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Chemoresistance of TP53 mutant acute myeloid leukemia
requires the mevalonate byproduct, geranylgeranyl
pyrophosphate, for induction of an adaptive stress response
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Acute myeloid leukemia with mutations in TP53 (TP53mut AML) is fatal with a median survival of 6 months. RNA sequencing on
purified AML patient samples showed that TP53mut AML had higher expression of mevalonate pathway genes. Using novel, isogenic
TP53mut AML cell lines and primary samples, we determined that TP53mut AML resistance to AML chemotherapy cytarabine (AraC)
correlated with increased mevalonate pathway activity, a lower induction of reactive oxygen species (ROS), and a mitochondrial
response with increased mitochondrial mass and oxidative phosphorylation. Pretreatment with the statin class of mevalonate
pathway inhibitors reversed these effects and chemosensitized TP53mut AML. The geranylgeranyl pyrophosphate (GGPP) branch of
the mevalonate pathway was required for TP53mut AML chemoresistance. In addition to its role in mitochondria biogenesis, we
identified a novel function of GGPP in regulating glutathione for management of AraC-induced ROS. However, statins alone were
inadequate to fully reverse chemoresistance in vivo and in a retrospective study of 364 TP53mut AML patients who received
chemotherapy concurrently with a statin. Finally, we identified clinical settings and strategies to successfully target the mevalonate
pathway, particularly to address the unmet need of TP53mut AML.
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INTRODUCTION
TP53 mutant acute myeloid leukemia (TP53mut AML) is the
paramount clinical challenge in the field of leukemia. For
TP53mut AML patients, particularly those with bi-allelic altera-
tions, standard therapies, including cytarabine (AraC)-based
regimens as well as hypomethylating (HMA) agents with or
without the BCL2 inhibitor venetoclax (Ven) all lead to a similar
and dismal median overall survival of 6–9 months [1–4]. Due to
this inherent therapy resistance, international guidelines recom-
mend a clinical trial as the first approach to treatment of TP53mut

AML [5].

Our group and others have demonstrated that AML requires
enhanced mitochondrial oxidative phosphorylation (OXPHOS) to
survive chemotherapy, including AraC and Ven [6–10]. The
correlation between chemoresistance and increased mitochon-
drial activity is especially interesting in the context of TP53mut AML
as loss of p53 leads to increased glycolysis and OXPHOS in both
solid tumors and a recent AML model [11–13]. However, the
relationship between increased mitochondrial activity and che-
moresistance specifically in TP53mut AML has yet to be addressed.
Moreover, direct targeting of mitochondrial metabolism to reverse
chemoresistance has been limited by toxicity due to essential
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mitochondrial functions in non-malignant cells [14]. Novel
strategies are needed to identify and target pathways that
contribute to mitochondrial metabolism primarily and specifically
in cancer cells.
Here, we present transcriptional analysis of human AML samples

demonstrating that mevalonate pathway genes are overexpressed
in TP53mut compared to more chemosensitive TP53 wildtype
(TP53WT) AML samples. The mevalonate pathway is a complex
metabolic pathway that branches at the level of farnesyl pyropho-
sphate (FPP), forming isoprenoids like geranylgeranyl pyropho-
sphate (GGPP) or other cholesterol derivatives. Importantly, there is
interdependence between the mevalonate pathway and mito-
chondrial metabolism [15, 16]. The mevalonate pathway is also
necessary for tumorigenesis and metastatic potential in multiple
TP53mut solid tumor models [17–21]. In AML, several studies have
implicated the mevalonate pathway in therapy resistance [22–26].
Early phase clinical trials investigating the addition of statins to
AraC-based induction therapy showed a promising benefit in
patients with relapsed/refractory, poor risk AML [27–29] but did
not lead to statin incorporation into standard therapy. Notably,
TP53mut AML patients should be enriched in this population, but
sequencing of TP53 was not routinely performed at the time.
Altogether, the role of p53 in AML metabolism and chemoresis-
tance remains poorly understood.
We hypothesized that the mevalonate pathway is required for

mitochondria-dependent chemoresistance in TP53mut AML. We
addressed this hypothesis with multiple orthogonal approaches,
including previously unpublished, multi-institutional, retrospective
clinical data, novel, isogenic TP53mut AML cell lines and primary
TP53mut AML patient samples. Our studies indicate that the
mevalonate pathway should be targeted in chemotherapy
resistant TP53mut AML.

METHODS
Additional methods provided in the supplement.

Cell culture
Human AML cell lines (Supplementary Table 1E) were maintained in minimum
essential medium-alpha (Gibco) supplemented with 10% fetal bovine serum
(Hyclone). The cultured cells were split every 2-3 days and maintained in an
exponential growth phase. Authenticated MOLM14 and HL60 cells were
obtained from DSMZ and the liquid nitrogen stock was renewed every 2 years.
MOLM13-TP53 isogenic AML cell lines were generously provided by Dr. Stefen
Boettcher and generated as previously described [30]. Cell lines were routinely
tested for mycoplasma contamination.

