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Abstract

Acute myeloid leukemia (AML) is a devastating disease initiated and maintained by a rare subset 

of cells called leukemia stem cells (LSCs). LSCs are responsible for driving disease relapse, 

making the development of new therapeutic strategies to target LSCs urgently needed. The use 

of mass spectrometry–based metabolomics profiling has enabled the discovery of unique and 

targetable metabolic properties in LSCs. However, we do not have a comprehensive understanding 

of metabolite differences between LSCs and their normal counterparts, hematopoietic stem 

and progenitor cells (HSPCs). In this study, we used an unbiased mass spectrometry–based 

metabolomics analysis to define differences in metabolites between primary human LSCs and 

HSPCs, which revealed that LSCs have a distinct metabolome. Spermidine was the most 

enriched metabolite in LSCs compared with HSPCs. Pharmacological reduction of spermidine 

concentrations decreased LSC function but spared normal HSPCs. Polyamine depletion also 

decreased leukemic burden in patient-derived xenografts. Mechanistically, spermidine depletion 

induced LSC myeloid differentiation by decreasing eIF5A-dependent protein synthesis, resulting 

in reduced expression of a select subset of proteins. KAT7, a histone acetyltransferase, was one 

of the top candidates identified to be down-regulated by spermidine depletion. Overexpression 

of KAT7 partially rescued polyamine depletion–induced decreased colony-forming ability, 

demonstrating that loss of KAT7 is an essential part of the mechanism by which spermidine 

depletion targets AML clonogenic potential. Together, we identified and mechanistically dissected 

a metabolic vulnerability of LSCs that has the potential to be rapidly translated into clinical trials 

to improve outcomes for patients with AML.

INTRODUCTION

Acute myeloid leukemia (AML) is the most common acute leukemia in adults and has 

about a 30% 5-year survival rate (1). Most patients with AML who receive intensive therapy 

achieve a clinical response; however, a subset of cells called leukemia stem cells (LSCs) 

persist through treatment and ultimately drive disease relapse (2). To improve outcomes 

of patients with ML, it is critically important to develop new therapies to target the LSC 

population.

Dysregulated cellular metabolism is a hallmark of cancer and has been described as a critical 

vulnerability in LSCs (3, 4). The development of metabolomics analysis methods that use 

relatively low cell numbers (5, 6) has led to a rapid increase in our understanding of LSC 
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metabolism. Metabolomics profiling of LSCs compared with the more mature leukemic 

blasts revealed that the metabolite abundances between these cell populations are distinct 

(7, 8), highlighting the importance of examining metabolism specifically in LSCs. AML 

cells harboring different genetic drivers also display unique metabolic characteristics (9–

12), demonstrating that metabolic heterogeneity exists between patients with AML. Last, 

metabolite profiling of therapy-resistant LSCs uncovered metabolic pathways responsible 

for driving therapy resistance (9, 13, 14). However, we lack a comprehensive understanding 

of metabolite differences between LSCs and their healthy counterparts, hematopoietic stem 

and progenitor cells (HSPCs).

Given that the ideal therapy would target LSCs and not harm HSPCs, we sought to fill in 

this critical knowledge gap. Here, we measured metabolite abundance in LSCs and HSPCs 

enriched from human AML specimens and healthy bone marrow donors, which revealed 

a notable enrichment of the polyamine spermidine in LSCs. Polyamines (putrescine, 

spermidine, and spermine) are cationic compounds containing at least two amino groups that 

have pleiotropic effects on cellular function (15). Polyamines are important for the growth 

of several cancers, including neuroblastoma, glioma, melanoma, hepatocellular, colorectal, 

prostate, lung, lymphoma, and breast cancers (16–26). Spermidine metabolism has not been 

explored in LSCs. We demonstrate that spermidine is essential for enriched LSC populations 

by maintaining stemness through the selective regulation of protein synthesis. Overall, these 

data demonstrate that spermidine depletion represents a promising strategy to target LSCs.

RESULTS

Arginine is essential for LSC viability by mediating spermidine synthesis

To identify metabolic properties of LSCs that differ from HSPCs, we quantified metabolite 

abundance using an unbiased metabolomics analysis. We enriched LSCs from cryopreserved 

AML cells isolated from 18 patients and HSPCs from five normal bone marrow (NBM) 

specimens and performed mass spectrometry–based metabolomics analysis (Fig. 1A). LSCs 

were enriched using relative reactive oxygen species (ROS) abundance as previously 

described (27). HSPCs were enriched from NBM specimens using cluster of differentiation 

marker 34 (CD34). The use of ROS-low sorting enabled us to include a wider range of AML 

specimens, including those with CD34− LSCs, which have been shown to have different 

metabolic properties and response to metabolic targeting therapies (28, 29). Consistent with 

previous studies, ROS-low–sorted cells had a higher colony-forming potential compared 

with ROS-high cells, indicating an increase in stem and progenitor cells within the ROS-

low compartment (fig. S1A). Our metabolomics analysis revealed that enriched LSCs and 

HSPCs displayed distinct metabolite profiles (Fig. 1B). To identify potential functional 

metabolic differences between enriched LSCs and HSPCs, we performed pathway analysis, 

which identified arginine biosynthesis as the most enriched pathway in ROS-low LSCs 

compared with CD34+ HSPCs (Fig. 1C). Arginine and proline metabolism was also among 

the most highly enriched pathways in ROS-low LSCs. Moreover, enriched LSCs displayed 

a higher arginine abundance compared with enriched HSPCs (Fig. 1D). Arginine has been 

previously shown to be important for AML survival (30). To determine whether arginine 

was essential for leukemic clonogenic potential, we cultured ROS-low–enriched LSCs in 
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medium lacking arginine for 24 hours and then measured colony-forming potential by 

plating an equal number of viable cells in methylcellulose medium containing normal 

amounts of arginine (fig. S1B). Short-term arginine deprivation resulted in reduced colony-

forming potential of all primary AML specimens examined (fig. S1C). In contrast, arginine 

deprivation did not affect the colony-forming potential of an NBM specimen (fig. S1C), 

suggesting that a therapeutic window exists to target arginine metabolism in enriched 

LSCs without harming HSPCs. Clinical trials evaluating safety and efficacy of arginine-

depleting therapies in AML have been conducted (NCT02899286, NCT02732184, and 

NCT01910012) and, in contrast with preclinical studies, have shown limited efficacy (31). 

This is likely because cancer cells up-regulate arginine synthesis upon arginine depletion 

therapy (30, 32).

To circumvent this compensatory mechanism, we sought to identify and target the 

downstream metabolic pathways supported by arginine metabolism in ROS-low–enriched 

LSCs. Arginine metabolism has been widely studied in cancer, including AML, and is 

commonly studied for its role in the urea cycle (30, 32). In contrast with that of arginine, 

the abundances of other urea cycle intermediates—such as citrulline, argininosuccinate, 

or fumarate—were lower in enriched LSCs compared with enriched HSPCs (Fig. 1D). 

Further, other amino acids, including aspartate, that contribute to the urea cycle had similar 

abundances between enriched LSCs and HSPCs, demonstrating that not all amino acids 

are elevated in ROS-low–enriched LSCs relative to CD34+-enriched HSPCs. These data 

suggest that the elevated arginine abundance observed in ROS-low–enriched LSCs may 

be important beyond contributions to the urea cycle. Therefore, we sought to identify 

which metabolic pathways arginine was used for in ROS-low–enriched LSCs by performing 

a stable isotope–labeled (SIL) tracing analysis using [13C6,15N4]–arginine (Fig. 2A). We 

observed that arginine was metabolized into the polyamines, putrescine, and spermidine in 

ROS-low–enriched LSCs (Fig. 2B). On the basis of these findings, we hypothesized that 

arginine is essential for LSC survival by mediating polyamine biosynthesis. To test this 

hypothesis, we supplemented arginine-depleted medium with the polyamines spermidine 

and spermine. The addition of spermidine but not spermine completely rescued the viability 

of ROS-low LSCs enriched from four AML patient specimens cultured in the absence of 

arginine, demonstrating that spermidine is required for enriched LSC survival (Fig. 2C).

