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Abstract:

Relapse remains a major barrier to survival in B-cell acute lymphoblastic leukemia (B-ALL). Both
activation of B-cell signaling pathways and increased glucose consumption have been linked to
chemo-resistance and relapse risk. Here, we connect these observations, showing that B-ALL cells
with active signaling, marked by high phosphorylated ribosomal protein S6 (pS6+), are glucose
dependent. Isotope tracing confirms that pS6+ cells are highly glycolytic and rely on glucose for
de novo nucleotide synthesis. Uridine, but not other purines or pyrimidines, rescues pS6+ cells
from glucose deprivation, highlighting uridine as essential for survival. Active mTOR signaling in
pS6+ cells drives de novo pyrimidine synthesis by activating CAD (Carbamoyl phosphate synthetase 2,
Aspartate transcarbamylase, and Dihydroorotase), which catalyzes the first steps of de novo
pyrimidine synthesis. Inhibiting signaling abolishes glucose dependency and CAD phosphorylation.
Primary pS6+ cells express high levels of pyrimidine synthesis proteins, including dihydroorotate
dehydrogenase (DHODH), the rate-limiting enzyme in pyrimidine synthesis. Increased DHODH expression
correlates with relapse and poor event-free survival. Most B-ALL molecular subtypes exhibit DHODH
activity. BAY-2402234, a DHODH inhibitor, effectively kills pS6+ cells in vitro, with IC50 values
correlating with pS6 signaling strength across 14 B-ALL patient-derived xenografts (PDX). In vivo,
DHODH inhibition prolongs survival and reduces leukemia burden in pS6+ B-ALL models. These findings
link active signaling to pyrimidine dependency and relapse risk, highlighting DHODH inhibition as a
promising therapeutic strategy for chemo-resistant B-ALL.
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Key points

1. Relapse-associated B-ALL cells with active mTOR signaling rely on glucose for pyrimidine
synthesis, with DHODH expression linked to poor outcomes.

2. DHODH inhibition kills B-ALL cells with active mTOR signaling, reduces leukemia burden
and offers a therapeutic strategy in B-ALL.

Abstract

Relapse remains a major barrier to survival in B-cell acute lymphoblastic leukemia (B-ALL).
Both activation of B-cell signaling pathways and increased glucose consumption have been
linked to chemo-resistance and relapse risk. Here, we connect these observations, showing that
B-ALL cells with active signaling, marked by high phosphorylated ribosomal protein S6 (pS6+),
are glucose dependent. Isotope tracing confirms that pS6+ cells are highly glycolytic and rely on
glucose for de novo nucleotide synthesis. Uridine, but not other purines or pyrimidines, rescues
pS6+ cells from glucose deprivation, highlighting uridine as essential for survival. Active mTOR
signaling in pS6+ cells drives de novo pyrimidine synthesis by activating CAD (Carbamoyl
phosphate synthetase 2, Aspartate transcarbamylase, and Dihydroorotase), which catalyzes the
first steps of de novo pyrimidine synthesis. Inhibiting signaling abolishes glucose dependency
and CAD phosphorylation. Primary pS6+ cells express high levels of pyrimidine synthesis
proteins, including dihydroorotate dehydrogenase (DHODH), the rate-limiting enzyme in
pyrimidine synthesis. Increased DHODH expression correlates with relapse and poor event-free
survival. Most B-ALL molecular subtypes exhibit DHODH activity. BAY-2402234, a DHODH
inhibitor, effectively kills pS6+ cells in vitro, with IC50 values correlating with pS6 signaling
strength across 14 B-ALL patient-derived xenografts (PDX). In vivo, DHODH inhibition
prolongs survival and reduces leukemia burden in pS6+ B-ALL models. These findings link
active signaling to pyrimidine dependency and relapse risk, highlighting DHODH inhibition as a
promising therapeutic strategy for chemo-resistant B-ALL.

Introduction

Metabolic dysregulation is a hallmark of cancer with roles in tumor initiation, progression, and
chemotherapy resistance'. Warburg first described cancer cells favoring glycolysis to produce
lactate over oxidative phosphorylation even with sufficient oxygen®. The understanding of
cancer-specific metabolic adaptations has led to new insights into cancer biology and therapies,
such as targeting isocitrate dehydrogenase (IDH) mutations in leukemia and gliomass'g.

However, the role of dysregulated metabolism in acute lymphoblastic leukemia (ALL) remains

incompletely understood.
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ALL is a cancer composed of immature lymphocytes, most commonly of the B lineage.
ALL primarily affects children but has a worse prognosis in adolescents and adults due to high-
risk genomic features and relapse susceptibility.'®'? To better understand ALL cells capable of
mediating relapse, we identified a subset of pre-B-like ALL cells characterized by
phosphorylation of several proteins in PI3K/mTOR signaling pathway: ribosomal protein S6
(pS6), 4EBP1, CREB, SYK, collectively termed “pS6+ cells,” whose presence at diagnosis
strongly predict relapse'”. While active IL-7 receptor (IL-7R) and pre-B cell receptor (pre-BCR)
signaling in B-cell developmental pathways contribute to the pathogenesis and prognosis of
ALL,'" targeting these pathways has not been a successful therapeutic strategy.

Here, we demonstrate that pS6+ cells possess a unique metabolic dependency using
glucose for pentose phosphate pathway (PPP) and de novo pyrimidine synthesis to produce
uridine, driven by mTOR-mediated CAD phosphorylation. This dependency correlates with pS6
signaling strength and is reversed by mTOR inhibition. Gene expression analyses link high
expression of pyrimidine synthesis genes to relapse and poor survival in B-ALL. Targeting
dihydroorotate dehydrogenase (DHODH), the rate-limiting enzyme in this pathway,
demonstrates remarkable efficacy in pS6+ B-ALL models across genetic backgrounds, including
those at high relapse risk. Together, these data provide compelling evidence for a novel

metabolic intervention relevant to patients at high risk of relapse with B-ALL.

Methods
Information of cell lines, PDX and patient samples are detailed in Supplemental Methods.
Definition of pS6+ and pS6- cell lines and PDXs

The pS6 signaling strength was defined as the arcsinh-transformed median expression
value of pS6 profiled by CyTOF. As a cutoff, we defined cell lines and PDXs with pS6 median

values greater than 3 as pS6+ and the ones no greater than 3 as pS6-.