Primary AML specimens
Mononuclear cells (MNCs) from patients with AML were obtained from
the Stem Cell and Xenograft Core (SCXC, IRB Protocol Number: 703185) at
The University of Pennsylvania (UPenn). All samples were acquired
through the SCXC following informed consent on the institutional review
board-approved protocol. Samples were collected in accordance with
federal and institutional guidelines and provided in a pathologically
annotated and de-identified fashion. Sample sizes were chosen based on
availability.

Statistics
Statistical analysis was performed in Prism10 using unpaired two-sided
Student’s T test, ANOVA, and two-sided Fisher’s exact test, as appropriate
for each experiment and indicated in the legends. Multiple test correction
was implemented using the Benjamini–Hochberg/FDR approach or the
Bonferroni’s multiple comparisons test as indicated in the legends. For
multiple comparisons, a range of significant adjusted p values, or FDR
values, have been provided. The number of independent, biological
replicates performed in the laboratory and used for statistical calculations
are noted in the legends. The number of replicates for in vitro cell line
assays was at least 3 to allow for statistical analysis. Asterisks denote
statistical significance as described in figure legends. Error bars represent
standard deviations.

RESULTS
Primary TP53mut AML RNA sequencing show upregulation of a
cholesterol synthesis gene signature
To elucidate biological differences between TP53mut and TP53WT

AML, we performed RNA sequencing on untreated primary AML
blasts. We obtained 9 bi-allelic TP53mut AML patient samples as
well as 21 TP53WT AML patient samples with either a “good”
overall survival (OS) (n= 9; median OS not reached) or a “bad” OS
(n= 12, median OS 294 days) (Fig. 1A, Supplementary Table 1A).
The median OS of the TP53mut AML patients was poor at 65 days
(Fig. 1A; log-rank p < 0.0001 versus TP53WT “good” or “bad”
outcome patients). Principal component analysis suggested that
the TP53mut AML patient samples shared transcriptional similarity
whereas the TP53WT AML patient samples were more hetero-
geneous (Fig. 1B; PC1 48.9% and PC2 15%). Single sample GSEA
(ssGSEA) demonstrated that primary TP53mut compared to all
TP53WT AML had lower expression of TP53 targets [31] (Fig. 1C, D,
Supplementary Table 1B–D). Notably, multiple gene sets involved
in cholesterol synthesis were upregulated in TP53mutAML
(Fig. 1C, D, Supplementary Table 1C, D). These signatures were
recapitulated in a cohort of primary TP53mut (n= 17) versus TP53WT

(n= 87) AML samples identified in the BeatAML [32] dataset
(Supplementary Fig. 1B–D).

TP53mut AML cell lines require the mevalonate pathway to
survive AML chemotherapy, AraC
Isogenic TP53mut AML cell line clones with complete loss (M14-
Mut1, M14-Mut3) or missense-like mutations (M14-Mut2, M14-
Mut4) of the p53 protein were developed using CRISPR/Cas9
editing of the AML cell line, MOLM14, with published guides [33,
34] and single cell cloning via serial dilution. The TP53mut AML
clones had consistently higher cell viability in response to AraC
than the TP53WT AML clone, M14-WT1, indicating that the TP53mut

AML clones were more chemoresistant (Fig. 2A). Furthermore, only
the TP53WT clones exhibited a rapid and significant increase in
downstream p53 target, p21, at 6 and 24 h following AraC
treatment or 6 h after irradiation (Supplementary Fig. 2A, B). To
determine the impact of inhibition of the mevalonate pathway on
chemoresistance, we pretreated the isogenic clones with the
mevalonate pathway inhibitor, rosuvastatin, for 24 h prior to
adding AraC. Cell death induced by AraC was augmented by
rosuvastatin pre-treatment in all TP53mut and TP53WT AML clones
(Fig. 2B, Supplementary Fig. 2C). Importantly, rosuvastatin
chemosensitized the TP53mut MOLM14 AML clones to AraC now
to the same level as the TP53WT clones (Fig. 2B, Supplementary
Fig. 2C). We validated these findings in isogenic TP53mut and
TP53WT MOLM13 AML clones [30, 35] (Supplementary Fig. 2D) and
the HL60 AML cell line with parental homozygous loss of p53
(Supplementary Fig. 2E). XTT viability assays showed that the
combination of AraC and rosuvastatin was synergistic in the
isogenic MOLM14 clones using the SynergyFinder tool [36]
(Supplementary Fig. 2F). Statin-induced chemosensitization is a
class-effect as pitavastatin also chemosensitized the isogenic
MOLM14 AML clones to AraC (Supplementary Fig. 2G) at
concentrations achievable in patients [22, 37].