Last, we sought to validate metabolic changes in LSCs through a second metabolomics 

characterization in which both LSCs and HSPCs were enriched on the basis of CD34+ 

expression (Fig. 2D). This validation experiment was critical because it allowed us to 

verify that our findings were not an artifact of the ROS-low–sorting approach. Arginine 

biosynthesis and arginine and proline metabolism were once again among the top 

differentially abundant pathways in CD34+ LSCs compared with CD34+ HSPCs (Fig. 2E). 

Further, spermidine was the most enriched metabolite in CD34+ LSCs compared with 

CD34+ HSPCs (Fig. 2F). Consistent with the polyamine rescue experiments (Fig. 2C), 

spermine was not elevated in enriched LSCs compared to HSPCs (Fig. 2F). Overall, these 

data suggest that elevated arginine metabolism and its downstream metabolite spermidine 

are increased in enriched LSCs compared with enriched HSPCs and are required for LSC 

survival.
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Polyamine depletion targets LSC function

Polyamine metabolism has been explored as a therapeutic target in several cancer types 

(16–26); however, the role of this pathway in LSCs has yet to be determined. Approaches to 

target polyamine metabolism include reducing polyamine biosynthesis and uptake (17) and 

inducing polyamine export (33). Polyamine export is regulated by spermidine/spermine N1-

acetyltransferase 1 (SAT1), an enzyme that acetylates spermidine and spermine, resulting 

in their cellular export (33). We observed decreased expression of SAT1 in primary 

AML samples compared with NBM specimens and in enriched LSCs compared with 

enriched HSPCs, suggesting that AML cells may have reduced baseline polyamine export 

compared with HSPCs (Fig. 3, A and B). This may contribute to the higher spermidine 

content in enriched LSCs. Therefore, we first determined the consequences of elevating 

polyamine export in AML using the SAT1 inducer N1,N11-diethylnorspermine (DENSpm). 

As expected, we observed the overexpression of SAT1 at mRNA and protein in Molm13 

and MV4;11 AML cell lines and enriched LSCs as early as 24 hours after DENSpm 

treatment (Fig. 3, C and D, and fig. S2, A and B). DENSpm treatment resulted in 

decreased total polyamines in AML cell lines (fig. S2C) and reduced spermidine in 

Molm13 cells (fig. S2D), primary AML specimens (Fig. 3E), enriched LSCs (fig. S2, E 

and F), and CD34+ NBM (fig. S2G), demonstrating that DENSpm treatment is effectively 

targeting spermidine abundance in both normal and AML cells. As expected, spermine 

abundance was also decreased in AML cell lines and showed a trend toward a decrease 

in primary AML specimens, enriched LSCs, and NBM (Fig. 3F and fig. S2, D to G). 

Last, we measured DENSpm abundance in AML cell lines, primary specimens, enriched 

LSCs, and normal CD34+ bone marrow (BM) cells, which revealed that DENSpm was 

imported into all of the different cells analyzed (fig. S2, D to H). Next, we interrogated 

the consequences of polyamine depletion using DENSpm on other enzymes involved 

in polyamine metabolism. In contrast with SAT1, we observed no changes in spermine 

oxidase (SMOX) or polyamine oxidase (PAOX) upon polyamine depletion (fig. S2I). We 

also evaluated a complementary approach to decrease polyamine abundance in AML cells 

by inhibiting polyamine biosynthesis and cellular import. Pharmacological inhibition of 

the rate-limiting enzyme in polyamine biosynthesis, ornithine decarboxylase 1 (ODC1), 

using difluoromethylornithine (DFMO) has shown promise in preclinical cancer models 

(17, 23) but lacked cytotoxic effects in clinical trials (21, 34, 35), partly because of cancer 

cells’ ability to take up polyamines from the microenvironment (17). Therefore, preclinical 

studies have combined DFMO with AMXT 1501, an inhibitor of SLC3A2, a polyamine 

transporter. DFMO + AMXT 1501 has shown promising results in preclinical models of 

pontine glioma (17), which led to the initiation of ongoing clinical trials (NCT03536728 

and NCT05500508). DFMO + AMXT 1501 reduced spermidine but not spermine in primary 

AML specimens (Fig. 3, E and F). Consistent with previous findings, the combination of 

DFMO + AMXT 1501 reduced spermidine to a greater extent than DFMO or AMXT 1501 

as single agents.

To establish whether polyamines are essential in AML, we evaluated the impact of 

polyamine depletion on the colony-forming potential of AML cells and LSCs using 

DENSpm and DFMO + AMXT 1501. Polyamine depletion using DENSpm decreased the 

colony-forming potential of Molm13 and MV4;11 cells (fig. S3A). Next, we pretreated 
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primary AML specimens and NBM with DENSpm or DFMO + AMXT 1501 for 24 

hours before plating in a methylcellulose medium that did not contain the compounds 

and evaluated colony numbers 2 to 3 weeks after plating. Polyamine depletion with 

either DENSpm or DFMO + AMXT 1501 decreased colony-forming potential of all AML 

specimens evaluated but had only a minimal impact on colony-forming potential of NBM 

(Fig. 3, G to J, and fig. S3B). We observed no decrease in viability upon DENSpm or 

DFMO + AMTX 1501 pretreatment (fig. S3C), demonstrating that the change in colony 

numbers was not because of cell death at the time of plating. Last, we measured the 

consequences of polyamine depletion using DENSpm on the colony-forming ability of 

enriched LSCs. LSCs enriched using ROS-low or CD34+ sorting had a decrease in colony-

forming potential upon polyamine depletion similar to that of bulk AML specimens (fig. S3, 

D and E), further supporting the concept that polyamine depletion targets LSCs. Overall, 

these data point to a potential therapeutic window to target polyamines in AML.

To determine whether the consequences of DENSpm and DFMO + AMXT 1501 were due 

to decreased polyamines, we measured polyamine abundance and colony-forming potential 

upon the addition of exogenous spermidine. Using three additional AML specimens, we 

observed a decrease in spermidine upon DENSpm and DFMO + AMXT 1501, which was 

rescued by the addition of exogenous spermidine (fig. S4A). This resulted in the rescue 

of colony-forming ability in each of the three primary AML specimens (fig. S4B). The 

addition of spermidine did not interfere with the mechanism of action of DFMO + AMXT 

1501. However, it is possible that spermidine competes with DENSpm for cellular import. 

Therefore, we measured DENSpm abundance upon spermidine supplement. DENSpm was 

still detected, albeit at a lower abundance, when compared with non–spermidine-exposed 

cells (fig. S4C). Exogenous spermidine treatment rescued both spermidine abundance 

and colony-forming potential of primary AML specimens, suggesting that the polyamine-

depleting agents are targeting AML cells through reduced polyamine abundance (fig. S4, 

A and B). The addition of spermidine to culture medium in the presence of bovine serum 

results in spermidine oxidation by a bovine serum amine oxidase (36). Therefore, we 

investigated whether spermidine supplementation still rescued the colony-forming ability 

of AML cells in the presence of amine oxidase inhibitor aminoguanidine. The addition 

of spermidine in the presence of aminoguanidine at 50 or 500 μM still resulted in the 

normalization of the colony-forming ability of DENSpm-treated Molm13 cells (fig. S4D). 

Together with our mass spectrometry data, which show that addition of spermidine to the 

culture medium led to a notable increase in spermidine (fig. S4A), our results suggest 

that the effects observed after spermidine supplementation are not due to metabolization of 

spermidine by diamine oxidase but to the rescue of spermidine abundance.