NetBID2 analysis to query DHODH activity in patients with B-ALL

We applied NetBID2 algorithm'®" to infer DHODH gene activities using bulk RNA-seq
data comprising 1,985 B-ALL patients”. Using STARACNe we built a B-ALL interactome
(BALLI) with 10,843 hub including 1,937 transcription factors and 8,906 signaling proteins>’. To

ensure robust network quality, we excluded subtypes with fewer than 15 samples. The

9z0z AN €0 uo 1senb Ag ypd "¥9Z620520C "POO G /L0E00ST /¥92620520Z "POO | /Z8TT 0T / 10p /4pd -3 |2 134e /p00 |q /B 10 "suo 11ed | |gndyse //:d 13y wo 1} papeo juwod



107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

parameters for STARACNe were configured as follows: 1) Bootstrap p = 1 x 107; 2) Consensus
p =1 x 10; 3) Data Processing Inequality (DPI) tolerance = 0; 4) 100 bootstraps. The resulting
data-driven BALLi consisted of 33,237 nodes and 314,914 edges. Gene activity was inferred
using cal.Activity function (es.method = "weightedmean" and std = TRUE). The NetBID2
package is available at GitHub.

In vivo DHODHi treatment in cell line and PDX models

NOD/SCID/IL2Ry”" (NSG) female mice (6 to 8-week old) were purchased from The
Jackson Laboratory and maintained under the Stanford University Committee on Animal
Welfare—approved protocol. Mice were engrafted via IV injection with 5.0 x 10° cells (Nalm6-
Luc’, Nalml6-Luc’, SJ18305-Luc” or SJ45503-Luc’). Upon detectable engraftment
(bioluminescence > 1 x 10°), mice were randomized to vehicle or BAY-2402234 (5Smg/kg, 5
days/week, oral gavage). For PDX model, n = 5 (vehicle) and n = 10 (BAY-2402234) with 5
sacrificed at the midpoint (parallel to vehicle leukemia onset) and 5 at the endpoint upon
leukemia symptoms. For cell line model, n = 5 per group were monitored for engraftment and
survival. Engraftment was assessed via BLI and the frequency of hCD19/hCD45+/mCD45.1-
cells in peripheral blood. Mice were sacrificed upon leukemia symptoms. In the survival
analysis, one accidental death and one non-engrafted mouse were censored. Nalm16-derived
xenograft BM samples (BAY-2402234 n = 4; vehicle n = 5) were profiled by CyTOF.
Statistical analysis

Data were analyzed and visualized using R statistical software (http://www.r-project.org)
or GraphPad Prism 10 software. P values were calculated using the statistical test described in
the relevant figure legend. P < 0.05 was considered statistically significant, and P values are
denoted with asterisks as follows (P > 0.05, not significant, n.s.; *, P <0.05; **, P <0.01; *** P

<0.001; and **** P <0.0001).
Please find more detailed methods in the Supplemental Methods.

Results

pS6+ cells have distinct metabolic gene signatures and energetics
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Previously, we identified pS6+ cells in B-ALL patients at the time of diagnosis and found
them to be associated with future relapse after standard chemotherapy'®. To identify features
distinguishing relapse-associated pS6+ cells from pS6- cells in continuous remission, we sorted
pre-B cells from six diagnostic bone marrow (BM) samples with known pS6 status from our
previously published B-ALL cohort (n = 3 pS6+; n = 3 pS6-; Supplemental Table 1-2) for whole
transcriptomic sequencing (Figure 1A, Supplemental Figure 1A-B). Pathway analysis
demonstrated enrichment in mMTORC]1 and PI3K/Akt/mTOR signaling pathways in pS6+ cells,
consistent with our published proteomic signaturem, along with higher expression of MYC gene
targets and metabolic gene pathways, e.g. oxidative phosphorylation (OXPHOS), glycolysis, and
fatty acid metabolism (Figure 1B, Supplemental Table 3). These data confirmed the activation of
PI3K/mTOR signaling we previously observed by proteomic analysis and suggested this
signaling is associated with a unique metabolic state.

Using mass cytometry (CyTOF), we profiled nine B-ALL cell lines and categorized them
as pS6+ or pS6- cells based on pS6 signaling strength (Figure 1C). pS6+ cells exhibited higher
expression of pERK (p = 0.004), pAKT, p4EBP1, and pCREB (all p = 0.095, ns), as shown in
Figure 1D. Metabolic flux confirmed pS6* cells exhibit greater glycolysis and OXPHOS activity
than pS6- cells, reflected in extracellular acidification rate (ECAR, p = 0.0039) and oxygen
consumption rate (OCR, p = 0.0191; Figure 1E, Supplemental Figure 2A), both correlating with
pS6* cell frequency (ECAR p = 0.021; OCR p = 0.0068; Figure 1F, Supplemental Figure 2B).
Thus, as suggested by the transcriptomic analysis of primary cells, pS6+ cells have higher

metabolic activity than pS6- cells, which is directly correlated to their frequency.

pS6+ cells utilize glucose to fuel de novo pyrimidine synthesis

Glucose and glutamine are primary carbon sources for glycolysis and OXPHOS in
cancer’'. Under glucose deprivation, pS6+ cells showed significant cell death after 48 hours
(Nalm6 p = 0.00098; 697 p = 0.0064; Kasumi2 p = 0.0022; Nalm16 p = 0.026; REH p = 0.018;
Figure 1G), whereas pS6- cells were largely unaffected (RS4;11 p = 0.61; MHH-CALL-4 p =
0.52; Nalm20 p = 0.08; Figure 1G). Glutamine deprivation had no impact except in Nalmé6 cells
(Supplemental Figure 2C).

To understand how pS6+ cells utilize glucose, we performed isotype tracing® with U-

BC-glucose in the absence of glutamine in pS6+ and pS6- cells. pS6+ cells distinctly

9z0z AN €0 uo 1senb Ag ypd "¥9Z620520C "POO G /L0E00ST /¥92620520Z "POO | /Z8TT 0T / 10p /4pd -3 |2 134e /p00 |q /B 10 "suo 11ed | |gndyse //:d 13y wo 1} papeo juwod



168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

incorporated *C-glucose into metabolites in the glycolysis, PPP and the TCA cycle as illustrated
schematically in Figure 2A. We did not observe significant differences in fractional "*C labeling
of intermediates in glycolysis and TCA cycle between pS6+ and pS6- cells (Supplemental Figure
3-4). Yet, pS6+ cells had significantly higher fractional *C labeling in m+5 UDP (p = 0.0233),
UTP (p = 0.002), and ATP (p = 0.0342) compared to pS6- cells (Figure 2B), suggesting pS6+
cells are using glucose for PPP and nucleotide production. Moreover, rescue experiments
demonstrated uridine, as the first pyrimidine nucleoside product, most effectively rescued pS6+
cells from glucose deprivation (Nalmé6 and 697, p < 0.0001; Nalm16, p = 0.0002; REH, p =
0.0485, Figure 2C) while, as expected, there was no impact in pS6- cells. Pyruvate provided
partial rescue against cell death in two cell lines (697, p = 0.0007; Nalm16, p = 0.016), indicating
it can support glycolysis and TCA cycle flux as a key metabolite but is not sufficient for
complete metabolic compensation. Other metabolites, including aspartate, pyrimidine, and
purine failed to rescue cells from death, highlighting glucose-dependent pyrimidine synthesis as

a critical vulnerability in pS6+ B-ALL cells.

