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Abstract

Outcomes for patients with acute myeloid leukemia (AML) remain poor due to the inability of current therapeutic regimens
to fully eradicate disease-initiating leukemia stem cells (LSC). Previous studies have demonstrated that oxidative phos-
phorylation (OXPHOS) is an essential process that is targetable in LSC. Sirtuin 3 (SIRT3), a mitochondrial deacetylase with
a multi-faceted role in metabolic regulation, has been shown to regulate OXPHOS in cancer models; however, it has not
yet been studied in the context of LSC. Thus, we sought to identify if SIRT3 is important for LSC function. Using RNAi and
a SIRT3 inhibitor (YC8-02), we demonstrate that SIRT3 is a critical target for the survival of primary human LSC but is not
essential for normal human hematopoietic stem and progenitor cell function. In order to elucidate the molecular mech-
anisms by which SIRT3 is essential in LSC we combined transcriptomic, proteomic, and lipidomic approaches, showing
that SIRT3 is important for LSC function through the regulation of fatty acid oxidation (FAO) which is required to support
OXPHOS and ATP production in human LSC. Further, we discovered two approaches to further sensitize LSC to SIRT3 in-
hibition. First, we found that LSC tolerate the toxic effects of fatty acid accumulation induced by SIRT3 inhibition by up-
regulating cholesterol esterification. Disruption of cholesterol homeostasis sensitizes LSC to YC8-02 and potentiates LSC
death. Second, SIRT3 inhibition sensitizes LSC to the BCL-2 inhibitor venetoclax. Together, these findings establish SIRT3
as a regulator of lipid metabolism and potential therapeutic target in primitive AML cells.

Introduction

Acute myeloid leukemia (AML) is a devastating disease
with a high rate of relapse and poor survival outcomes.' In
many patients, disease relapse is caused by the persist-
ence of the disease-initiating leukemic stem cells (LSC),?
necessitating the development of LSC-directed therapies.
LSC uniquely rely on oxidative phosphorylation (OXPHOS)
for ATP production and ultimately their survival.®

One family of proteins which have been shown to regulate
energy metabolism in cancer are sirtuins (SIRT). The SIRT
family of proteins are responsible for removing multiple

post-translational modifications including acetylation, ri-
bosylation, succinylation, and malonylation. Although SIRT
are highly studied in the context of aging and cancer,* less
is known about the role of SIRT in cancer stem cells (CSC).
Sirtuins 1,57 2% and 6° have been associated with CSC in
solid tumors. In AML, sirtuins 1,01 21213 31415 516 17 and 7"
have been shown to play important roles in leukemic sur-
vival, however only SIRT1 has been reported to regulate
LSC function.o"

SIRT3 is one of three SIRT which localize to the mitochon-
dria where it plays a key role in orchestrating several criti-
cal metabolic pathways through deacetylation of
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mitochondrial proteins on lysine residues.® In cancer cells,
SIRT3 has been shown to suppress reactive oxygen
species (ROS) levels, promote glutamine metabolism,
regulate fatty acid synthesis, inhibit and promote glycoly-
sis, regulate iron metabolism, decrease HIF1a activity, and
increase the activity of the citric acid cycle.®®2' However,
the function of SIRT3 in LSC has not been elucidated. In
this study we show that SIRT3 is critical for LSC function
in part by promoting fatty acid oxidation (FAO). Inhibition
of SIRT3 results in the loss of energy production and fatty
acid accumulation in LSC. Further, we demonstrate that
LSC are uniquely protected from fatty acid-induced cell
death by upregulating protective cholesterol metabolism
pathways, which can be targeted to further sensitize LSC
to SIRT3 inhibition. Finally, we demonstrate that SIRT3 in-
hibition sensitizes LSC to the BCL-2 inhibitor venetoclax
which is commonly used to treat chemotherapy ineligible
AML patients.

Methods

Primary acute myeloid leukemia and cell culture

Primary cells obtained were obtained from donors who
gave informed consent for sample procurement under the
Princess Margaret Leukemia Tissue Bank protocol and ana-
lyzed with University Health Network Research Ethics
Board approval (20-5031). Cells were cultured in X-Vivo10
media (Lonza; 04-380Q), supplemented with 20% BIT
(StemcCell; 09500) and cytokines (IL-3, IL-6, SCF, FLT3 li-
gand). Patient details are available in the Online Supple-
mentary Table S1. Additional culture information is
available in the Online Supplementary Appendix.

BODIPY staining
BODIPY 581/591 C11 was prepared in media at 2-4 uM. Cells
were incubated for 20-45 minutes at 37°C.

Inhibitors/chemicals

YC8-02 was synthesized as previously described.”® Dipyri-
damole was obtained from Selleck Chemicals (S1895-10
mM/1 mL). Dimethyl 2-oxogluterate (349631-5G) was ob-
tained from Sigma-Aldrich. Linoleic acid (L8134), palmitic
acid ®C , (605573), and palmitic acid 16-C (605646) were
obtained from Sigma-Aldrich. Venetoclax was obtained
from Cedarlane (HY-15531-500 mg).

