent experimental data and (ii) clinically
accumulated responsiveness with durability.

7.1. ENKTL as the Anchor Indication

ENKTL provides the strongest non-ALL alignment between mechanism and established
clinical activity. ASNase-containing regimens have demonstrated major activity in advanced,
relapsed, or refractory ENKTL, including the phase II SMILE study [48] and the AspaMetDex
regimen [49]. Pegaspargase (A recombinant, pegylated form of E. coli–derived L-asparaginase)-
containing regimens such as P-GemOx have also shown activity in ENKTL [50]. Within
this disease, ASNS biology is plausibly a resistance/benefit modifier rather than a simplistic
gate: ASNS/AsnS expression is associated with ASNase sensitivity in ENKTL models, and
manipulation of ASNS can alter response [36]. Additional preclinical work demonstrates
selective apoptosis of NK-cell tumors by ASNase, supporting mechanistic coherence for NK-
lineage targeting [51], and case-based clinical reports illustrate activity of ASNase formulations
in NK/T lymphoma contexts [52,53].

7.2. AML as a High-Value but Context-Restricted Extension

AML is the highest-impact frontier for ASNase repurposing but must be framed
conservatively because metabolic heterogeneity and niche dependence can dilute tumor-
intrinsic signals. A mechanistically coherent subset exists: chromosome 7 lesions and
reduced ASNS gene/protein expression are linked to increased ASNase cytotoxicity, and
ASNS knockdown increases sensitivity [6]. Clinical observations consistent with “apparent
clinical sensitivity” have been reported in refractory AML with chromosome 7 abnormali-
ties treated with ASNase salvage [7] and in selected pediatric AML-spectrum cases with
ASNS-negative immunostaining and early responses [21–25]. However, the marrow niche
can attenuate ASNase effects and is a decisive confounder for durability [8–10]. Accord-
ingly, AML development should be combination-forward and prospective, with separate
reporting of CR vs. CRi and emphasis on durability endpoints.

One clinically relevant example of combination logic is venetoclax plus pegcrisantas-
pase, which showed synergistic antileukemic activity in complex-karyotype AML models
and clinical-correlative work [15]. Reviews of glutamine metabolism in AML further
motivate amino-acid depletion strategies and highlight opportunities and challenges for
systemic glutamine/asparagine targeting [54].

Notably, emerging clinical observations indicate that venetoclax-based therapeu-
tic strategies may confer differential survival benefit according to ASNS expression sta-
tus, underscoring the complex and context-dependent relationship between amino-acid
metabolism and apoptotic vulnerability in AML. Taken together, integrated transcriptomic,
proteomic, and translational clinical evidence supports a model in which ASNS expres-
sion reflects differentiation-state-dependent metabolic wiring that shapes both intrinsic
susceptibility to amino-acid depletion and adaptive responses to targeted therapy (Table 3).

This table summarizes transcriptomic, proteomic, and translational evidence showing
that ASNS expression varies across AML subsets and may define context-dependent
metabolic vulnerability. Lower ASNS expression is enriched in immature/monocytic
FAB subtypes (M0, M1, and M5), as well as inv(16) and −7/del(7q) AML, whereas M4 and
M6 more often show higher ASNS expression. Together, these data support interpretation
of ASNS-low as a lineage- and cytogenetics-contextual vulnerability rather than a universal
predictor of response.
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Table 3. Lineage- and cytogenetics-dependent patterns of ASNS expression and associated metabolic
implications in acute myeloid leukemia.

AML Subset ASNS Expression
Pattern Metabolic Implication Therapeutic

Implication Evidence Source

FAB M0 Low
Immature metabolic
program; reduced intrinsic
asparagine biosynthesis

Potential sensitivity to
ASNase-based depletion
strategies

GEO transcriptome analysis

FAB M1 Low
Early myeloid
differentiation state;
amino-acid reliance

Candidate subset for
metabolic targeting GEO transcriptome analysis

FAB M5 (monocytic) Low

Monocytic lineage
metabolic plasticity;
glutamine–asparagine
coupling

Possible ASNase
sensitivity; requires
context-specific validation

GEO + translational
literature

FAB M4
(myelomonocytic) Moderate-high

Partial metabolic
autonomy; enhanced
amino-acid buffering

Potential relative
resistance to ASNase
monotherapy

GEO transcriptome analysis

FAB M6 (erythroid) High

Differentiation-linked
metabolic autonomy;
increased biosynthetic
capacity

Lower likelihood of
ASNase sensitivity GEO transcriptome analysis

FAB M7
(megakaryoblastic) Intermediate Lineage-specific

metabolic heterogeneity
Variable therapeutic
vulnerability GEO transcriptome analysis

inv(16) AML Markedly low
Core-binding factor AML
with reduced ASNS
biosynthetic capacity