PI3K/mTOR pathway activation drives pyrimidine synthesis

S6 kinase (S6K1) is a tyrosine kinase situated downstream of the PI3K/mTOR pathway
that phosphorylates ribosomal protein S6, thus making pS6 a proxy for PI3K/mTOR pathway
activity (Supplemental Figure 5A). S6 kinase also phosphorylates and activates CAD***. CAD
catalyzes the initial steps in de novo pyrimidine synthesis to produce UMP and uridine (Figure
2D). We found higher phosphorylated CAD (pCAD) in pS6+ cells compared to pS6- cells
(Figure 2D). To study if the PI3K/mTOR pathway drives de novo pyrimidine synthesis through
pCAD, we tested tyrosine kinase inhibitors (TKIs) targeting kinases in the PI3K/mTOR pathway
(S6 kinase, PI3K, mTOR, SYK). We confirmed inhibition of downstream signaling nodes using
CyTOF (Supplemental Figure 5B). We found that pCAD is inhibited after treatment with TKIs
targeting several levels of the PI3K/mTOR network in pS6+ cell lines and PDXs (Figure 2E,
Supplemental Figure 5C). To understand how kinase inhibition influences glucose utilization and
dependency, we evaluated glycolytic activity and glucose sensitivity after TKI treatment in vitro.
SYK inhibition, one of the upstream proteins in the signaling pathway, significantly decreased
ECAR in pS6+ cells, but not in pS6- cells (Supplemental Figure 5D-E). SYK, mTOR, or PI3K
inhibition alleviated the glucose dependency in pS6+ cells (Supplemental Figure 5F). These
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findings indicate that the active PI3K/mTOR signaling that characterizes pS6+ cells governs
glucose dependency driving de novo pyrimidine synthesis through regulation of pCAD.
Given mTOR is a known upstream regulator of pS6 signaling and de novo pyrimidine

. 23,24
synthesis™

, we investigated its role in the context of B-ALL. Pretreatment with an mTOR
inhibitor (rapamycin), but not S6K1 inhibitor (PF-4708671), abrogated the sensitivity to
DHODH inhibition (DHODHi) (Supplemental Fig. 6A) demonstrating that mTOR, rather than
S6K1, is the critical driver of pyrimidine dependency. To further confirm the role of S6K1 and
pS6 in pyrimidine synthesis, we generated pS6-inactive RPS6KBI (S6K1) CRISPR knockout
cells in Nalm6, 697 and REH. S6K1 KO cells exhibited reduced pCAD and pS6 compared to
wildtype cells (Supplemental Figure 6B). Next, we evaluated their response to inhibition of
DHODH, the rate-limiting enzyme in de novo pyrimidine synthesis (Figure 2F). S6K1 KO cells
were similarly sensitive to inhibition of DHODH, confirming that S6K1 is not the driver of

pyrimidine synthesis (Supplemental Figure 6C), suggesting that active pS6, as measured in our

proteomic phenotype, is a biomarker for this mTOR-driven pyrimidine dependency.

DHODH is highly expressed in pSé6+ cells

To further align active signaling and metabolic state in primary samples, we developed a
CyTOF panel to capture these features in single cells and analyzed 31 primary B-ALL patient
samples (Figure 2F, Supplemental Table 4-5). Using our developmental classifier”, we observed
ALL samples to be enriched in pro-BIl, pre-Bl, and early progenitor populations in B-ALL
compared to healthy bone marrow (Pro-BII, P = 0.00024; Pre-BI, P= 0.0036; Early-non-BI, P =
0.000352; Supplemental Figure 8A). Developmental classification grouped by molecular subtype
is shown in Supplemental Figure 8B. pS6 expression was higher in the pro-BII (p = 0.0017) and
pre-BI populations (p = 0.0267), but not in early progenitors (p > 0.999) in leukemic cells
compared to healthy BM (Supplemental Figure 8C). Proteins in the PPP (G6PD, PGD),
pyrimidine synthesis (DHODH), glycolysis (ENO1, PKM?2) and signaling protein pCREB were
significantly overexpressed in pro-BII and/or pre-BI B-ALL cells compared to healthy BM
(Figure 2G, Supplemental Figure 8C-D).

Within the patient samples, we compared expression of these proteins between pro-
Bll/pre-BI cells based on pS6 signaling activation (Figure 2H). pS6+ pro-Bll/pre-BI cells have
significantly higher expression of PGD, DHODH, and pCREB (Figure 2I-J). These results
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expand our published proteomic signature of pS6+ cells” by defining their metabolic
distinctions from healthy BM and confirmed the relationship between active pS6 signaling and

pyrimidine metabolism in primary ALL cells.

Across cancer, B-ALL is most dependent on pyrimidine metabolism

Pyrimidine metabolism and DHODH have previously been implicated in acute myeloid
leukemia®?. To assess the dependency on pyrimidine metabolism across cancer subtypes, we
evaluated the impact of DHODH knockout in the Cancer Dependency Map (DepMap.org).
Among 17 types of cancer, B-ALL has the highest dependency on DHODH (B-ALL vs. all other
lineages, p < 0.001, Figure 3A) and dependence on de novo pyrimidine synthesis genes (UMPS,
CAD, TYMS, and CTPS1; Figure 3B; Supplemental Figure 9) compared to solid tumors.

Uridine can be synthesized de novo from uridine monophosphate (UMP) but can also be
salvaged via uridine phosphorylase 1 (UPP1), generating ribose-1-phosphate and uracil to fuel
PPP and glycolysis (Figure 3C). Analysis of Depmap data demonstrates B-ALL cell lines (n=15)
had the lowest UPP1 expression among 228 hematological cell lines, suggesting minimal uridine
salvage activity (Figure 3D; Supplemental Figure 10A with 31 cancer subtypes). Rescue
experiments confirmed this, as ribose and uracil failed to restore pS6+ cell survival under
glucose deprivation supporting PPP and glycolysis independence from uridine salvage (Figure
3E). Instead, B-ALL preferentially utilized uridine for nucleotide metabolism through its
phosphorylation to UMP by uridine cytidine kinase (UCK1), reflected in a high UCK1/UPP1
ratio (Figure 3F, Supplemental Figure 10B).