Chemoresistant TP53mut AML cell lines upregulate the
mevalonate pathway in response to AraC
To study the mechanism by which statins chemosensitize TP53mut

AML, we first addressed the impact of p53 loss on the mevalonate
pathway (Fig. 2C) at baseline and in response to AraC. Mevalonate
pathway gene expression was assessed by qRT-PCR in represen-
tative TP53mut and TP53WT MOLM14 AML clones. AraC induced a
time-dependent upregulation of multiple genes in the mevalonate
pathway as well as the pathway’s primary transcription factor,
SREBF2, in both TP53mut and TP53WT AML clones (Fig. 2D,
Supplementary Fig. 2H for time course). The rate-limiting enzyme
of the mevalonate pathway and the target of statins, HMGCR, is
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also regulated at the post-translational level [38, 39]. HMGCR
protein expression was significantly increased by AraC in
representative clones and highest in those with TP53 mutations
(Fig. 2E, Supplementary Fig. 2I). We also detected a significant
increase in mevalonate byproducts, CoQ10 and cholesterol, in
AraC-treated isogenic clones (Fig. 2F, G, respectively). Rosuvastatin
pretreatment abrogated the AraC-induced increase in CoQ10
[Fig. 2F; M14-WT1: F(1,16)= 22, p < 0.001; M14-Mut1: F(1,16)= 26,
p < 0.001], while rosuvastatin pretreatment alone or in combina-
tion with AraC was associated with a significant increase in
cholesterol potentially via uptake (Fig. 2G).

Increased OXPHOS and regulation of ROS correlate with AraC
resistance in TP53mut AML cell lines
Our group and others have demonstrated that AML AraC
resistance correlates with increased OXPHOS. However, the impact
of TP53mutations on mitochondrial metabolism in AML is not well
understood. We performed a series of functional and structural
assays to characterize mitochondria in our isogenic MOLM14 AML
clones and TP53mut HL60 cells. In response to AraC, only TP53mut

AML cells induced a significant increase in basal and maximum
uncoupler-induced oxygen consumption as assessed by Seahorse
(Fig. 3A–C, Supplementary Fig. 3A–J). The increase in OXPHOS was
associated with a significant increase in mitochondrial mass as
determined by measuring the ratio of mitochondrial to nuclear

DNA by PCR in isogenic MOLM14 AML clones (Fig. 3D). We next
assessed mitochondrial reactive oxygen species (ROS). Treatment
of M14-WT1 with AraC was associated with a significant increase
in ROS (6-fold increase, p < 0.001) (Fig. 3E). Correlating with
chemoresistance, M14-Mut1 and M14-Mut4 exhibited a signifi-
cantly lower induction of ROS in response to AraC (2-fold
increases, p < 0.01 for M14-Mut1 and p= 0.4 for M14-Mut4)
(Fig. 3E). Thus, there was a paradoxical improvement in ROS
management in TP53mut AML clones despite a significant increase
in OXPHOS in response to AraC (Fig. 3A–C, E). Furthermore, AraC-
induced ROS and cell viability was at least partially rescued by
pretreatment with the antioxidant, reduced glutathione (GSH,
Fig. 3E, F), suggesting that AraC-induced ROS directly correlates to
induction of cell death.

Metabolomics correlate TP53mut AML induction of one-carbon
metabolism to management of AraC-induced ROS
With the significant differences in AraC-induced OXPHOS and ROS
between TP53WT and TP53mut AML cell lines, we next performed
metabolomics in representative isogenic clones treated with AraC
(Fig. 3G–I, Supplementary Fig. 3K, Supplementary Table 1F).
TP53mut AML AraC-treated cells exhibited striking alterations in
one-carbon metabolism (Fig. 3G–I, Supplementary Fig. 3K). AraC
induced a significant increase in methionine and downstream
S-adenosylmethionine (SAM) (Fig. 3H). Only the TP53mut AML

Fig. 1 Untreated, primary TP53mut AML are enriched for cholesterol synthesis gene expression. RNA sequencing was performed on highly
purified, flow-sorted blasts of primary human AML diagnostic samples from patients with TP53mut (n= 9), TP53WT

“bad” outcome AML (n= 12),
and TP53WT

“good” outcome AML (n= 9). A Kaplan–Meier survival outcomes with statistical analysis by log-rank test. B principal component
analysis with principal component 1 (PC1; 48.9%) and PC2 (15%), C GSEA scores from the Hallmark and other denoted gene sets, and D single
sample GSEA with calculation of normalized signature scores for “TP53 Targets,” “Hallmark Cholesterol,” and “Maxwell Cholesterol.” Statistical
analysis by Student’s T Test. p-values: *= <0.05, **= <0.01, ***= <0.001.
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clones increased SAM conversion to S-adenosylhomocysteine
(SAH), which was associated with an increase in downstream
cystathionine, γ-glutamyl-cysteine (γ-Glu-Cys), and GSH (Fig. 3H).
GSH is a highly abundant essential cofactor for the enzyme-based
glutathione system [40]. Polyamines are also an important ROS
scavenger [41–43]. AraC was associated with a significant increase
in the polyamine precursors arginine and ornithine (Fig. 3H). Only
in TP53mut AML clones did AraC induce a significant increase in the
SAM-dependent polyamines, spermine and spermidine (Fig. 3H).
One of the most significantly increased metabolites in response to
AraC was deoxythymidine monophosphate (dTMP; Fig. 3I) and its
precursors (Supplementary Fig. 3K), which may reflect an increase
in the folic acid cycle. Altogether, this data suggests TP53mut AML-

specific induction of one-carbon metabolism, particularly glu-
tathione and polyamines synthesis, for AraC resistance.