Biologically plausible
ASNase-sensitive subset GEO + mechanistic models

−7/del(7q) AML Very low
Gene-dosage-linked ASNS
insufficiency; extracellular
asparagine dependency

Strong candidate for
ASNase-based metabolic
therapy

GEO + translational case
evidence

Complex-karyotype AML Variable (often high
stress-inducible)

ISR-driven adaptive
ASNS induction

Combination of metabolic
strategies required Narayanan RPPA study [31]

High-ASNS AML
(proteomic) High Shorter survival; adaptive

metabolic stress buffering
Venetoclax response
context-dependent Narayanan [31]

VEN-sensitive
metabolic AML Context-dependent

Translational control &
amino-acid
signaling interplay

VEN + ASNase
combination rationale Liu [55]

7.3. Beyond ENKTL and AML: Hypothesis-Generating Extensions

Myeloid/NK cell precursor acute leukemia (MNKPL) represents a rare but mechanisti-
cally aligned entity in which ASNase-based strategies have produced clinically meaningful
responses in case-based reports, including remission enabling transplantation after failure
of conventional approaches [25] and AML-oriented chemotherapy regimens incorporating
ASNase [23]. Although the evidence base remains limited by rarity and heterogeneous treat-
ment backbones, MNKPL provides a high-yield setting for biomarker-anchored prospective
collection (protein-level ASNS, inducibility, and epigenetic state) to test whether profound
ASNS deficiency translates into durable vulnerability under controlled exposure. Malig-
nant lymphomas outside NK-lineage are heterogeneous with limited accumulation for
ASNS-guided selection. EBV-associated T/NK-cell lymphoproliferative diseases may rep-
resent an emerging extension: in addition to a report describing successful bridging to
allogeneic HSCT using ASNase monotherapy in acute fulminant chronic active EBV infec-
tion with markedly low ASNS expression at transcript and protein levels [56], Ichikawa
et al. reported long-term disease control after allogeneic hematopoietic stem cell trans-
plantation for nodal Epstein–Barr virus-positive T/NK-cell lymphoma in a case treated
with L-asparaginase-containing initial chemotherapy, further supporting the relevance
of ASNase-based strategies within EBV-driven T/NK proliferations, albeit in a broader
transplant-oriented therapeutic context [57].
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8. Pragmatic Clinical Use Model: A Minimal Decision Algorithm and
Stopping Rules

A pragmatic clinical use model treats ASNS as an upfront screen (protein-first by IHC
in ENKTL; intracellular flow on AML blasts where feasible), followed by disease-specific
context filters that operationalize the “necessary-like but not sufficient” behavior of ASNS-
low. In ENKTL, continuation should be governed by standardized response assessment
(CR/PR) and durability metrics using Lugano criteria [58]. In AML, response categories
should follow ELN-aligned definitions with explicit separation of CR from CRi, and early
durability trajectory (DoR/EFS) should be prioritized over transient cytoreduction [59].

Feasibility constraints are central: the clinical utility of ASNS testing collapses if ASNase
exposure cannot be maintained due to toxicity. Adult toxicity management frameworks
emphasize hepatotoxicity, pancreatitis, hypertriglyceridemia, thrombosis, and hypersensitiv-
ity as key deliverability constraints [60]. ISTH guidance provides direction for prevention
and management of asparaginase-related venous thromboembolism in adults [61], and large
cohorts inform the risk and re-exposure considerations for asparaginase-associated pancreati-
tis [62]. Lack of objective response or early progression by standardized criteria, or inability
to maintain exposure due to toxicity, should trigger switching to alternative regimens rather
than prolonging non-durable amino-acid depletion.

9. Trial-Ready Companion Reagent: Validation Roadmap and
Regulatory/QA Alignment

To make ASNS testing trial-ready, the near-term goal is a locked, auditable “ASNS-low”
call with prespecified cutoffs, QC, and assay-change control. Evidence should be generated
in staged designs: (i) biomarker-enriched phase II for signal finding, (ii) biomarker-stratified
randomization to test treatment-biomarker interaction, and (iii) adaptive enrichment with
prespecified rules to refine eligibility and thresholds [63,64]. Endpoints should cover
analytical validity (reproducibility/robustness), clinical validity (response depth plus
durability), and clinical utility (decision impact and net benefit) consistent with CDx
expectations [42–44].