De novo pyrimidine synthesis is associated with poor prognosis in B-ALL

We previously reported cells with pS6+ phenotype to be associated with relapse'. To
investigate the relationship between de novo pyrimidine synthesis and relapse, we analyzed
RNAseq data from standard and high-risk (MP2PRT cohort, n = 1,73530; TARGET cohort, n =
181) B-ALL patients. Pathway enrichment revealed that diagnostic samples from patients who
experienced relapse have higher expression of genes associated with pyrimidine synthesis
compared to patients who are in continuous remission (p = 3.49e-05, MP2PRT in Figure 4A and
p = 8.08e-08, TARGET in Figure 4B). Furthermore, consistent with the gene signatures

identified in relapse-predictive pS6+ cells, we observed increased expression of genes involved
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in mitochondrial function, MYC targets, and glycolysis in the diagnostic samples from patients
who experienced relapse (Supplemental Table 6).

Examining individual genes, DHODH expression was higher in patients who experienced
relapse within the MP2PRT dataset (p = 0.025, Figure 4C) and predicted inferior event free
survival (EFS) in both datasets (MP2PRT p = 0.002; TARGET p = 0.036, Figure 3E-F) and
overall survival (OS) in MP2PRT dataset (p = 0.015, Supplemental Figure 11A). UMPS
expression was significantly higher in patients who experienced relapse compared to those in
continuous remission (MP2PRT p = 0.021; TARGET p = 0.008, Figure 4C-D) and correlated
with worse EFS (p = 0.019) and OS (p = 0.00026, Figure 3F and Supplemental Figure 11B).
These findings suggest that elevated expression of de novo pyrimidine synthesis genes,

particularly DHODH and UMPS, are related to disease prognosis and clinical outcomes.

Active signaling predicts sensitivity to DHODH inhibition

To evaluate DHODH activity across different molecular subtypes of B-ALL, we used

NetBID2 (data-driven Network-based Bayesian Inference of Drivers)'*"

to analyze
transcriptomic profiles from 1,985 B-ALL patients®’. DHODH was predicted to be active in 54%
of genomic subtypes (Figure 5A) with high activity in several subtypes of high-risk leukemia
(e.g. KMT24 rearranged, MEF2D, PAX5 P8OR, BCL2/MYC)*'. NETBID2 analysis also
revealed strong DHODH activity in more common subtypes like DUX4, ETV6-RUNXI, and
TCF3-PBX1I, with variability in Ph-like and Ph+ subtypes, suggesting metabolic heterogeneity in
patients within the same molecular subtype and consistent with our single-cell proteomic data.

To validate these predictions and explore the therapeutic potential of DHODH targeting
in B-ALL, we assessed the half-maximal inhibitory concentration (IC50) values of DHODH
inhibitor BAY-2402234 in B-ALL cells (Figure 5B). BAY-2402234 demonstrated nanomolar
potency across multiple subtypes—including DUX4, TCF3-PBXI, ETV6-RUNXI, KMT2A4-
rearranged, and even 7P53-mutant near-haploid Nalml6 cells—in line with NetBID2
predictions; notably, all pS6* lines were sensitive to DHODHi (5/5, 100%) compared with only
one of three pS6~ lines (33.3%; Figure 5B).

We next evaluated a panel of PDXs across several molecular subtypes. Mirroring our cell
line analyses (Figure 1C), we defined signaling status in each PDX sample (Figure 5C).
Consistent with NetBID2 predictions and the cell line results, 7 of 14 PDXs demonstrated clear
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responses to DHODHi, with the strongest effects observed in pS6+ PDXs harboring MEF2D or
TCF3-PBXI1 rearrangements (Figure 5D). We found a robust correlation between the strength of
pS6 signaling and sensitivity to DHODHi in PDXs (n = 14, p = 0.0007, Figure 5E).
Developmental classification confirmed that pro-BII and pre-BI were the predominant
subpopulations in cell lines and PDXs (Supplemental Figure 12).

To identify cellular features predictive of DHODHi response, we applied XGBoost
(eXtreme Gradient Boosting) binary classification’. pS6 and DHODH expression in pro-BII and
pre-BI cells emerged as the top predictors (Figure 5F). DHODH inhibition reduced the
expression of pS6, PPP protein G6PD, and glycolytic proteins ENO1 and PKM?2, suggesting that
BAY-2402234 preferentially targets cells with high pS6 signaling and high PPP activity, required
for pyrimidine metabolism (Supplemental Figure 13A and B). In addition, we observed increased
citrate synthase (CS) expression and mitochondrial mass following BAY-2402234 treatment in 3
cell lines (Supplemental Figure 13C and D), suggesting post-treatment metabolic shift towards
OXPHOS following DHODHi. We confirmed that DHODHI selectively targets pS6+ cells over
time in Nalm16 and SJ45503 cells (Figure 5G). These data demonstrate pS6 signaling is a
surrogate marker for pyrimidine dependency in B-ALL.

To investigate whether active pS6 signaling predicts sensitivity to DHODHi in other
hematologic malignancies, we analyzed 12 additional cell lines including 5 T-ALL, 3 myeloid
leukemias, and 4 B-cell lymphomas representing a range of pS6 activity levels and variable
responses to BAY-2402234 (Supplemental Figure 14A-B). Among these cell lines, B- and T-
ALL have higher DHODH protein expression and lower UPP1 mRNA expression than myeloid
leukemia and B-cell lymphomas (Supplemental Figure 14C-D). T-ALL and myeloid leukemia
cells with low UPP1 and high pS6 expression demonstrated sensitivity to DHODHi, whereas B-
cell lymphomas were largely insensitive regardless of UPP1/pS6 status (Supplemental Figure
14E). These findings extend the relevance of our observations to additional hematologic
malignancies including other types of acute leukemia.

Uridine concentrations in human serum range from 1-10 pM. Because physiologic
uridine was reported to blunt DHODH inhibitor activity in lung cancer”, we directly tested
whether clinically relevant uridine levels interfere with DHODHIi efficacy in ALL. Eight ALL
cell lines were treated with BAY-2402234 while titrating uridine across 0—-30 uM. In DHODHi-

sensitive lines, 3—10 pM uridine produced no or minimal attenuation of cytotoxicity, and full
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rescue required 230 uM. Less sensitive lines showed partial, but not complete, rescue at 3—10

uM (Supplemental Figure 15). Thus, DHODH inhibition remains effective with physiologic
uridine concentrations, supporting the translational relevance of BAY-2402234 as a therapeutic

approach in ALL.