AraC-induced alterations in OXPHOS and glutathione
synthesis are mevalonate pathway-dependent
Multiple mevalonate pathway byproducts are important for
mitochondrial metabolism and redox management. Thus, we
next assessed the impact of rosuvastatin on mitochondrial and
redox parameters in representative TP53mut and TP53WT MOLM14
AML clones and TP53mut HL60 cells. Rosuvastatin alone decreased
basal and max OXPHOS and completely abrogated the AraC-
induced increase in OXPHOS (Fig. 4A, Supplementary Fig. 4A–H).
We then evaluated intracellular levels of TOMM20, a

Fig. 2 Chemoresistant TP53mut AML cell lines upregulate the mevalonate pathway in response to AraC. A Cell viability of isogenic TP53mut

AML clones treated with increasing concentrations of AraC for 24 h and assessed by flow cytometry following staining with AnnexinV and
7AAD (n= 3). B Cell viability of representative isogenic TP53mut and TP53WT AML clones pretreated with 24 h of rosuvastatin (50 μM) followed
by an additional 24 h of AraC (1μM) and assessed by flow cytometry following staining with AnnexinV and 7AAD (n= 7). Statistical analysis by
one-way ANOVA with false discovery rate (FDR) correction for multiple comparisons. C Schema of the mevalonate pathway with key enzymes
highlighted in blue and byproducts in squares. Subunits: FNT= FNTA & FNTB, GGTI= FNTA & PGGT1B, GGTII= RABGGTA & RABGGTB,
GGTIII= PTAR1. D Gene expression of select mevalonate pathway genes in isogenic TP53mut and TP53WT AML clones following 24 h of AraC
(1 μM) treatment, normalized to GAPDH, and compared to the vehicle for each clone as measured by qRT-PCR (n= 3). E Protein expression of
HMGCR normalized to total binding protein (TBP) in isogenic TP53mut and TP53WT AML clones treated with vehicle or 18 h of AraC (1 μM),
performed by western blot and quantified by imageJ as presented in relative units (R.U.) of HMGCR to TBP. F CoQ10 as pmol per 2 million cells
and G cholesterol as nmol per 2 million cells in the M14-WT1 and M14-Mut1 clones in the same conditions as (B) and quantified by LC-HRMS
(n= 5). Statistical analysis for (F, G) by two-way ANOVA with FDR correction for multiple comparisons. Adjusted p-values: *= <0.05, **= <0.01,
***= <0.001. n is the number of replicates.
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Fig. 3 TP53mut AML AraC resistance is associated with increased OXPHOS, ROS regulation and one-carbon metabolism. Oxygen
consumption in pmol per minute in A M14-WT1, B M14-Mut1, and C M14-Mut3 treated with vehicle or AraC (1 μM) for 24 h and measured by
Seahorse technology (n= 7, n= 8, and n= 8, respectively). AraC versus vehicle fold-changes: Basal OXPHOS of 1.2 (p= 0.05) for M14-WT1, 1.5
(p < 0.001) for M14-Mut1, 2.1 (p= 0.002) for M14-Mut3; Maximum-uncoupler-induced OXPHOS of 1.3 (p= 0.04) for M14-WT1, 2 (p < 0.001) for
M14-Mut1, 2.7 (p < 0.001) for M14-Mut3. D Mitochondrial content presented as the ratio of mitochondrial to nuclear DNA measured by PCR in
representative isogenic TP53mut and TP53WT AML clones treated with vehicle or AraC (1 μM) for 24 h. E Mitochondrial ROS presented as the
ratio to vehicle of mean fluorescence intensity (MFI) of MitoSox in viable cells [determined by Fixable Viability Stain Red (FVS-R)] as measured
by flow cytometry in representative isogenic TP53mut and TP53WT AML clones treated with AraC (1 μM, 24 h), glutathione (10mM, 36 h), the
combination, or their respective vehicles (n= 3). F Viability of cells normalized to respective vehicles treated as per (E) and measured by flow
cytometry after staining with AnnexinV and 7AAD. G Schema of one-carbon metabolism with bold arrows highlighting the observed pathway
increases in AraC-treated cells, particularly in TP53mut AML clones. H Metabolomics in M14-WT1, M14-Mut1, and M14-Mut3 AML cell lines
treated with vehicle, 18 h AraC (1 μM), or 24 h AraC (1 μM) (n= 5 per condition) presented as the ratio to respective cell line vehicle. I Relative
abundance of dTMP for each condition relative to vehicle (n= 5). Statistical analysis by Student’s T test for (D–F), Z-tests for (H), and two-way
ANOVA with Bonferroni’s multiple comparisons test for (I). Adjusted p-values: *= <0.05, **= <0.01, ***= <0.001. n is the number of replicates.
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mitochondria-specific protein that is a surrogate for mitochondrial
mass (Fig. 4B), and mitochondrial ROS (Fig. 4C). Cells treated with
single agent rosuvastatin trended towards decreased TOMM20
(Fig. 4B) and increased mitochondrial ROS (Fig. 4C). Importantly,
rosuvastatin pretreatment in TP53mut MOLM14 AML cells com-
pletely abrogated the AraC-induced increase in TOMM20 while
significantly increasing mitochondrial ROS to the same degree as
M14-WT1 (Fig. 4B, C). We then assessed total glutathione and the
ratio of reduced to oxidized glutathione (i.e., GSH/GSSG). In
correlation with improved ROS management in TP53mut AML
clones, M14-Mut1 and M14-Mut4 responded to AraC with a
significant increase in total glutathione, including a specific
increase in GSH, which were both abrogated by rosuvastatin
pretreatment (Fig. 4D, Supplementary Fig. 4I). This data suggested
that a mevalonate pathway-dependent mitochondrial response
and ROS management was key for AraC chemoresistance in
TP53mut AML.