Next, we sought to determine the consequences of polyamine depletion on LSC and 

HSPC function, which is measured by quantifying engraftment of human cells into 

immunodeficient mice (37). For these assays, AML and NBM specimens were transplanted 

into NOD-scid IL2Rgnull-3/GM/SF (NSG-SGM3) mice after ex vivo treatment with 

DENSpm (Fig. 4A). Polyamine depletion resulted in decreased engraftment for eight of 

the nine primary AML specimens tested ex vivo (Fig. 4B). Six of the nine AML specimens 

examined, including all responding specimens, were enriched from patients with AML who 

had relapsed on conventional cytotoxic chemotherapy (data file S1). Further, we evaluated 
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two AML specimens for venetoclax sensitivity and observed that both specimens that 

were sensitive to DENSpm treatment were resistant to venetoclax (fig. S5A). These data 

demonstrate that polyamine depletion targets LSC function even in primary AML specimens 

that do not respond to, or have previously failed on, commonly used AML therapies. 

Spermidine depletion did not impair the engraftment or lineage output of NBM cells 

isolated from three healthy donors (Fig. 4C and fig. S5B). The most rigorous examination 

of LSC function is serial engraftment assays. Therefore, to confirm that polyamine depletion 

was targeting functional LSCs, we performed secondary engraftment using AML54. For 

this experiment, we transplanted an equal number of viable cells from primary recipient 

mice into secondary recipient mice and measured engraftment by flow cytometry. This 

experiment revealed a decrease in secondary engraftment potential in the DENSpm-treated 

condition (Fig. 4D), demonstrating a reduction in LSC function upon polyamine depletion. 

Last, we examined whether DENSpm reduced the function of enriched LSC populations. We 

enriched LSCs using ROS-low sorting; cells were then treated ex vivo with DENSpm and 

transplanted into immunedeficient mice, and engraftment was measured by flow cytometry 

(Fig. 4E). DENSpm treatment resulted in reduced engraftment of enriched LSCs (Fig. 

4F), demonstrating that polyamine depletion decreases LSC function. Overall, these data 

demonstrate that polyamine depletion targets functionally defined LSCs while sparing 

normal HSPCs.

Polyamine depletion promotes LSC differentiation

Polyamines have pleiotropic effects on cellular function (15, 33). To begin to understand 

the molecular mechanisms by which polyamines regulate LSC function, we enriched LSCs 

(defined as ROS-low) from five primary AML specimens and HSPCs (defined as CD34+) 

from three NBM specimens and performed RNA sequencing (RNA-seq) (Fig. 5A). Gene 

set enrichment analysis (GSEA) revealed an enrichment of hematopoietic cell differentiation 

signatures, including in the myeloid lineage in DENSpm-treated ROS-low LSCs, suggesting 

that polyamine depletion is associated with increased LSC differentiation (Fig. 5B). The 

same gene signatures were not enriched in DENSpm-treated CD34+ HSPCs, suggesting that 

polyamine depletion does not affect normal HSPC differentiation (Fig. 5B). To confirm that 

polyamine depletion induced myeloid cell differentiation in AML, we incubated Molm13 

and MV4;11 cells with a low dose of DENSpm for 24 hours, performed colony-forming 

assays, and measured the differentiation status of the colonies by assessing CD15 and 

CD11b myeloid-associated marker expression. We observed increased expression of CD15 

but not CD11b when Molm13 and MV4;11 cells were treated with DENSpm compared with 

vehicle (fig. S6A). We then examined the effect of polyamine depletion in primary AML 

differentiation. Consistent with the cell line data, primary AML specimens had increased 

CD15 or CD11b expression, confirming that AML differentiation results from polyamine 

depletion (Fig. 5C). To determine whether enriched LSCs differentiated upon polyamine 

depletion, we measured CD11b and CD15 expression in ROS-low and CD34+-enriched LSC 

populations upon colony formation as described above. In enriched LSCs, we observed an 

increase in CD11b or CD15, consistent with the increased myeloid markers observed in bulk 

samples (Fig. 5, D and E). Together, these data support that polyamine depletion results in 

LSC differentiation.
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We next investigated the in vivo impact of polyamine depletion on LSC differentiation by 

engrafting DENSpm-treated primary AML specimens in NSG-SGM3 mice and assessing 

the expression of myeloid-associated markers in their progeny. For these assays, we 

used two DENSpm-responding patient specimens (AML29 and AML54), one resistant 

specimen (AML35), and three NBM specimens. AML29 and AML54 were chosen for 

this analysis because these were the only specimens without a high percentage of CD11b 

and CD15 at baseline with sufficient residual cells in the DENSpm-treated condition 

(from Fig. 4) to quantify the expression of myeloid markers. Primary specimens were 

transplanted into NSG-SGM3 mice after ex vivo treatment with DENSpm (Fig. 5F). 

DENSpm treatment increased the expression of CD15 and CD11b in cells derived from 

primary AML29 specimens (Fig. 5G). There was no change in CD15 or CD11b in 

AML54 upon primary transplant; however, CD15 and CD11b expression were higher in 

the polyamine-depleted condition upon secondary transplantation. Last, no changes in CD15 

or CD11b were observed in AML35, which was consistent with this AML specimen not 

exhibiting decreased engraftment upon DENSpm treatment (Fig. 5G). Polyamine depletion 

did not result in HSPC myeloid differentiation (fig. S6B). Together, these data demonstrate 

that polyamine depletion promotes the differentiation of LSCs in polyamine-dependent 

specimens from patients with AML but does not affect HSPC differentiation.

Polyamine depletion decreases eIF5A hypusination in LSCs

To determine the mechanism by which polyamine depletion induces LSC differentiation, we 

further examined DENSpm-induced transcriptomic changes in ROS-low–enriched LSCs. 

RNA-seq analysis revealed an enrichment of gene signatures associated with mRNA 

translation in vehicle-treated–enriched LSCs compared with DENSpm-treated–enriched 

LSCs, but not in HSPCs (Fig. 6A). To validate whether polyamine depletion reduced protein 

synthesis in AML and enriched LSCs, we measured puromycin incorporation into newly 

synthesized proteins upon DENSpm treatment in Molm13 and MV4;11 cell lines, primary 

human enriched LSCs, and HSPCs (both defined as CD34+ cells). Polyamine depletion 

using DENSpm resulted in a modest decrease in protein synthesis in AML cell lines and 

primary enriched LSCs but not in HSPCs (Fig. 6B and fig. S7A). DFMO + AMXT 1501 

treatment also reduced protein synthesis in enriched LSCs (Fig. 6C). These data suggest that 

AML cells and LSCs are dependent on polyamines for protein synthesis.

Given that protein synthesis is tightly linked to cell cycle progression, it is essential to 

uncouple the effect of polyamine depletion on protein synthesis and potential changes in 

the cell cycle. Polyamines have been shown to promote cell proliferation (15). Moreover, 

DENSpm has been previously shown to induce cell cycle arrest in cancer cells (18). 

Accordingly, when AML cell lines were treated with DENSpm for 24 hours, we observed 

an increased proportion of cells in the G0-G1 phase, whereas the percentage of cells in the 

S-G2-M phases was decreased (fig. S7B). Decreased protein synthesis in AML cell lines 

was independent of their cell cycle status (fig. S7C). By contrast, LSCs enriched from 11 

primary AML specimens did not show any modulation of cell cycle after incubation with 

DENSpm for 24 hours (fig. S7D). The absence of impact on LSC cell cycle status might 

be explained by the observation that these cells are already highly quiescent at steady state. 

Rondeau et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2024 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Overall, these data suggest that the impact of polyamine depletion on protein translation is 

independent from its effect on the cell cycle.