DHODH inhibition prolongs survival in pS6+ B-ALL xenograft models

Given that pS6 signaling strength predicts the in vitro sensitivity to DHODHi, we
assessed the in vivo efficacy of BAY-2402234 in B-ALL PDX (SJ18305, SJ45503) and cell lines
(Nalm6, Nalm16) xenografts. NSG mice received vehicle or BAY-2402234 (5 mg/kg) five times
per week for 24 doses (Figure 6A, Supplemental Figure 16A). Treatment was well-tolerated
(Supplemental Figure 16B).

DHODHi significantly slowed tumor progression compared to vehicle in pS6+ samples
(p <0.0001 in SJ18305, Nalm16 and Nalm6; Figures. 6B-E and Supplemental Figure 16C). By
contrast, DHODHi did not slow disease progression in SJ45503, which possessed low pS6
signaling strength (Figure 6F). In SJ18305, DHODHi significantly reduced leukemia burden
within the BM (p = 0.0139, Figure 6G) and spleen (p = 0.007, Figure 6H). Survival analysis
demonstrated that DHODHi significantly prolonged survival in all pS6+ xenograft models,
regardless of pS6 activity (SJ18305 p = 0.0016; Nalm16 p = 0.0047; Nalmé6 p = 0.0031; Figure
61-J, Supplemental Figure 16D), demonstrating a modest survival benefit in the SJ45503 mice as
compared to vehicle (p = 0.028, Supplemental Figure 16E). Consistent with the in vitro findings,
cells from the experimental endpoint in the Nalml6-derived xenografts exhibited a marked
reduction in pS6, ENO1, PKM2, G6PD, and PGD levels and an increase in CS expression
(Supplemental Figure 16F-H). Together, these findings highlight DHODH inhibition as a
promising therapy for B-ALL, with potential benefit even in cases with moderate pS6 activation.
Discussion

Relapsed and refractory B-ALL remains a significant clinical challenge. Previous studies
have independently associated the activation of B-cell developmental signaling pathways and
increased glucose consumption with chemo-resistance and relapse risk'’>~*>®. However, these
paradigms have not been previously linked. Here, we demonstrate activated signaling, reflected
by activation of pS6 as a surrogate biomarker, drives glucose utilization into PPP and de novo

pyrimidine synthesis, revealing a novel pyrimidine dependency in B-ALL. DHODH is essential

11
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for this process and broadly active in most B-ALL molecular subtypes, including high-risk
leukemias. DHODHi demonstrated remarkable efficacy in vitro and in vivo. Sensitivity to
DHODHI correlated with pS6 signaling strength, identifying pS6 as a biomarker of pyrimidine
dependency. These findings suggest targeting DHODH is a promising strategy for B-ALL.
During normal B-cell development, IL-7R signaling drives pro-B cell proliferation,
whereas pre-BCR signaling activates RAS and mTOR pathways during pre-B cell maturation'®.
Sustained activation of these pathways is associated with chemo-resistance and relapse in B-
ALL, particularly high-risk subtypes such as Ph-like and Ph+ B-ALL'>". Activation of SYK, a
proximal member of the pre-BCR and PI3K/mTOR signaling pathways, is also implicated in
chemo-resistance in TCF3-PBX1 and KMT2A-rearranged B-ALL*™*'. We previously showed
that activation of these pathways predicts relapse after chemotherapy and supports glucocorticoid

resistance' >’

. However, RAS, PI3K, and mTOR inhibitors has shown limited clinical efficacy,
apart from BCR-ABL rearranged (Ph+) B-ALL*, partly due to resistance mechanisms such as
activation of parallel signaling pathways*™*°. Upstream signaling may converge on mTORC]1 as
a common downstream molecule which then regulates S6 kinases to drive de novo pyrimidine
synthesis via CAD phosphorylation™?*. Our data show that pS6+ cells have increased CAD
phosphorylation, which TKIs effectively suppress. CAD catalyzes the initial steps in the de novo
pyrimidine synthesis pathway, followed by DHODH, which catalyzes the rate-limiting step.
Consistent with this, inhibition of mTOR makes B-ALL resistant to DHODH inhibition while
KO of S6K1 does not. Thus, we propose that directly targeting de novo pyrimidine synthesis
through DHODH inhibition overcomes the challenges of TKI resistance by hitting the
convergence of several signaling pathways.

B-cell oncogenic signaling and transcription factor dysregulation drive metabolic
adaptations favoring transformation®®. Tumor suppressors like PAX5 and IKAROS regulate
glucose metabolism, and high glucose availability correlates with chemo-resistance and poor
outcomes™>*"*. Further, in line with our data, B-ALL cells divert glucose-derived carbons
toward the PPP*. Our results support these observations and continue to implicate these
pathways in resistance to chemotherapy and relapsed disease.

Since Sidney Farber introduced anti-folates in childhood leukemia treatment over 70
years ago’’, targeting nucleotide synthesis has been part of therapeutic backbones for ALL.

However, pyrimidines have not been specifically targeted. While DHODH inhibitors have been

12
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approved as immunomodulatory agents, their therapeutic potential in cancer is emerging n

hematologic malignancies, it has been explored in preclinical settings in AML*%, B-cell

lymphoma’®’

, and T-ALL**, but clinical trials in AML have not progressed due to lack of
efficacy (NCT03404726). Our data identify B-ALL as the most DHODH-dependent cancer type,
showing minimal uridine salvage activity due to low UPP1 expression, unlike pancreatic cancer
and AML, where salvage pathways fuel PPP and glycolysis®*®', Gene expression analysis of
1,985 B-ALL patients showed pyrimidine dependency in most B-ALL genetic subtypes,
including  high-risk  leukemias patients with KMT2A-rearranged, PAXS P8OR,
BCL2/MYC***"%2 Consistent with this, DHODHi was detrimental in several in vitro and in vivo
standard-risk and high-risk leukemia models. Our data showed increased citrate synthase
expression and elevated mitochondrial mass upon DHODH inhibition, consistent with prior
findings in T-ALL>®, demonstrating upregulation of electron transport chain genes to maintain
ATP production. This is notable since DHODH resides at the mitochondrial inner membrane,

acting as part of the electron transport chain®-®*

. These results suggest that cells attempt to
further activate OXPHOS to compensate for DHODH inhibition.

In conclusion, B-ALL cells with active mTOR signaling exhibit increased reliance on de
novo pyrimidine synthesis. DHODH inhibition disrupts this metabolic dependency and
demonstrates potent in vitro and in vivo efficacy, defining a targetable metabolic vulnerability

and a potential therapeutic strategy for B-ALL.

Data availability

CyTOF data from clinically annotated patient samples, cell lines, and PDX samples are available
in Community Cytobank (https://community.cytobank.org) under accession numbers 119315
(patients), 119316 (cell lines), 119640, and 119641 (PDX samples) respectively.