CD34 enrichment

Cord blood (CB) samples were CD34" enriched using the
Miltenyi Biotec’s CD34 microbead magnetic separation kit
(130-046-702) following product specifications.

Animal studies
Animal studies were performed in accordance with UHN’s
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Animal Resource Center, under animal use protocol 6366
as previously described.?? Detailed methods are available
in the Online Supplementary Appendix.

Flow cytometry

Primary AML samples were sorted for enriched LSC and
blast populations as previously described.? Additional in-
formation is available in the Online Supplementary Appen-
dix.

RNA sequencing

Primary samples enriched for LSC, were treated with YC8-
02 inhibitor at 10 uM and 25 uM for 4 hours. RNA was iso-
lated using Qiagen’s RNeasy micro kit (74004). Sample
quality was assessed using Agilent Bioanalyzer prior to li-
brary preparation and sequencing. RNA sequencing was
performed using Illumina Novaseq 6000 using a 100-cycle
paired-read protocol with multiplexing resulting in ~40
million reads/sample. Detailed data analysis available in
the Online Supplementary Appendix. SIRT3 network analy-
sis is also available in the Online Supplementary Appendix.

Proximity-dependent biotinylation

BiolD was performed as previously described.?* Detailed
methods are available in the Online Supplementary Appen-
dix.

Immunoblotting

Cell lysates were loaded on 4-15% precast gels (Bio-Rad)
and transferred to PVYDF membrane (Bio-RAD). Blots were
probed with primary anti-FLAG antibody (Sigma-Aldrich,
8146S), GAPDH antibody (SantaCruz; sc-32233), or SIRT3
antibody (Cell Signaling; 5490S) overnight at 4°C, followed
by 1-hour incubation with secondary antibody (LI-COR Bio-
sciences, IRDye® 680RD). Blots were imaged using Odys-
sey® DLx system (LI-COR Biosciences).

Quantitative real-time polymerase chain reaction

RNA was isolated as described above, cDNA was syn-
thesized using the iScript cDNA Synthesis Kit (Bio-Rad;
1708891) and quantitative real-time polymerase chain re-
action (RT-qPCR) was performed using Itaqg Universal
SYBR (BioRad; 1725122).

Enzyme activity and ATP quantification assays
ATP levels were quantified using a kit Roche (116997029001)
following the manufacture’s protocol.

Other methods

Colony-forming unit (CFU) assays,* small interfering RNA
(siRNA) transfection,” seahorse analysis,?? and metabolic
analysis?® were performed as previously described. Addi-
tional information is available in the Online Supplementary
Appendix.
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Results

SIRT3 is essential for acute myeloid leukemia survival
In order to establish whether SIRT were essential in LSC,
we used siRNA to knockdown each sirtuin in four primary
AML specimens (Online Supplementary Figure S1A), then
measured cell viability (Online Supplementary Figure S1B)
and colony-forming potential (Figure 1A). These data re-
vealed that knockdown of SIRT3 and SIRT4 consistently
decreased the viability and colony-forming potential of
AML specimens. We chose to focus our subsequent
analysis on SIRT3 because of its well characterized role
in mitochondrial energy metabolism, an Achilles heel of
LSC.® Knockdown of SIRT3 in three additional primary
AML specimens (Online Supplementary Figure S1C) and
the Molm13 AML cell line confirmed that SIRT3 knock-
down decreased AML viability and colony-forming poten-
tial (Figure 1B, C; Online Supplementary Figure S1D, E).
Importantly, knockdown of SIRT3 in CD34* enriched
human CB, did not alter colony-forming ability (Figure 1D;
Online Supplementary Figure STF). In order to understand
the impact of SIRT3 on stemness, we evaluated the col-
ony-forming ability of primary AML specimens and normal
bone marrow upon secondary replating of colonies. In
four primary AML specimens, colony-forming potential
was significantly decreased upon replating of SIRT3
knockdown cells compared to the non-targeting control
(Online Supplementary Figure S1G, H). In contrast, there
was no effect on the serial colony-forming ability of nor-
mal bone marrow samples upon knockdown (Online Sup-
plementary Figure S1/, J) demonstrating a potential
therapeutic window to target SIRT3 in AML while mini-
mally affecting normal hematopoietic stem and progen-
itor cells (HSPC).

In order to assess the impact of SIRT3 on LSC specifically,
we knocked down SIRT3 in enriched LSC and AML blast
populations from primary AML patient specimens. LSC
and AML blasts were enriched using relative reactive
oxygen species (ROS) level as previously described. LSC
enrichment was validated by measuring colony-forming
potential (Online Supplementary Figure S1K) which re-
vealed that cells with relatively low levels of ROS (en-
riched LSC) had increased colony-forming potential
compared to cells with high levels of ROS (enriched AML
blasts). We also confirmed that ROS low cells are en-
riched for CD34*, a well-established marker of LSC,?" (On-
line Supplementary Figure S1L) as previously shown.??
When SIRT3 was knocked down in enriched LSC popu-
lations, colony-forming potential was significantly de-
creased (Online Supplementary Figure S1M, N).