Spermidine is known to regulate protein synthesis through its role as a precursor of 

hypusine, a posttranslational addition to eukaryotic initiation factor 5A (eIF5A) (38). eIF5A 

is a highly conserved protein that is thought to regulate about 30% of global translation (39, 

40). eIF5A is the only known hypusinated protein. Hypusination of eIF5A helps facilitate 

protein elongation, especially in proteins containing amino acid sequences that are not 

efficient at forming peptide bonds, such as poly-proline regions (40). To determine whether 

polyamine depletion decreases protein synthesis through reducing hypusination of eIF5A, 

we assessed the abundance of hypusinated eIF5A (eIF5AH) in AML cell lines, primary 

AML cells, and enriched LSCs after polyamine depletion. DENSpm treatment decreased 

eIF5AH in Molm13 and MV4;11 cells. Reduced eIF5AH was rescued by cotreatment 

with spermidine (fig. S7E), demonstrating that the DENSpm treatment alters eIF5AH in 

a spermidine-dependent manner. Polyamine depletion also decreased eIF5AH abundance 

in most primary AML specimens (Fig. 6D and fig. S7F). DENSpm treatment resulted in 

decreased eIF5AH in ROS-low–enriched LSCs (Fig. 6E), often to a greater extent than in the 

bulk specimen (fig. S7F). Moreover, DFMO + AMXT 1501 treatment also reduced eIF5AH 

in primary AML specimens (Fig. 6F). Together, these data point to changes in eIF5AH as a 

potential mechanism by which polyamines regulate protein synthesis in LSCs.

To determine whether LSCs are dependent on eIF5A for their function, we used small 

interfering RNA (siRNA) to knockdown eIF5A in primary AML cells (Fig. 6G) and 

measured LSC function using colony-forming assays and engraftment assays. eIF5A 

knockdown (fig. S7G) resulted in decreased colony-forming potential (Fig. 6H) and 

engraftment (Fig. 6I) of primary AML specimens. In contrast with AML specimens, which 

had a greater than 90% reduction in colony-forming potential upon eIF5A knockdown, 

eIF5A reduction resulted in about a 50% decrease in colony-formation potential in NBM 

specimens, suggesting that AML cells are more reliant on eIF5A relative to HSPCs 

(fig. S7H). To examine the importance of hypusination of eIF5A for AML and HSPC 

clonogenic potential, we measured the colony-forming potential of AML cell lines, primary 

AML specimens, and NBM upon treatment with GC7, a tool compound that inhibits 

deoxyhypusine synthase, which is an enzyme essential for hypusination of eIF5A. GC7 

treatment decreased colony-forming potential of AML cell lines and resulted in elevated 

expression of myeloid differentiation marker CD15, similar to what was observed upon 

polyamine depletion (fig. S7, I and J). In primary specimens, GC7 treatment resulted in 

reduced eIF5AH, decreased protein synthesis, and completely abrogated colony-forming 

potential of AML specimens without harming NBM (Fig. 6, J to M). Overall, these results 

demonstrate that polyamine depletion impairs eIF5AH and that eIF5AH is essential for AML 

survival and LSC function.

Polyamine depletion alters the expression of KAT7

On the basis of the data above, we hypothesized that polyamine depletion targets LSCs by 

decreasing protein expression of one or several proteins crucial for maintaining stemness 

in LSCs. To identify these proteins, we performed mass spectrometry–based proteomics 
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analysis on Molm13 cells treated with DENSpm (Fig. 7A). Overall, polyamine depletion 

affected the expression of 213 proteins in Molm13 cells [false discovery rate (FDR) > 0.1 

and log2FC > 2]. One hundred fifty-one and 62 proteins were down- and up-regulated after 

DENSpm treatment, respectively. To determine which proteins identified in our proteomics 

analysis may help maintain stemness in LSCs, we overlapped our hits with genes whose 

knockouts have been shown to promote AML differentiation in an unbiased CRISPR screen 

(41). Because polyamine depletion targets LSCs and not HSPCs, we removed any potential 

candidate genes identified to be pan-essential in the cancer dependency map project 

(DepMap). This analysis revealed five candidate genes/proteins: KAT7, APLP2, CDK13, 

AFTPH, and EHMT1. Of the five genes identified, KAT7 had the greatest dependency score 

across 24 AML cell lines (DepMap) (Fig. 7B). KAT7, also known as HBO1, is one of 

the five members of the MYST family of histone acetyltransferases previously reported to 

function as a major transcriptional regulator, primarily through its role in histone acetylation 

(42). Loss of KAT7 in AML and LSCs results in increased myeloid differentiation gene 

expression, loss of LSC stemness, and ultimately cell death (43, 44).

Because KAT7 has been shown to be essential for LSC maintenance (43), we sought to 

determine whether DENSpm targets AML cells and LSCs, at least in part, by impairing 

KAT7 protein expression. Consistent with our proteomics data (Fig. 7C), KAT7 expression 

was decreased upon polyamine depletion in Molm13 and MV4;11 cells (fig. S8A), the 

majority of primary AML specimens (Fig. 7D and fig. S8B), and ROS-low–enriched 

LSCs (Fig. 7E). KAT7 expression was rescued by cotreatment with spermidine (fig. S8A), 

indicating that KAT7 reduction is spermidine dependent. KAT7 protein expression was 

also reduced by DFMO + AMXT 1501 and GC7 treatment in primary AML specimens 

(Fig. 7, F and G). KAT7 mRNA expression was unaffected by DENSpm treatment (fig. 

S8C), suggesting that KAT7 expression is regulated by polyamines in a posttranscriptional 

mechanism. Overall, these results suggest that AML cells are dependent on spermidine for 

the expression of KAT7.

To investigate the requirement of KAT7 for enriched LSC and HSPC function, we performed 

colony-forming assays with primary AML specimens and normal CD34-enriched BM 

in the presence of the KAT7 inhibitor WM-3835 as previously described (43). In these 

experiments, we used the inactive analog of this inhibitor (WM-2474) as a negative control 

(45). Inhibition of KAT7 using WM-3835 led to a decrease in the colony-forming potential 

of primary AML but not normal HSPCs (Fig. 7H). Primary AML but not NBM specimens 

expressed detectable abundance of KAT7 protein (Fig. 7I), which likely contributed to 

the differential response of LSCs to KAT7 inhibition and polyamine depletion compared 

with HSPCs. To determine whether the gene expression changes observed upon polyamine 

depletion contributed to KAT7 loss, we compared genes identified to be differentially 

expressed upon DENSpm treatment in LSCs with genes differentially expressed upon KAT7 

knockout in AML cells (44). This analysis revealed a significant overlap in differentially 

up-regulated (P value = 1.554 × 10−9) and down-regulated (P value = 2.56 × 10−22) genes 

(fig. S8D), suggesting that KAT7 loss in part may contribute to the gene expression changes 

observed upon polyamine depletion.

Rondeau et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2024 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Last, to determine whether decreased KAT7 protein abundance is a critical part of the 

mechanism by which polyamine depletion targets AML clonogenic potential, we transfected 

DENSpm-treated Molm13 cells with recombinant KAT7 and measured the effect on cell 

viability. Transfection of recombinant KAT7 restored KAT7 abundance upon polyamine 

depletion (fig. S8E) and partially rescued DENSpm-induced cell death in Molm13 cells 

(Fig. 7J). Further, transfection of recombinant KAT7 (fig. S8F) into three primary AML 

specimens resulted in a partial rescue in colony-forming potential upon polyamine depletion 

(Fig. 7K). Together, these results demonstrate that polyamine depletion targets AML 

clonogenicity at least in part by impairing KAT7 protein expression.

Polyamine depletion targets AML in vivo

Last, we assessed the therapeutic potential of polyamine inhibition on AML cells in vivo. 