Bulk RNA-seq data from primary samples in our previously published patient cohort
(n=6) have been deposited in NCBI Gene Expression Omnibus (GEO) and are accessible
through GEO accession number GSE286115.

The TARGET dataset used for this study is accessible through the TARGET website

at https://ocg.cancer.gov/programs/target/data-matrix. TARGET BAM and FASTQ sequence
files are accessible through the database of genotypes and phenotypes (dbGaP;

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000218.v24.p8) under
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accession no. phs000218 (TARGET) and at NCI’s Genomic Data Commons
(http://gdc.cancer.gov) under project TARGET. Transcriptomic data in MP2PRT dataset are
accessible in dbGaP: Project ID: MP2PRT-ALL; accession number: phs002005.v1.pl

(https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/dataset.cgi?study_id=phs002005.v1.p1).
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Figure 1. pS6+ cells have distinct metabolic gene signatures and are glucose dependent

A. Whole transcriptome sequencing was performed in primary diagnostic BM samples from
known pS6+ patients who would go on relapse (n=3) and pS6- patients who remain in continued
remission (n=3).

B. Differential expression analysis between primary pS6+ and pS6- cells. Gene set enrichment
analysis (GSEA) was performed with the Hallmark database (FDR < 0.05). Diagnostic pS6+
cells are enriched for genes in PI3K and mTOR pathways (blue) as well as several metabolic
pathways (red).

C. Z-score based on frequency of cells positive for phosphorylated S6, AKT, ERK, 4EBP1 and
CREB in B-ALL cell lines in basal state defines pS6+ lines (n=6, Nalm6, RCH-ACV, 697,
Kasumi2, Nalm16 and REH) and pS6- lines (n=3, RS4;11, Nalm20, MHH-CALL-4).

D. Expression (arcsinh transformed mean) of pS6 (S235/236), pAKT (S273), pERK
(T202/Y204) and pCREB (S133) in pS6+ and pS6- cell lines (pS6, p = 0.002; pERK, p = 0.004;
pAKT, p =0.095, ns; p4EBP1, p = 0.095, ns; pCREB, p =0.095, ns).

E. Extracellular acidification rate (ECAR) indicating glycolytic activity in pS6+ cell lines (red)
compared to pS6- cell lines (black; p = 0.0039).

F. Correlation between the frequency of pS6+ cells and the glycolytic activity (measured by
ECAR) in B-ALL cell lines (n=9, p = 0.021, R*= 0.56). Each dot represents individual cell line
colored by pS6 relative expression level (z-score of arcsinh transformed mean value) measured
by CyTOF.

G. Cell viability after culture in medium with or without glucose (open bar) for 48 hours in pS6+
cells (red, n = 5) and pS6- cells (gray, n = 3). Cell death is measured by annexin V and PI
staining by flow cytometry. Nalmé6 p = 0.00098; 697 p = 0.0064; Kasumi2 p = 0.0022; Nalm16 p
= 0.026; REH p = 0.0183; RS4;11, p = 0.614; MHH-CALL-4 p = 0.523; Nalm20 p = 0.081.
Three or four biological replicates were performed.

All data in dot plots and bar graphs are mean £+ SD. Statistical tests used were Welch’s t test
followed by Holm-Sidak multiple comparison test (D); Welch’s t test (E, I); and multiple paired t
test followed using Sidak-Bonferroni method (G). ns, not significant, *p < 0.05, **p < 0.01,
**%p <0.001.

Figure 2. PI3K/mTOR signaling drives glucose-dependent pyrimidine synthesis in B-ALL
cells

A. Schematic of “Cs glucose tracing to illustrate glucose flow through glycolysis, PPP and
purine/pyrimidine synthesis. De novo synthesis converts phosphoribosyl pyrophosphate (PRPP)
into uridine monophosphate (UMP) or inosine monophosphate (IMP), while the salvage pathway
recycles nucleosides and nucleobases into nucleoside 5'-monophosphates (NMPs) or deoxy
NMPs in one adenosine triphosphate (ATP)- or PRPP-dependent step. Pyrimidine synthesis
pathways are highlighted: red for de novo, blue for salvage. Key enzymes include CAD
(carbamoyl phosphate synthetase II, aspartate transcarbamoylase and dihydroorotase), CTPS1
(CTP synthase 1), DHODH (dihydroorotate dehydrogenase), TS (thymidylate synthase), UCK1/2
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(uridine—cytidine kinases 1 and 2), UMPS (UMP synthase); UPP1 (uridine phosphorylase 1). The
figure was created in Biorender.

B. Fractional labeling of m+5 glucose carbons in PPP products: UDP (uridine diphosphate, p =
0.0233); UTP (uridine triphosphate, p =0.002) and ATP (adenosine triphosphate, p =0.0342) in
glutamine deprived conditions in pS6+ and pS6- cell lines.

C. Cell viability after glucose deprivation (GD) for 48 hours with and without supplementation
of various metabolites: uridine (ImM), pyruvate (SmM), aspartate (SmM), pyrimidine (ImM)
and purine (1mM). Analyses included pS6+ cell lines (n = 5) and pS6- cell lines (n = 3).

D. Pathway of carbamoyl phosphate synthetase (CAD) phosphorylation (left panel). Western blot
of pCAD (S1859), pS6 (S235/5236), total CAD, total ribosomal protein S6 and GAPDH (as
loading control) in pS6+ (Nalm6, 697, Nalml6, in red) and pS6- (RS4;11, Nalm20, MHH-
CALLA4, in black) cell lines. Band intensities were analyzed by Image J software and normalized
to first lane and loading control as indicated under each lane.

E, Western blot of pCAD (S1859), pS6 (5235/5236), total CAD, total ribosomal protein S6 and
GAPDH (as loading control) in B-ALL cell line Nalm6 and PDX sample (SJ18305) in the
presence or absence of tyrosine kinase inhibitors targeting kinases in the PI3K/mTOR pathway.
S6K1 (PF-4708671: 10, 20uM) PI3K (LY294002: 10, 20uM), mTOR (rapamycin: 2.5, SuM),
SYK (PRT062607 HCI: 2.5, 5SuM) for 24 hours.

F. CyTOF panel utilized to evaluate expression of glycolysis, PPP, and pyrimidine synthesis
proteins along with signaling molecules in primary cells. Measured proteins are in color, non-
measured proteins are in gray. The figure was created in Biorender.

G. Median expression of metabolic and signaling proteins between cell populations and primary
B-ALL BM cells from diagnosis (n = 31) and healthy BM (n = 5) in the Pro-BII and Pre-BI
population as profiled by CyTOF. Leukemia cells were classified into their developmental state
using our developmental classifier (see Supplemental Methods and Supplemental Figure 7).