AraC resistance in TP53mut AML requires the mevalonate
pathway byproduct, GGPP
To determine the specific mevalonate pathway byproducts
necessary for mitochondria-dependent chemoresistance, we
performed rescue experiments in the representative TP53mut

AML clone, M14-Mut1, treated with a rescue agent and
rosuvastatin for 48 h with AraC added for the last 24 h (Schema
summarizing targets in Fig. 5A). Co-treatment of M14-Mut1 with
mevalonate, which is produced by the direct statin target, HMGCR,
completely rescued the effect of rosuvastatin on cell viability and

OXPHOS (Supplementary Fig. 5A–D). Subsequently, co-treatment
of M14-Mut1 with downstream GGPP also rescued the effects of a
statin on cell viability (Fig. 5B), OXPHOS (Fig. 5C, Supplementary
Fig. 5E, F), TOMM20 as a mitochondria mass surrogate (Fig. 5D),
mitochondrial ROS (Fig. 5E), and total and reduced glutathione
(Fig. 5F, Supplementary Fig. 5G). GGPP did not rescue the
rosuvastatin-induced decrease in coenzyme Q10 (CoQ10) in either
M14-Mut1 or M14-WT1 (Supplementary Fig. 5H). These data
indicated that rosuvastatin’s activity is specific to the mevalonate
pathway, dependent on the GGPP branch of the pathway, and
independent of the cholesterol and CoQ10 branches. The
presence of GGPP correlated with improved glutathione synthesis
and reduced ROS, specifically in the M14-Mut1 clone (M14-WT1
experiments in Supplementary Fig. 6). Finally, we validated that
specific geranylgeranyl transferase (GGT) inhibitors, GGTI2417 [44,
45] and GGTI298 [46–48], that block the incorporation of GGPP
onto targets, but not the farnesyltransferase (FNT) inhibitor,
FTI277, recapitulated rosuvastatin’s impact on cell viability alone
or in combination with AraC (Fig. 5G, Supplementary Figs. 5I–K,
6M–O).

In vitro statin pretreatment fully abrogates OXPHOS and
chemoresistance in primary TP53mut AML
We then evaluated the efficacy of the drug combination in four
primary TP53mut AML samples in vitro (annotations in Supple-
mentary Table 1E). Three of the four samples demonstrated a
significant increase in basal and max OXPHOS in response to AraC,
which was blocked by rosuvastatin pretreatment (Fig. 6A). Those

Fig. 4 OXPHOS and ROS regulation in response to AraC are mevalonate-pathway dependent. For (A–D), representative isogenic TP53mut

and TP53WT AML clones were treated with rosuvastatin (50 μM) for a total of 48 h with AraC (1uM) added for the last 24 h and the following
experiments subsequently performed: A Basal oxygen consumption rate in pmol per minute assessed by Seahorse technology (n= 7),
B TOMM20 presented as MFI in viable cells (by FVS-R) assessed by flow cytometry (n= 6, n= 7, n= 4 for respective cell lines), C mitochondrial
ROS presented as the ratio to vehicle of MFI of MitoSox in viable cells (by FVS-R) as measured by flow cytometry (n= 3), and D total
glutathione presented as μM per 25,000 cells (n= 4, n= 5, n= 3 for respective cell lines). Statistical analysis by two-way ANOVA with FDR
correction for multiple comparisons. Adjusted p-values: *= <0.05, **= <0.01, ***= <0.001. n is the number of replicates.