AML and NBM specimens were transplanted into NSG-SGM3 mice; once leukemic/human 

cell burden reached at least 10% in the bone marrow, mice were treated with DENSpm (60 

mg/kg) 5 days/week for 2 weeks (Fig. 8A). DENSpm treatment decreased leukemic burden 

in mice transplanted with four of six AML specimens examined (Fig. 8B). Consistent with 

the engraftment assays (Fig. 4), in vivo DENSpm treatment reduced leukemic burden in 

mice transplanted with relapsed and de novo AML specimens (data file S1). In addition, 

DENSpm reduced leukemia burden in mice transplanted with AML specimens determined 

to be sensitive and resistant to venetoclax in vivo (fig. 9A). DENSpm treatment did not 

alter the numbers of human cells engrafted or lineage output of NBM cells (Fig. 8C and 

fig. S9B). Last, to determine whether polyamine depletion targets LSC function in vivo, 

we transplanted cells from one of the nonresponding primary recipient mice into secondary 

non–drug-treated mice and measured engraftment potential as a readout of LSC function. 

Despite not observing an initial response to DENSpm in vivo, secondary engraftment was 

decreased, demonstrating the polyamine depletion can target LSC in vivo (Fig. 8D). These 

data demonstrate that DENSpm is a promising therapeutic approach to target AML cells 

even in patients with AML who are resistant to other commonly used AML therapies.

Together, our data show that polyamines are essential for LSC survival by regulating 

eIF5A hypusination. Mechanistically, our data suggest that polyamines are required for 

KAT7 synthesis, which is essential for maintenance of stemness. Loss of polyamines, 

particularly spermidine, results in reduced KAT7 protein expression, resulting in myeloid 

cell differentiation.

DISCUSSION

Despite the recent advances in our knowledge of LSC metabolism (3), we lacked a 

comprehensive understanding of the metabolite differences between human LSCs and 

HSPCs. Because the optimal AML therapy will effectively eradicate the leukemic cells 

and only minimally harm the normal HSPCs, understanding such differences is critically 

important. Metabolic profiling revealed that enriched LSCs and HSPCs have unique 

metabolic hubs that provide opportunities for the development of LSC targeting strategies.

A notable metabolic difference between enriched LSCs and HSPCs was in arginine 

metabolism, specifically in elevated abundance of spermidine. Arginine has been widely 
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studied in cancer and even evaluated as a therapeutic target in clinical trials for patients with 

AML (30). To date, arginine-targeting strategies have failed clinically because of the ability 

of cancer cells to up-regulate arginine biosynthesis. Because of the lower SAT1 abundance 

observed in AML cells compared with NBM, we examined a polyamine export strategy to 

reduce polyamine abundance. We chose to use DENSpm as a polyamine-depleting agent 

because it has been previously shown to be safe in clinical trials in metastatic breast cancer, 

lung cancer, and hepatocellular carcinoma (46–48). However, polyamine export is not the 

only strategy to target polyamines in cancer. Polyamine abundance is often increased in 

MYC-driven malignancies because of up-regulated transcriptional expression of MYC-target 

ODC1, the enzyme catalyzing the first step of polyamine biosynthesis (49). Pharmacologic 

inhibition of ODC1 using DFMO has shown promising results in preclinical cancer models 

(23, 50) but, in clinical trials, has shown little to no cytotoxic effects (21, 34, 35). Data 

suggest that the lack of efficacy is due to the ability of cancer cells to take up polyamines 

from the microenvironment, thereby compensating for the loss of polyamine biosynthesis 

(17). Inhibition of polyamine uptake in combination with DMFO treatment has shown 

promising results in preclinical models of diffuse intrinsic pontine glioma (17) and is 

currently being evaluated in a phase 1B/2A trial (NCT05500508). Our work suggests that 

the combination of DFMO + the polyamine transporter inhibitor AMXT 1501 may also be a 

promising approach for the treatment of AML.

We show that polyamine depletion decreases LSC function by promoting myeloid cell 

differentiation in primary human AML specimens. Several strategies that result in AML 

cell death through the promotion of myeloid cell differentiation have been explored pre-

clinically and clinically (51). This study shows differentiation, specifically of enriched 

LSCs and not HSPCs upon polyamine depletion, providing an additional clinically relevant 

approach to induce differentiation in LSCs. Elevating spermidine abundance has been 

previously reported to enhance the self-renewal capacity of HSCs (52), suggesting that 

polyamines do biologically contribute to HSC biology, but our work shows that enriched 

HSPCs tolerate decreases in polyamine abundance to a greater extent than LSCs. In vivo 

administration of DENSpm decreased human leukemic burden in most AML specimens 

examined, indicating that polyamine depletion may be a promising strategy to treat patients 

with AML. Understanding why a subset of AML patient specimens may not respond 

to polyamine depletion will be an important area of further investigation. AML is a 

metabolically heterogeneous disease (12), and several common AML mutations are known 

to regulate metabolism and influence response to metabolism-targeting therapies (9–12, 

14). Future studies should evaluate whether response to polyamine depletion is related to 

the mutational status of the AML specimens. Some AML specimens evaluated in vivo 

in our study were derived from patients with AML who had relapsed on conventional 

cytotoxic chemotherapy (data file S1). Further, several specimens shown to be responsive 

to polyamine depletion in our study are resistant to the BCL2 inhibitor venetoclax. The 

inclusion of specimens representing these patient populations is important because they have 

particularly poor outcomes and limited therapeutic options and would likely be the first 

patient populations to be included in clinical trials evaluating polyamine depletion strategies 

in patients with AML.
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Mechanistically, we show that polyamine depletion treatment decreases protein synthesis 

by reducing eIF5A hypusination, resulting in decreased expression of proteins important 

for maintaining stemness in LSCs. Therapies targeting global protein synthesis in AML 

have shown promise in preclinical models but have had limiting toxicities in some clinical 

trials (53). eIF5A regulates the translation of only a subset of mRNAs, specifically mRNAs 

that encode for regions rich in amino acid sequences that are less efficient at forming 

peptide bonds, such as proline-rich regions (39, 40). It is likely that targeting the synthesis 

of a subset of proteins as opposed to global protein synthesis may result in less toxicity 

and still maintain a high efficacy whether LSC essential protein abundance is reduced. 

One of the proteins with reduced expression upon polyamine depletion and inhibition of 

eIF5AH was KAT7. KAT7 has been previously examined in AML and LSCs and has 

been shown to be essential for maintaining LSC function and stemness through its role 

in regulating expression of myeloid differentiation genes (43, 44). Rescue experiments 

revealed that KAT7 is a critical part of the mechanisms by which polyamine depletion 

targets the clonogenic potential of AML—albeit not the full mechanism because KAT7 

overexpression only partially rescues DENSpm-induced cell death. Future studies evaluating 

KAT7 and other proteins differentially expressed upon polyamine depletion or potentially 

other functions of spermidine in LSCs are warranted.

Our study has some limitations. This work relies on enrichment of LSCs using cell surface 

markers and relative ROS abundance. No perfect markers exist to isolate a pure population 

of LSCs; therefore, the best approach we have is to combine validated LSC enrichment 

methods with analysis of LSC function. Another limitation of the study is that the ability 

of KAT7 to rescue LSC function was only assessed using colony-formation assays as 

opposed to engraftment analysis, which was not feasible because of technical limitations of 

these experiments. Because of this limitation, we were only able to conclude that KAT7 is 

important for AML clonogenic potential and not LSC function. Last, the number of primary 

human AML specimens used in this study is limited and precludes the understanding of the 

mechanisms that drive heterogeneity in response to polyamine-depleting therapies, which 

will be an important for future studies to evaluate.

In this study, we show that polyamine depletion is an effective therapy in targeting LSCs 

in preclinical models. DENSpm has a favorable toxicity profile in phase 1 and 2 clinical 

trials in non–small lung, hepatocellular carcinoma, and metastatic breast cancer (46–48). 