H. Gating strategy defining pS6+ and pS6- cells in patient samples profiled by CyTOF; pS6+
cells were defined as events with pS6 counts > 10.

I. PGD (x-axis), DHODH (y-axis) and pCREB (color scale) expression between pS6* (left) and
pS6~ (right) cell populations as gated in ‘H’.

J. Median expression values of DHODH, PGD and pCREB measured by CyTOF across two
populations: pS6+ (red bar) and pS6— cells (black bar) in Pro-BII/Pre-BI cells from B-ALL
patient samples (n=31). Each gray line links the two measurements (pS6+ vs. pS6—) for the same
sample.

Data are displayed as mean + SD. Statistical test used to compare °C labelling fraction between
pS6+ and pS6- cells is Welch t test (B). Two-way ANOVA followed by Sidak’s multiple
comparisons test was used to compare the rescue effect of metabolites from glucose deprivation
(C). Multiple unpaired t-test was used to compare protein median expression in leukemia
samples and healthy BMs (G). Multiple paired #-test followed by Siddk-Bonferroni correction
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was used to compare protein median expression in pS6+ and — population in patient samples (J).
*p <0.05, **p < 0.01, ***p < 0.001.

Figure 3. Across cancer, B-ALL is most dependent on pyrimidine metabolism.

A. Effect of DHODH KO in cell lines across cancer subtypes in genome-wide CRISPR screens
(DepMap 22Q2 Public+Score, Chronos). B-ALL (in red) is the most dependent on DHODH
for growth and survival among 17 types of cancer. The x-axis shows cancer types of cell
lines. The y-axis shows the DHODH dependency score (gene effect) per cell line. Commonly
essential genes exhibit a median Chronos score of —1 as indicated (dashed line).

B. Comparison of dependencies in B-cell leukemia (B-ALL) vs solid tumors. The x-axis
displays the difference in average CRISPR score per gene between B-ALL and solid tumors,
while the y-axis represents significance using -loglO(p-value). Purple dots represent
“dependency” genes that are preferentially dependent in B-ALL compared to solid tumors.
Their loss is more detrimental to B-ALL cells than to solid tumor cells. Blue dots show
“tolerance” genes that are not essential in B-ALL. A series of genes involved in pyrimidine
synthesis (DHODH, UMPS, CAD, TYMS and CTPSI, red) are among the most essential
genes in B-ALL.

C. Schematic figure to show that uridine can be synthesized from orotate and PRPP in de novo
synthesis pathway indicated as red arrows and salvaged from cytidine indicated as blue
arrows. Other studies have shown that uridine can be converted to uracil and ribose-1P to
fuel PPP and glycolysis. The figure was created in Biorender.

D. Gene expression of UPP1 (encoding uridine phosphorylase, a pyrimidine salvage enzyme
that catalyzes the reversible phosphorylation of uridine to uracil and ribose-1-phosphate) in
229 cell lines from 12 different subtypes of hematological malignancies in Depmap RNA-seq
data (Batch Corrected Expression Public 24Q2). B-ALL cell lines (marked in red) have the
lowest expression of UPP1 crossing all cancer types. CML, chronic myeloid leukemia; BL,
Burkitt lymphoma; AML, acute myeloid leukemia; MCL, mantle cell lymphoma; HL,
Hodgkin lymphoma; ALCL, Anaplastic Large-Cell Lymphoma; T-ALL, T cell lymphoblastic
leukemia/lymphoma.

E. Cell viability after glucose deprivation (GD) for 48 hours with and without rescuing by
uridine (2mM), ribose (10mM) or uracil (2mM). pS6+ cells are rescued by uridine or ribose
supplementations in the face of glucose deprivation. Cell apoptosis is measured by annexin V
and PI staining in flow cytometry. Annexin V and PI double negative cells are live cells.

F. Ratio of gene expression of UCKI1 (uridine cytidine kinase 1) to UPP1 in 229 cell lines from
12 different hematological malignancies. B-ALL cell lines ranked highest (red).

Data in box-whisker plot (A) are shown as median value with the range of values from 10" to
90™ percentiles. The dots above or below the lines are outliers. Data in the box-and-whisker
graphs (D,F) was presented with all the data points with the line indicating median value. One
way ANOVA test followed by the Holm-Siddk method for multiple comparison correction was
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used to compare B-ALL with every other cancer type. Data in bar graph (E) is displayed as mean

+ SD in triplicates. Two-way ANOVA followed by Sidak’s multiple comparisons test was used to
evaluate the rescue effect of different metabolites compared to glucose deprivation (ns, not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ***p <0.0001).

Figure 4. De novo pyrimidine synthesis is a metabolic vulnerability in B-ALL

A

GSEA for KEGG pyrimidine metabolism signature between relapsed (n=426) vs non-
relapsed (n=1039) patients in the MP2PRT dataset. Enrichment score 0.489, Kolmogorov—
Smirnov (KS) test of rank distribution p =3.49¢-05.

GSEA for KEGG pyrimidine metabolism signature between relapsed (n=112) vs non-
relapsed (n=75) patients with B-ALL in the NCI TARGET dataset. Enrichment score 0.354,
KS test of rank distribution p =8.08e-08.

DHODH and UMPS relative expression in relapsed (n=426) vs non-relapsed (n=1039)
patients from MP2PRT dataset (DHODH, P=0.025; UMPS, p = 0.021). The line indicates
mean value.

DHODH and UMPS relative expression in the diagnostic samples from relapsed (n=112) vs
non-relapsed (n=75) patients from NCI TARGET dataset (DHODH p =0.133; UMPS p =
0.008). The line indicates mean value.

Event-free survival (EFS) based on DHODH and UMPS expression in MP2PRT dataset
when comparing top 10 percentile (N= 147) versus lowest 90% (n=1,318) MP2PRT,
Molecular Profiling to Predict Responses to Therapy. Significance determined by Cox
regression; DHODH p = 0.002; p=0.214.

EFS based on DHODH and UMPS expression in the NCI TARGET dataset when comparing
the highest quartile (n = 46) to the lowest quartiles (n = 135) Significance determined by Cox
regression; DHODH p = 0.036; UMPS p =0.019.

The Kolmogorov—Smirnov test was applied to determine whether the rank distributions of
these pathways were statistically different between diagnostic samples from patients who
would relapse and patients who are in remission (A, B). Statistical test between relapse vs
none was Welch’s #-test (C, D). *p <0.05, **p <0.01, ***p <0.001.

Figure 5. Active signaling predicts sensitivity to DHODH inhibition

A

B.