S.J. Skuli et al.

2092

Leukemia (2025) 39:2087 – 2098



3 samples also demonstrated a dose-dependent decrease in
colony forming unit ability by the combination of AraC and
rosuvastatin (Fig. 6B). Furthermore, the AraC-induced increase in
OXPHOS correlated with an increase in mitochondrial mass as
measured by flow cytometry after staining for mitochondrial
protein TOMM20 in two of the three primary samples (Supple-
mentary Fig. 7A). Of note, these three OXPHOS-inducing primary
samples all exhibited bi-allelic TP53 mutations without other AML-
driver mutations (Supplementary Table 1E). The fourth TP53mut

AML sample, SCXC-7575, had co-mutations in IDH2, ASXL1, KRAS
and CEBPA (Supplementary Table 1E) with recent studies
correlating IDH2 or ASXL1 co-mutations with improved responses
to therapy in TP53mut AML1. SCXC-7575 did not demonstrate a
significant increase in OXPHOS in response to AraC (Supplemen-
tary Fig. 7B), which correlated with a smaller benefit of
combination treatment on CFUs (Supplementary Fig. 7C). These
studies suggested that primary human TP53mut AML cells required
the mevalonate pathway to survive in vitro AraC treatment and
that survival correlated with increased OXPHOS. Furthermore, the
absence of an AraC-induced OXPHOS phenotype predicted higher

sensitivity to AraC and a decreased benefit of rosuvastatin
pretreatment.

PDX modeling of TP53mut AML reveals only partial reversal of
AraC resistance by a statin
We established PDX mouse models of TP53mut AML in NOD scid
gamma−/− (NSG) mice. Following engraftment of SCXC-5052,
mice were treated with vehicle, AraC (50 mg/kg/day intraper-
itoneally on days 1–5) as routinely performed in the laboratory
[6], rosuvastatin (1 mg/kg/day by oral gavage on days 1–7, the
maximum dose tolerated in patients [49]) or the combination
(schema in Fig. 7A). Mouse bone marrow (BM) and spleen were
harvested on days 8–9 and leukemic burden was quantified.
Only the drug combination led to a significant though modest
decrease in leukemic burden (Fig. 7B). Surviving leukemic cells
from AraC-treated mice had a significant increase in mevalonate
pathway byproducts, CoQ10 (Fig. 7C) and cholesterol (Fig. 7D),
and a significant increase in maximal OXPHOS with a trend
towards increased basal OXPHOS (Fig. 7E, Supplementary
Fig. 8A). However, rosuvastatin did not fully reverse AraC-

Fig. 5 AraC resistance of TP53mut AML requires GGPP for ROS regulation and enhanced OXPHOS. A Abridged schema of latter half of the
mevalonate pathway with essential genes in green and known chemical inhibitors in blue. All experiments in Fig. 6B-I were performed in the
M14-Mut1 clone pretreated for 24 h with rosuvastatin (50 μM) and/or either vehicle, GGPP (1 μM) or GGTI2417 (4 μM) followed by an additional
24 h with vehicle or AraC (1 μM) with the subsequent assessment of B cell viability presented as the percentage of annexinV and 7AAD
negative cells by flow cytometry with or without GGPP (n= 7), C basal oxygen consumption rate in pmol/minute as assessed by Seahorse
technology with or without GGPP (n= 8), D TOMM20 presented as MFI in viable cells (by FVS-R) assessed by flow cytometry with or without
GGPP (n= 5), E mitochondrial ROS presented as the MFI of MitoSox in viable cells (by FVS-R) as measured by flow cytometry with or without
GGPP (n= 3), F total glutathione presented as μM per 25,000 cells with or without GGPP (n= 5), and G cell viability presented as the
percentage of annexinV and 7AAD negative cells by flow cytometry with or without GGTI2417 (n= 3). Statistical analysis by three-way ANOVA
with FDR correction for multiple comparisons, including comparison of a treatment with or without the rescue agent or additional inhibitor
(i.e., AraC+ Statin vs AraC+ Statin+ GGPP). Adjusted p-values: *= <0.05, **= <0.01, ***= <0.001. n is the number of replicates.
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induced mevalonate pathway byproduct accumulation or
OXPHOS, suggesting inadequate inhibition of the mevalonate
pathway by rosuvastatin in vivo (Fig. 7C–E). The experiment was
also performed with the primary sample, SCXC-7575. Correlating
with the in vitro data, AraC alone significantly reduced leukemic
burden in the chemosensitive SCXC-7575 TP53mut IDH2mut

ASXL1mut AML PDX mouse model with no additional benefit
from rosuvastatin [Supplementary Fig. 8B; F(1,22)= 0.5, p= 0.5].
Furthermore, AraC-persisting leukemic cells did not demon-
strate increased basal or max OXPHOS (Supplementary
Fig. 8C, D). Altogether, TP53mut AML AraC resistance in vivo
correlated with a mevalonate pathway-dependent increase in
OXPHOS.