ENKTL is the anchor indication for prospective biomarker refinement because ASNase-
containing regimens already have established activity [48–50]. AML is best pursued as a
context-restricted extension in combination settings (e.g., venetoclax plus pegcrisantaspase)
building on the translational signal reported by Emadi et al. [15] with prospective capture
of escape mechanisms and microenvironmental confounders [8,15]. Routine deployment
requires CAP-grade IHC validation and revalidation procedures [40,41], CLSI EP12-style
evaluation of binary outputs [39], and medical-laboratory quality systems aligned to ISO
15189 [47], with forward planning for EU IVDR and EMA consultation processes when
CDx claims are intended [45,46].

Proposed Prospective Clinical Study Plan for ASNS-Guided Venetoclax–Asparaginase Therapy
in AML

We propose a prospective biomarker-anchored phase Ib/II trial evaluating venetoclax–
asparaginase combination therapy in biologically enriched AML populations. Eligible
patients will include relapsed/refractory AML with complex karyotype, chromosome 7
abnormalities, TP53 mutation, or prospectively defined ASNS-low status by intracellular
flow cytometry and/or validated immunohistochemistry.

A pragmatic next step is a multicenter, biomarker-anchored phase Ib/II study of
venetoclax plus asparaginase in relapsed/refractory AML enriched for ASNS-low disease
and other biologically plausible vulnerability states, including complex karyotype, TP53-
mutated disease, and chromosome 7/7q-abnormal AML, building on the translational
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signal reported by Emadi et al. [15]. Primary objectives should be feasibility of repeated
amino-acid depletion support and preliminary efficacy in the biomarker-enriched cohort,
using composite remission rate with separate reporting of complete remission and complete
remission with incomplete hematologic recovery [59]. Part A should establish a deliverable
schedule with predefined monitoring for hepatotoxicity, pancreatitis, hypertriglyceridemia,
thrombosis, bleeding risk, and hypersensitivity, whereas Part B should evaluate duration
of response, event-free survival, overall survival, measurable residual disease conversion,
and the proportion of patients maintaining protocol-specified depletion exposure [60–62].
Mandatory correlative studies should quantify ASNS by intracellular flow cytometry with
reflex immunohistochemistry/proteomics, document plasma asparagine and glutamine de-
pletion, and test whether benefit tracks more closely with static ASNS-low, low inducibility,
or translational stress markers such as 4EBP1/eIF4E engagement and MCL-1 suppres-
sion [15] (Figure 4). A Simon two-stage or adaptive-enrichment design would permit early
stopping for futility while prospectively refining the biomarker threshold [63,64].

Figure 4. Simplified ASNS-guided clinical workflow for venetoclax–asparaginase therapy in
AML. The figure summarizes a simplified three-step clinical development model for ASNS-guided
venetoclax–asparaginase therapy in AML. (A) Patients with relapsed or refractory AML undergo
ASNS assessment by intracellular flow cytometry and/or immunohistochemistry to identify an
ASNS-low enriched cohort. (B) Eligible patients receive venetoclax plus an asparaginase formulation
with protocol-defined safety monitoring. (C) Treatment continuation is determined by integrated
assessment of early response, measurable residual disease, amino-acid depletion, toxicity, and treat-
ment deliverability. Abbreviations: AML, acute myeloid leukemia; ASNS, asparagine synthetase;
MRD, measurable residual disease.

10. Conclusions
A growing body of translational evidence suggests that asparagine synthetase (ASNS)

expression reflects a dynamic metabolic state that shapes therapeutic vulnerability across
hematologic malignancies. In this framework, reduced ASNS expression does not constitute
a deterministic predictor of response but rather marks a lineage- and context-dependent
condition of constrained metabolic adaptability. Such vulnerability appears to emerge from
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the interplay of differentiation-state-specific nutrient demands, adaptive stress-response
signaling, and microenvironmental buffering of amino-acid availability.

Advances in protein-anchored diagnostics and rational combination design will pave
the way for translating these metabolic dependencies into durable therapeutic successes. By
enabling more precise mapping of metabolic phenotypes, these approaches may support
rational integration of amino-acid depletion strategies with targeted therapies, including
modulation of apoptotic pathways in myeloid disease and optimized multi-agent regimens
in NK-lineage malignancies.

More broadly, the emerging ASNS paradigm highlights a shift from pathway-centric
models of cancer metabolism toward a state-centric therapeutic logic, in which treatment
vulnerability arises from limits in adaptive metabolic capacity rather than isolated en-
zymatic deficiency. Prospective, biomarker-anchored clinical investigation integrating
multi-omic and pharmacodynamic endpoints will be required to determine whether such
metabolically informed strategies can achieve durable clinical benefit. If validated, this
conceptual framework may help bridge historically distinct therapeutic domains within
hematologic oncology and inform the development of precision metabolic interventions
across diverse malignancies.
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