DHODH activity in 1985 molecularly defined B-ALL cases. Bold indicates subtypes tested
for DHODH inhibition (DHODHi) sensitivity in vitro.

In vitro killing after treatment with DHODHi BAY-2402234 in cell lines (n=9). Cells were
treated with increasing concentrations of BAY-2402234 for 48 hours. Apoptosis was
measured by flow cytometry with Annexin V/7AAD staining. pS6+ magnitude is indicated
by color with red/orange representing highest pS6 magnitude (n=5) while pS6- cells (n=3)
are indicated in gray.
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C. Z-score based on the median expression of signaling molecules pS6, pERK, pAKT, p4EBP1
and pCREB in Pro-BII and Pre-BI cells from PDX samples (n=17). Phospho-protein profiles
were measured in CyTOF and each cell was classified by developmental classification. We
defined cell lines and PDXs with pS6 median expression values (arcsinh transformed) greater
than 3 as pS6+ and those no greater than 3 as pS6-. pS6+ PDXs are shown in red, while pS6-
PDXs are in black. PDXs marked in bold were used for DHODHI treatment in panel D.

D. In vitro killing after treatment with BAY-2402234 in PDX samples (n=14). Cells were
treated with increasing concentrations of BAY-2402234 for 72 hours. Cell viability was
measured by CellTiter-Glo assay. Curves were color-coded by z-score of pS6 median value
measured by CyTOF.

E. Correlation between the strength of pS6 signaling (median expression) and the sensitivity to
DHODHi (-logIC50) in PDXs (n =14, p = 0.0007, R* = 0.63). IC50 values were determined
at 72 hours. pS6 median value (arcsinh transformed) was determined by CyTOF.

F. Cellular features ranked by importance in predicting sensitivity to BAY-2402234 as selected
by XGBoost in Pro-BII and Pre-BI cells from cell lines (n=8) and PDXs (n=11). The top 2
features (> 0.1) are highlighted in the purple.

G. UMAP plot to show the expression of pS6 and frequency of pS6+ cells after DHODHi
treatment in Nalm16 cells (pS6+, first row) and PDX SJ45503 (pS6-, second row). Nalm16
and PDX cells collected before (Day 0) and after BAY-2402234 treatment for 3 and 6 days
were profiled by CyTOF. live cells were used to generate UMAP plots. The frequency of
pS6+ live cells were further indicated in UMAP plots. The coloring axis in UMAP is pS6
(S235/236).

Data in bar graph (A) are shown as median + SD. Data in curves (B, C, E) are mean + SD.
Linear regression correlation was evaluated in F. The best fit line was shown with 95%
confidence bands (dashed curves). *p < 0.05, **p < 0.01, ***p <0.001.

Figure 6. DHODH inhibition prolongs survival of pS6+ B-ALL xenograft models

A. Half a million B-ALL cells were injected by tail vein in NSG mice. Starting on day +3
following injection, xenografts were treated daily with 5 mg/kg BAY-2402234 for 24 dosing
days (5 days on, 2 days off). The treatment stopped at the 34th day after IV injection.
Bioluminescence imaging (BLI) was performed once a week for 5 weeks.

B. Bioluminescent images of NSG mice at Day 10, Day 17, and Day 24 post engraftment with
PDX SJ18305/Luc+ cells. Crossed-out mice indicate experimental mice excluded from the
analysis due to death unrelated to leukemia (see methods).

C. Bioluminescent images of NSG mice at Day 24, Day 31, and Day 34 post engraftment with
Nalm16/Luc+ cells.

D. Leukemia progression in SJ18305 xenografts by bioluminescence in DHODHi (red curve)
treated and vehicle (black curve) mice (n=5 per group).
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. Leukemia progression in Nalm16 xenografts by bioluminescence in DHODHi (red curve)

treated (n=4) and vehicle (black curve) mice (n =5).

. Leukemia progression in SJ45503 xenografts by bioluminescence in DHODHi (red curve)

treated and vehicle (black curve) mice (n=5 per group).

. Leukemia engraftment in DHODHIi or vehicle-treated SJ18305 xenografts.
. Spleen weight in SJ18305 PDX xenografts in DHODHI treated and vehicle group.

Survival of SJ18305 xenografts treated with DHODHI (red curve) and vehicle (black curve).
Gray area indicates the dosing period.

Survival of Nalml6 xenografts treated by DHODHi (red curve) and vehicle mice (black
curve). The gray area indicates the dosing period.

. Model of pyrimidine dependency and sensitivity to DHODH inhibition in B-ALL. B-ALL

cells characterized by active pS6 signaling (left) are glucose dependent for de novo
pyrimidine synthesis and uridine production. Active signaling downstream of mTOR
pathway activates S6-kinase which phosphorylates CAD, driving pyrimidine synthesis.
Consequently, these cells are reliant on de novo pyrimidine synthesis, making them
susceptible to inhibition by targeting DHODH. In contrast, cells lacking pS6 signaling (pS6-)
do not depend on de novo pyrimidine synthesis and, therefore, show minimal response to
DHODHI treatment. Data in primary samples suggests patients may contain a mixture of
pS6+ and pS6- cells but that pS6+, DHODH active cells are associated with chemoresistance.
The figure was created in Biorender. Data in panels D and E are mean + SD tested for
significance using a 2-way ANOVA mixed model followed by Sidak’s test for multiple
comparisons. Data in box plots (F,G) are mean + SD; Welch’s ¢ test was used. The log-rank
test was used for Kaplan-Meier curves (H). *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Dihydroorotate Dehydrogenase (DHODH) as a Targetable Metabolic Achilles’
Heel for Chemo-Resistant B-cell Acute Lymphoblastic Leukemia (B-ALL)

Context of Research Aim of This Study g

Relapse in B-ALL is linked to active signaling pathways and high To characterize relapse-associated mTOR-signaling active ceI%

glucose use, but therapeutic targets distinguishing relapse from and study their metabolic dependency in patients with chemog

remission remain largely unexplored resistant B-ALL o

Findings =

_Rela_lpse-assomated B-ALL_ce_II_s with aCt'V? mTOR Across cancer, B-ALL is most DHODH inhibition reduces leukemia g

signaling rely on de novo pyrimidine synthesis through d o 2

- . ependent on de novo burden and prolongs survival in CDX -

regulating CAD, making them vulnerable to DHODH S . L =
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Conclusions: B-ALL cells with active mTOR signaling exhibit increased reliance on de &

novo pyrimidine synthesis. DHODH inhibition disrupts this metabolic dependency and :

demonstrates potent in vitro and in vivo efficacy, defining a targetable metabolic N
vulnerability and a potential therapeutic strategy for B-ALL.

Liu et al. DOI: 10.xxxx/blood.2025xxxxxx
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