However, these trials also demonstrated a lack of efficacy for DENSpm as a single agent 

(46–48). It is possible that polyamine depletion will only be effective in a subset of 

cancers that are dependent on eIF5A-regulated genes, which are likely to vary on the 

basis of cancer type–specific gene expression. DFMO + AMXT 1501 are currently being 

evaluated in clinical trials. If they are determined to be safe and efficacious in advanced solid 

tumors (NCT03536728 and NCT05500508), this combination strategy may be a promising 

approach for rapid clinical translation into evaluation in AML.
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MATERIALS AND METHODS

Study design

The first objective of this study was to identify metabolite differences in enriched LSCs 

compared with normal human HSPCs. The second objective was to evaluate the therapeutic 

potential of targeting a metabolic pathway up-regulated in LSCs compared with HSPCs. 

Last, the third objective was to understand why the identified pathway represents a 

vulnerability in LSCs but not HSPCs. To identify metabolic differences between LSCs 

and HSPCs, we performed metabolomics analysis using mass spectrometry. Using the 

power calculator in metaboanalyst 5.0, we determined that specimens from 18 patients 

with AML were required for 70% power to detect differences in metabolites with an 

FDR < 0.05. Complementary mass spectrometry analysis led to the identification of 

spermidine metabolism as up-regulated in LSCs. Spermidine metabolism was targeted 

using several inhibitors, including DENSpm and DFMO + AMXT-1501. The efficacy 

and toxicity of these agents were determined by measuring polyamine abundance using 

mass spectrometry, colony-forming assays, cell viability assays, and xenograft models. The 

differential dependency on spermidine between LSCs and HSPCs was interrogated using 

transcriptomic analysis, proteomic analysis, Western blotting, flow cytometry, and colony-

formation assays. All experiments were performed in AML cell lines and samples from 

patients with AML. Cryopreserved specimens isolated from deidentified patients with AML 

were used for the study without age or gender preferences. Investigators and data analyzers 

were blinded for the evaluation of polyamine-depleting agents administered in vivo. Mouse 

experiments were designed to provide 70 to 80% power for a target effect size of 1.2 to 

1.5. All mice were randomly allocated into experimental groups. Mice receiving vehicle 

and experimental agents were included in the same cages to account for this potential 

confounder. All experiments were performed with at least three independent biological 

replicates. No experimental data points were removed from the studies.

Human specimens

Patient AML cells were obtained from donors who gave informed consent for sample 

procurement under the Princess Margaret Leukemia Tissue Bank protocol or under the 

University of Colorado tissue procurement protocol. Experiments were performed in 

accordance with UHN’s Research Ethics Board, under protocol 20–5031. Human bone 

marrow mononuclear cells and human bone marrow CD34+ progenitor cells were purchased 

from Lonza. See data file S1 for additional details on the human AML specimens.

Animal studies

Animal studies were performed in accordance with UHN’s Animal Resource Center, 

under animal use protocol 6366 and in accordance with the Association for 

Assessment and Accreditation of Laboratory Animal Care–accredited animal facility 

of Cincinnati Children’s Hospital Medical Center (IACUC2023-1032). NSG-SGM3 

(RRID:IMSR_JAX:032474) mice 8 to 12 weeks of age were conditioned with busulfan 

(Sigma-Aldrich; B2635) at 20 to 25 mg/kg intraperitoneally [10% dimethyl sulfoxide and 

90% phosphate-buffered saline (PBS)] as a single injection 24 hours before engraftment. 

For ex vivo experiments, primary cells (AML or healthy bone marrow mononuclear cells) 
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were plated as described previously and treated with DENSpm (10 μM), venetoclax (50 

nM), or vehicle 72 hours before engraftment. For eIF5A knockdown experiments, primary 

cells were transfected with siRNA targeting eIF5A or a nontargeting scrambled control 

using the methods described below 24 hours before engraftment. About 15 min before 

transplantation, cells were treated with OKT3 (Bio X Cell, BE0001-2) at 1 μg per 1 million 

cells in PBS to deplete CD3+ immune cells and to reduce the occurrence of graft-versus-host 

disease. Filtered cells were injected by tail vein at a concentration of 0.25 to 1 million cells 

per mouse. After engraftment was established (8 to 10 weeks), mice were sacrificed, and 

both femurs were dissected out. The condyle was removed, and cells were harvested by 

centrifugation or femur crushing. Cells were then treated with red blood cell lysis buffer 

(Sigma-Aldrich, 11814389001) to remove red blood cell fraction, and the remaining cells 

were evaluated by flow cytometry as described below. For in vivo experiments, freshly 

thawed primary cells (AML or healthy bone marrow mononuclear cells) were treated with 

OKT3, filtered, and injected into NSG-SGM3 mice as previously described. Once leukemia 

burden reached 10% in the bone marrow, mice were injected with DENSpm (60 mg/kg) 

5 days/week for 2 weeks or with venetoclax (100 mg/kg) 5 days/week for 1 week. Both 

femurs were dissected out 2 hours after the last injection and processed as previously 

described. For secondary engraftment, equal numbers of human leukemic cells from vehicle- 

and DENSpm-treated mice were transplanted into NSG-SGM3 mice at a concentration of 

0.5 million cells per mouse.

Statistical analysis

Raw, individual-level data are presented in data file S2. The numbers of animals, patient 

specimens, and experimental or biological replicates are indicated in the figure legends. 

Each graph represents the mean, and error bars represent SD. Differences among multiple 

groups were determined by one-way or two-way analysis of variance (ANOVA). Normality 

was determined using Shapiro-Walk test. Differences between two groups was determined 

by two-tailed Student’s t test with paired or unpaired analysis when data passed normality 

test or by unpaired Mann-Whitney test when data did not pass normality test. FDR was 

calculated to account for multiple testing when appropriate. The specific analysis used is 

indicated in each figure legend. P values less than 0.05 were considered significant. P values 

are indicated with * on each graph (*P < 0.05, **P < 0.01, ***P < 0.005, and ****P 
< 0.001) and are shown in figures. Unless otherwise indicated, graphs and analysis were 

generated using GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Arginine metabolism is enriched in LSCs compared with HSPCs.
(A) Experimental design of metabolomics analysis. LSCs were enriched from cryopreserved 

AML specimens isolated from 18 patients with AML (AML1 to AML18) using relative 

ROS abundance. HSPCs were enriched using five CD34-enriched NBM samples. Metabolite 

abundance was determined by mass spectrometry. Created with BioRender.com. (B) 

Principal components (PC) analysis of ROS-low LSCs and CD34+ HSPCs based on 

metabolomics data. (C) Pathway analysis of metabolites enriched in ROS-low LSCs 

compared with CD34+ HSPCs determined using Metaboanalyst 4.0. (D) Metabolite 

abundance detected by steady-state metabolomics analysis in ROS-low LSCs and CD34+ 

HSPCs. Significance was determined using a paired t test. AU, arbitrary unit. All error bars 

represent SD. **P < 0.01, ***P < 0.005, and ****P < 0.001; ns, not significant. TCA, 

tricarboxylic acid.
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Fig. 2. Arginine metabolism supports spermidine biosynthesis in LSCs.
(A) Experimental design of stable isotope tracing experiments. [13C6

15N4] Arginine was 

pulsed into ROS-low LSCs enriched from three primary samples (AML27 to AML29) for 

6 or 24 hours. Enrichment of 13C and 15N was determined by mass spectrometry. Created 

with BioRender.com. (B) Graphs show enrichment of heavy atoms (13C and 15N) from the 

stable isotope from arginine into putrescine and spermidine in ROS-low LSCs. M + 6 + 4 

indicates metabolites with six 13C and four 15N atoms. M + 4 + 2 indicates metabolites with 

four 13C and two 15N atoms. Schematic created with BioRender.com. (C) Viability of LSCs 

enriched from four primary samples (AML27 and AML30 to AML32) cultured in arginine-

depleted medium ±10 μM spermidine, 10 μM spermine, or their combination for 24 hours. 