In a retrospective analysis of TP53mut AML patients
undergoing induction therapy, co-administration of a statin is
safe but does not improve survival
Statins are one of the most prescribed drugs for cardiovascular
disease. Thus, a retrospective analysis was performed to deter-
mine the survival impact of concomitant statin with induction
therapy in patients with newly diagnosed TP53mut AML. Retro-
spective chart reviews were performed on 364 TP53mut AML
patients treated at one of two tertiary centers in the United States
between 2013 and 2023 (Supplementary Table 1G). 32% of
patients received a statin during induction therapy for TP53mut

AML. Statin-treated patients had more indications for a statin, such
as a history of coronary artery disease and stroke (Fisher’s exact
p < 0.001) but were otherwise well matched. An unadjusted
Kaplan–Meier survival estimate suggested a non-significant 1.2-
month improvement in median OS in patients who received a
statin with induction therapy (Fig. 7F).

DISCUSSION
TP53 mutations confer chemoresistance in AML, rendering
standard treatments largely ineffective and leading to dismal
patient outcomes [3, 4, 50]. Our work identifies metabolic drivers
of AraC resistance in TP53mut AML. We demonstrate for the first
time that TP53mut AML requires a mevalonate pathway-dependent
adaptive stress response to survive chemotherapy. We provide
compelling evidence that the GGPP branch of the pathway is
crucial for chemoresistance through its regulation of (1)
glutathione to manage chemotherapy-induced ROS and (2)
mitochondrial mass and activity. We delve into mechanistic
insights and therapeutic implications of targeting the mevalonate
pathway in AML.
Our study has furthered our understanding of how cells resist

AraC-induced cell death. Using novel isogenic TP53mut MOLM14
AML cell lines, we observe that TP53WT AML cells exhibit a
significant increase in mitochondrial ROS in response to AraC.
Conversely, TP53mut AML has a higher antioxidant capacity and
ability to regulate AraC-induced ROS that correlates with survival.
We subsequently show that TP53mut AML cells respond to AraC
with significantly increased one-carbon metabolites directed
towards synthesis of GSH and polyamines, which both play a role
in cellular defense against ROS [40–43]. Notably, the upregulation
of one-carbon metabolism is more robust in TP53mut AML and only
the TP53mut AML clones increase levels of the polyamines,
spermidine and spermine, in response to AraC. Interestingly,
active wildtype p53 is known to inhibit the transcription of genes
involved in polyamine synthesis (ARG1, ODC1) and promotes
transcription of genes involved in polyamine catabolism (SSAT),
which then increases ROS [41]. Altogether, upregulation of one-
carbon metabolism may be crucial for TP53mut AML cells to survive

Fig. 6 In vitro statin pretreatment fully abrogates OXPHOS and chemoresistance in primary TP53mut AML. A Oxygen consumption rate
(pmol/min) assessed by Seahorse technology in previously viably frozen primary TP53mut AML samples that were resuspended in X-Vivo
media with 20% BIT serum and 10 ng/mL of cytokines FLT3, SCF, IL3 and IL6, pretreated with rosuvastatin (50 μM) for 24 h followed by AraC
(1 μM) treatment for an additional 24 h, and depleted of dead cells via the AnnexinV dead cell removal kit prior to plating for Seahorse
analysis. Each sample (SCXC-4708, -6865, -5052) was performed once with 5 technical replicates per condition. AraC vs vehicle fold changes
were as follows (basal and max OXPHOS, respectively): SCXC-4708 1.4-fold (p < 0.001) and 1.3-fold (p < 0.001); SCXC-6865 1.9-fold (p= 0.005)
and 1.7-fold (p= 0.02); SCXC-5052 1.9-fold (p < 0.001) and 1.7-fold (p < 0.001). B Total number of colony forming units assessed 14 days after
plating previously viably frozen primary TP53mut AML samples (SCXC-4708, -6865, -5052) treated on day 0 with rosuvastatin (15 μM or 30 μM)
and/or AraC (5 nM or 10 nM) with 3 replicates per condition. Statistical analysis by one-way ANOVA with FDR correction for multiple
comparisons. n is the number of replicates.
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AraC, particularly through production of antioxidants and
subsequent ROS management.
Survival following AraC treatment is also associated with an

increase in mitochondrial mass and OXPHOS, specifically in
TP53mut AML cell lines and primary samples in vitro and in vivo.
A study evaluating the impact of TP53 missense mutations in solid
tumors found that stable endogenous TP53 mutations led to

decreased OXPHOS whereas inducible and transient TP53mut

models had increased OXPHOS [51]. Our data support these
findings in which stable TP53mut AML single cell clones at baseline
have decreased OXPHOS (Fig. 3A–C, Supplementary Fig. 3A–J).
However, when the cells are stressed with AraC, for example, we
observe a significant increase in OXPHOS and mitochondrial mass
similar to the inducible/transient TP53mut solid tumor models.