Statistical significance was determined using two-way ANOVA. (D) Experimental design of 

metabolomics analysis. Created with BioRender.com. LSCs were enriched from five primary 

AMLs (AML6, AML19, and AML33 to AML35) on the basis of CD34+ expression. 
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HSPCs were enriched using four CD34-enriched NBM samples. Metabolite abundance was 

determined by mass spectrometry. (E) Pathway analysis of metabolites enriched in CD34+ 

LSCs compared with CD34+ HSPCs determined using Metaboanalyst 4.0. (F) Spermidine 

and spermine abundance in CD34+ LSCs and CD34+ HSPCs. Significance was determined 

using a paired t test. All error bars represent SD. **P < 0.01 and ****P < 0.001; ns, not 

significant.
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Fig. 3. Spermidine metabolism is essential for LSC survival.
(A) Expression of SAT1 determined by Western blot in nine primary AML specimens 

(AML36 to AML44) and four NBM specimens. Significance was determined using an 

unpaired t test. (B) Expression of SAT1 protein was compared by Western blot in ROS-

low LSCs from AML19, AML20, and AML35 relative to CD34+-enriched HSPCs. (C) 

RNA expression from CD34+ HSPCs enriched using four NBM samples and in ROS-

low LSCs enriched from five primary AML specimens (AML28, AML29, and AML45 

to AML47). HSPCs and LSCs were incubated for 24 hours with 10 μM DENSpm or 

vehicle. Significance was determined using an unpaired t test. (D) Expression of SAT1 

determined by Western blot in seven primary AML specimens (AML16, AML19 to 

AML21, AML34, AML48, and AML49) incubated for 0, 24, 48, or 72 hours with 

10 μM DENSpm. Significance was determined using an unpaired Mann-Whitney test. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control for AML21 was also used 
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in Fig. 7D, and GAPDH controls for AML16, AML19, AML34, and AML49 were also used 

in fig. S8B. (E) Spermidine abundance was determined by mass spectrometry in primary 

AML specimens (AML51 and AML52) incubated for 24 hours with 10 μM DENSpm, 2.5 

mM DFMO, 400 nM AMXT-1501, the combination of DFMO + AMXT 1501, or vehicle. 

Significance was determined using two-way ANOVA. (F) Spermine abundance determined 

by mass spectrometry in primary AML specimens (AML51 and AML52) incubated for 24 

hours with 10 μM DENSpm, 2.5 mM DFMO, 400 nM AMXT-1501, the combination of 

DFMO + AMXT 1501, or vehicle. Significance was determined using two-way ANOVA. 

(G) Colony-forming ability of four bulk primary AML specimens (AML19 to AML21 and 

AML35) after 24-hour incubation with the indicated doses of DENSpm or vehicle. Colony 

numbers were determined after 1 to 3 weeks. Statistical significance was determined using 

two-way ANOVA. (H) Colony-forming ability of one CD34-enriched BM sample after 

24-hour incubation with the indicated doses of DENSpm or vehicle. Colony numbers were 

determined after 2 weeks. Statistical significance was determined using two-way ANOVA. 

(I) Colony-forming ability of three bulk primary AML specimens (AML51 to AML53) after 

24-hour incubation with 2.5 mM DFMO, 400 nM AMXT 1501, the combination, or vehicle. 

Colony numbers were determined after 1 to 3 weeks. Statistical significance was determined 

using two-way ANOVA. (J) Colony-forming ability of one CD34-enriched BM sample after 

24-hour incubation with 2.5 mM DFMO, 400 nM AMXT 1501, the combination, or vehicle. 

Colony numbers were determined after 2 weeks. Statistical significance was determined 

using two-way ANOVA. All error bars represent SD. *P < 0.05, **P < 0.01, ***P < 0.005, 

and ****P < 0.001.
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Fig. 4. Polyamine depletion targets functional LSCs.
(A) Experimental design of engraftment assays. Nine primary AML specimens (AML6, 

AML20, AML28, AML29, AML35, AML51, AML52, AML54, and AML55) and three 

NBM specimens were incubated for 72 hours with 10 μM DENSpm or vehicle before 

injection into NSG-SGM3 mice. Created with BioRender.com. (B) Engraftment of nine 

primary AML specimens in NSG-SGM3 mice after ex vivo treatment with DENSpm or 

vehicle. Each point represents a single mouse. Statistical significance was determined using 

an unpaired t test (AML28, AML35, and AML52) or using an unpaired Mann-Whitney test 

(AML6, AML29, AML20, AML54, AML55, and AML51). Vehicle condition for AML20 is 
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also used in fig. S5A. (C) Engraftment of three NBM specimens in NSG-SGM3 mice after 

ex vivo treatment with DENSpm or vehicle. Each point represents a single mouse. Statistical 

significance was determined using an unpaired t test. (D) Engraftment of one primary 

AML specimen (AML54) into secondary NSG-SGM3 recipient mice after ex vivo treatment 

with DENSpm or vehicle. Each point represents a single mouse. Statistical significance 

was determined using an unpaired t test. Schematic created with BioRender.com. (E) 

Experimental design of engraftment assays on ROS-low–enriched LSCs. (F) Engraftment 

of ROS-low LSCs enriched from two primary AML specimens (AML51 to AML52) in 

NSG-SGM3 mice after ex vivo treatment with DENSpm or vehicle. Each point represents 

a single mouse. Statistical significance was determined using an unpaired t test (AML51) 

or an unpaired Mann-Whitney test (AML52). All error bars represent SD. *P < 0.05, **P < 

0.01, ***P < 0.005, and ****P < 0.001.
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Fig. 5. Polyamine depletion induces myeloid differentiation in LSCs.
(A) Experimental design of transcriptomic analyses by RNA-seq. LSCs were enriched 

from five primary AMLs (AML28, AML29, and AML45 to AML47) on the basis of 

relative ROS abundance. HSPCs were enriched using three CD34-enriched NBM samples. 

ROS-low LSCs and CD34+ HSPCs were treated with vehicle or 10 μM DENSpm for 24 

hours before RNA extraction and RNA-seq. Schematic created with BioRender.com. (B) 

Dotplot visualization of top gene ontology (GO) related to hematopoietic differentiation 

determined by GSEA in ROS-low LSCs and CD34+ HSPCs. NES, normalized enrichment 

score; Padj, adjusted P value. (C) Four primary AML specimens (AML19 to AML21 and 

AML35) were incubated for 24 hours with DENSpm or vehicle before colony-forming 

assays. After 14 days, the mean fluorescence intensities (MFI) for CD15 and CD11b in 

colonies were determined by flow cytometry. Statistical significance was determined using 

an unpaired t test. (D) LSCs were enriched using ROS-low sorting from two primary AML 
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specimens (AML19 and AML20) and were incubated for 24 hours with DENSpm or vehicle 

before colony-forming assays. After 14 days, MFI for CD15 and CD11b in colonies were 

determined by flow cytometry. Statistical significance was determined using an unpaired t 
test. (E) LSCs were enriched by sorting for CD34+ cells from two primary AML specimens 

(AML19 and AML20) were incubated for 24 hours with DENSpm or vehicle before colony-

forming assays. After 14 days, MFI for CD15 and CD11b in colonies was determined 

by flow cytometry. Statistical significance was determined using an unpaired t test. (F) 