Fig. 7 Statins are inadequate to fully reverse AraC resistance in PDX models and a retrospective cohort of TP53mut AML patients.
A Schema (created in BioRender) of TP53mut AML PDX model. In brief, primary, human TP53mut AML cells (chemoresistant SCXC-5052) were
injected into the tail veins of busulfan-pretreated NSG mice. Engraftment was confirmed on bone marrow aspirates followed by initiation of
treatment with vehicle, AraC (50mg/kg/day IP for D1-5), rosuvastatin (1 mg/kg/day PO for D1-7) or the two drugs in combination. On D8 mice
were humanely sacrificed and bilateral femurs/tibias and spleen were harvested (n= 7 mice per condition, early death of 3 mice in AraC
condition). B Leukemic burden in millions of hCD45+ hCD33+ cells in the bone marrow and spleen combined for each mouse as quantified
with counting beads by flow cytometry. C CoQ10 (ng) and D cholesterol (μg) per 0.5 million magnetic bead-purified hCD45+ leukemic cells
from the bone marrow of mice with each circle representing the average of 1 mouse, as assessed by MS (5 replicates per mouse; n= 7, 4, 7, 7
mice for Control, AraC, Statin and AraC+ Statin, respectively). E Basal and maximum coupler-induced oxygen consumption in pmol/minute
assessed by Seahorse technology in magnetic bead-purified hCD45+ leukemic cells from the bone marrow with each circle representing the
average of 1 mouse (n= 4, 3, 2, 2 mice for Control, AraC, Statin and AraC+ Statin, respectively). F Kaplan–Meier survival estimates from a
retrospective study of newly diagnosed TP53mut AML patients (n= 364) who did or did not receive a concurrent statin during induction
therapy (n= 115 and n= 249, respectively). Unless otherwise noted, statistical analysis by two-way ANOVA with FDR correction for multiple
comparisons. Adjusted p-values: *= <0.05, **= <0.01, ***= <0.001. n is the number of replicates. OCR oxygen consumption rate.
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Thus, it is crucial to evaluate OXPHOS specifically in the context of
stress in TP53mut versus TP53WT cancer models. Furthermore, the
critical determinants of chemoresistance may be both the basal
level of OXPHOS in AML cells and their ability to dynamically
modify OXPHOS in response to stress.
Targeting metabolism, particularly direct mitochondrial inhibi-

tion, to reverse chemoresistance remains a challenge in the field
[14]. Inhibiting the mevalonate pathway may be an indirect but
effective way to overcome toxicity from direct mitochondrial
inhibition. However, the optimal mevalonate pathway inhibitor
may not be a statin. Combination rosuvastatin and AraC only
modestly reduced TP53mut AML leukemic burden in vivo, which
correlated with partial abrogation of the mevalonate pathway and
OXPHOS (Fig. 7B–E). Furthermore, while our retrospective analysis
showed that a broad range of statins at different doses appear to
be well tolerated and safe in combination with AML therapy in
TP53mut AML patients, there was no survival benefit (Fig. 7F). Statin
anti-cancer efficacy in mouse and human models remains limited
by (1) statin pharmacokinetics and pharmacodynamics that make
it challenging to achieve doses in humans that inhibit geranylger-
anylation [52, 53], which is further exacerbated in rodent models
[54], (2) rescue of mevalonate pathway inhibition by dietary
presence of mevalonate byproducts [55], and (3) highly conserved
feedback loops that induce mevalonate pathway upregulation
following inhibition [38]. Future preclinical studies should focus on
robust mevalonate pathway inhibition in chemoresistant AML.
To optimize mevalonate pathway inhibition for anti-cancer

benefit, it is essential to understand the specific role(s) of the
mevalonate pathway in chemoresistance. We determined that
GGPP is the essential byproduct required for AraC resistance.
Other groups have validated the importance of this byproduct in
multiple tumor models [21–23, 25, 56, 57]. However, the specific
function of GGPP has remained elusive. GGPP may have multiple
roles, such as regulation of GTPases that (1) play a role in
mitochondrial biogenesis and (2) control glutathione levels.
Notably, GGPP-dependency for maintaining glutathione has only
been previously described in adipose tissue [58]. Future studies
will define the specific mechanisms by which GGPP regulates
mitochondrial biogenesis and glutathione synthesis and deter-
mine the therapeutic benefit of direct targeting of GGPP in
TP53mut AML. We anticipate that novel and specific GGT inhibitors,
such as GGTI2418 which has shown significant promise in clinical
trials for therapy-refractory peripheral T-cell lymphomas [59], will
also be efficacious in TP53mut AML.

DATA AVAILABILITY
Sequencing data available: GSE295181. Code available at https://github.com/
bowmanr/Skuli_TP53_mevalonate .
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