Experimental design of engraftment assays. Schematic created with BioRender.com. Three 

primary AML specimens (AML29, AML35, and AML54) and three NBM specimens were 

incubated for 72 hours with 10 μM DENSpm or vehicle before injection into NSG-SGM3 

mice. For AML54, equal numbers of human leukemic cells from vehicle- and DENSpm-

treated mice were injected into secondary recipient mice. (G) MFI for CD15 and CD11b 

on CD45+ human cells in NSG-SGM3 recipient mice after ex vivo treatment with DENSpm 

or vehicle for three primary AML specimens. For AML54, MFI for CD15 and CD11b in 

secondary recipients is shown. Each point represents a single mouse. Statistical significance 

was determined using an unpaired t test. All error bars represent SD. *P < 0.05, **P < 0.01, 

***P < 0.005, and ****P < 0.001.
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Fig. 6. Polyamine depletion reduces protein synthesis and eIF5A hypusination in LSCs.
(A) Dotplot visualization of top GO related to mRNA translation determined by GSEA in 

ROS-low LSCs and CD34+ HSPCs. (B) MFI for puromycin determined by flow cytometry 

on CD34+ LSCs enriched from 14 primary AML specimens (AML6, AML20, AML21, 

AML34, AML35, AML45, AML47, AML49, AML51 to AML53, AML55, AML56, and 

AML58) and CD34+ HSPCs enriched from eight NBM specimens. Cells were incubated 

for 24 hours with 10 μM DENSpm or vehicle. Statistical significance was determined using 

an unpaired t test. (C) MFI for puromycin determined by flow cytometry on CD34+ LSCs 

enriched from three AML specimens (AML51 to AML53) after incubation for 24 hours 

with 2.5 mM DFMO and 400 nM AMXT 1501 or vehicle. Statistical significance was 

determined using an unpaired t test. (D) Expression of eIF5AH determined by Western 

blot in bulk primary AML specimens (AML16, AML19 to AML21, AML34, AML48, and 

AML49; two are shown in the main figure, and others are in fig. S7F) incubated for 0, 
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24, 48, or 72 hours with 10 μM DENSpm. Statistical significance was determined using 

an unpaired Mann-Whitney test. (E) Expression of eIF5AH determined by Western blot 

in ROS-low–enriched LSCs (AML19 and AML20) incubated for 0, 24, 48, or 72 hours 

with 10 μM DENSpm. (F) Expression of eIF5AH determined by Western blot in primary 

AML specimens (AML51 and AML52) incubated for 24 hours with 2.5 mM DFMO, 

400 nM AMXT 1501, or the combination. (G) Primary AML specimens were transfected 

with scrambled or eIF5A-targeting small interfering RNA (siRNA). Twenty-four hours after 

transfection, cells were seeded in methocult medium for colony-forming assays or injected 

into NSG-SGM3 mice for engraftment assays. Schematic created with BioRender.com. (H) 

Colony-forming potential of two primary AML specimens (AML20 and AML35) after 

scrambled or eIF5A-targeting siRNA transfection. Statistical significance was determined 

using an unpaired t test. (I) Engraftment of two primary AML specimens (AML29, 35) 

in NSG-SGM3 mice after scrambled or eIF5A-targeting siRNA transfection. Each point 

represents a single mouse. Statistical significance was determined using an unpaired t 
test (AML35) or an unpaired Mann-Whitney test (AML29). (J) Expression of eIF5AH 

determined by Western blot in primary AML specimens (AML51 and AML52) incubated 

for 24 hours with 50 μM GC7. (K) MFI for puromycin determined by flow cytometry 

on CD34+ LSCs enriched from three primary AML specimens (AML51 to AML53) after 

incubation for 24 hours with 50 μM GC7 or vehicle. Statistical significance was determined 

using an unpaired t test. (L) Colony-forming ability of three bulk primary AML specimens 

(AML51 to AML53) after 24-hour incubation with GC7 or vehicle. Colony numbers were 

determined after 1 to 3 weeks. Statistical significance was determined using one-way 

ANOVA. (M) Colony-forming ability of one CD34-enriched BM sample after 24-hour 

incubation with GC7 or vehicle. Colony numbers were determined after 2 weeks. Statistical 

significance was determined using one-way ANOVA. All error bars represent SD. *P < 0.05, 

**P < 0.01, ***P < 0.005, and ****P < 0.001.
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Fig. 7. Polyamine depletion targets LSCs through reduced expression of KAT7.
(A) Experimental design of proteomics analysis. Protein abundance in Molm13 cells was 

determined by mass spectrometry 24 hours after treatment with 10 μM DENSpm. Schematic 

created with BioRender.com. (B) Dependency scores for KAT7, CDK13, EHMT1, AFTPH, 

and APLP2 were determined using DepMap. (C) KAT7 abundance detected by mass 

spectrometry proteomics in Molm13 cells. Significance was determined using an unpaired 

Mann-Whitney test. (D) Expression of KAT7 determined by Western blot in eight bulk 

primary AML specimens (AML16, AML19 to AML21, AML34, AML35, AML48, and 

AML49 shown in the main figure and others shown in fig. S8B) incubated for 0, 24, 48, or 

72 hours with 10 μM DENSpm. Statistical significance was determined using an unpaired 

t test. (E) Expression of KAT7 determined by Western blot in ROS-low–enriched LSCs 

(AML19 and AML20) incubated for 0, 24, 48, or 72 hours with 10 μM DENSpm. (F) 

Expression of KAT7 determined by Western blot in two bulk primary AML specimens 
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(AML51 and AML52) incubated for 24 hours with 2.5 mM DFMO and 400 nM AMXT1501 

or the combination. (G) Expression of KAT7 determined by Western blot in two bulk 

primary AML specimens (AML51 and 52) incubated for 24 hours with 50 μM GC7. (H) 

Colony-forming potential of three bulk AML samples (AML20, AML21, and AML35) and 

one CD34-enriched bone marrow sample treated with 1 μM KAT7 inhibitor WM-3835 or 

inactive analog WM-2474. Colony numbers were determined after 1 to 3 weeks. Statistical 

significance was determined using an unpaired t test. (I) Expression of KAT7 determined 

by Western blot in nine primary AML specimens (AML36 to AML44) and four NBM 

specimens. (J) Viability of Molm13 cells incubated for 48 hours with 10 μM DENSpm 

or vehicle and transfected or not with KAT7 recombinant. Statistical significance was 

determined using two-way ANOVA. (K) Colony-forming ability of three primary AML 

specimens (AML21, AML34, and AML35) incubated for 24 hours with 10 μM DENSpm 

or vehicle and transfected or not with KAT7 recombinant. Colony numbers were determined 

after 1 to 3 weeks. Statistical significance was determined using two-way ANOVA. All error 

bars represent SD. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.
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Fig. 8. Polyamine depletion targets primary AML in vivo.
(A) Experimental design of in vivo treatment with DENSpm. Six primary AML specimens 

(AML6, AML21, AML28, AML35, AML51, and AML52) and one NBM specimen were 

injected into NSG-SGM3 mice. Once leukemia burden reached 10% in the bone marrow, 

mice were injected with DENSpm (60 mg/kg) or vehicle 5 days/week for 2 weeks before 

BM engraftment was measured. For one specimen, an equal number of cells from the 

primary recipient was transplanted into secondary recipient mice to measure in vivo LSC 

targeting. Schematic created with BioRender.com. (B) Leukemic burden in six primary 

AML specimens in NSG-SGM3 mice after in vivo treatment with DENSpm or vehicle. 

Each point represents a single mouse. Statistical significance was determined using an 

unpaired t test. Vehicle conditions for AML21 and AML35 are also used in fig. S9A. 

(C) Engraftment of one NBM specimen in NSG-SGM3 mice after in vivo treatment with 

DENSpm or vehicle. Each point represents a single mouse. Statistical significance was 

determined using an unpaired t test. (D) Engraftment of AML52 in NSG-SGM3 mice 

after secondary transplantation and in vivo treatment with DENSpm or vehicle. Each point 

represents a single mouse. Statistical significance was determined using an unpaired t test. 

All error bars represent SD. *P < 0.05 and **P < 0.01.
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