Next, we used the gold-standard assay for assessing LSC
and HSC function, engraftment into immune deficient
mice?® upon SIRT3 knockdown. SIRT3 was knocked down
by siRNA in a primary human AML and a normal bone
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marrow sample, then transplanted into NSG-SGM3 mice
(Online Supplementary Figure S10). SIRT3 knockdown
(Online Supplementary Figure S1P) resulted in a significant
decrease in AML engraftment (Figure 1E) but did not im-
pair the engraftment or lineage output of normal bone
marrow (Figure 1F; Online Supplementary Figure S1Q, R).

Perturbation of SIRT3 targets leukemia stem cells

In order to further evaluate SIRT3 in AML, we assessed
viability and colony-forming potential upon treatment
with a SIRT3 inhibitor, YC8-02"2° which has previously
been shown to target mitochondrial SIRT3 with minor ef-
fects on other class one sirtuin proteins, SIRT1 and SIRT2.
Importantly, knockdown of SIRT1 and SIRT2 did not affect
AML viability or colony-forming potential (Figure 1A; On-
line Supplementary Figure S1B) suggesting that any ef-
fects of YC8-02 in AML would be SIRT3-mediated. In line
with our SIRT3-knockdown experiments, cell viability and
colony-forming potential of AML cell lines was signifi-
cantly decreased upon YC8-02 treatment (Online Supple-
mentary Figure S2A, B), which correlated with a
dose-dependent increase in apoptosis (Online Supple-
mentary Figure S2C). We then determined the effect of
YC8-02 on LSC and blasts enriched from primary AML.
Enriched populations were cultured for 48 hours with or
without YC8-02 before assessing viability and colony-
forming ability. YC8-02 treatment resulted in a significant
decrease in LSC and AML blast viability (Online Supple-
mentary Figure S2D) and a decrease in colony-forming
potential of LSC compared to vehicle treatment (Figure
2A). SIRT3 inhibition upon YC8-02 treatment did not de-
crease the CD34* cell frequency or colony-forming po-
tential of HSPC isolated from MPBC (Online
Supplementary Figure S2B, E). In order to evaluate the ef-
fect of YC8-02 on stemness, secondary colony-forming
potential was assessed in AML and normal bone marrow.
Upon secondary replating of colonies, the colony-forming
potential was significantly decreased in AML and unaf-
fected in normal bone marrow when treated with YC8-02
(Figure 2C, D).

Finally, to assess the effect of SIRT3 inhibition on LSC
and HSPC function, we used the gold-standard assay, en-
graftment into immune deficient mice. Three primary
human AML samples and two normal bone marrow speci-
mens were treated with YC8-02 for 24 hours, then trans-
planted into NSG-SGM3 mice. YC8-02 treatment resulted
in a significant decrease in AML engraftment for each AML
specimen (Figure 2E) but did not significantly impair the
engraftment or lineage output of normal bone marrow
(Figure 2F; Online Supplementary Figure S2F). These find-
ings demonstrate that inhibiting SIRT3 significantly im-
pairs LSC function and demonstrate a potential
therapeutic window in which LSC can be targeted with
minimal effects on normal bone marrow.
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Figure 1. SIRT3 knockdown targets acute myeloid leukemia but not hematopoietic stem and progenitor cells. (A) Colony-forming
ability of four primary acute myeloid leukemia (AML) specimens (AML1-4) post scrambled and sirturin (SIRT) targeting small in-
terfering RNA (siRNA) transfection. Colony-forming unit (CFU) assay was prepared immediately after electroporation. Statistical
significance was determined by one-way ANOVA analysis. Each dot represents a primary AML specimen. (B) Viability of bulk AML
48 hours post scrambled or SIRT3 targeting siRNA transfection in 7 primary AML specimens (AML 1-5, 14 and 15). Statistical sig-
nificance was determined using a paired t-test. Each dot represents a primary AML specimen. (C) Colony-forming potential of
bulk AML post scrambled or SIRT3 targeting siRNA transfection in 7 primary AML specimens (AML. 1-5, 14, and 15). CFU assay was
prepared immediately after electroporation. Statistical significance was determined using a paired t-test. Each dot represents a
primary AML specimen. (D) Colony-forming potential of 2 CD34-enriched cord blood samples post scrambled or SIRT3 targeting
siRNA transfection. CFU assay was prepared immediately after electroporation. Statistical significance was determined using a
paired t-test. (E) Engraftment of AML24 post scrambled or SIRT3 targeting siRNA transfection. Each point represents a single
mouse. Statistical significance was determined using an unpaired t-test. (F) Engraftment of normal bone marrow post scrambled
or SIRT3 targeting siRNA transfection. Each point represents a single mouse. Statistical significance was determined using an
unpaired t-test. All error bars represent standard deviation. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001; ns: not significant.

SIRT3 regulates mitochondrial energy metabolism proximity-dependent biotin labeling (BiolD) to map the
In order to determine the molecular mechanisms by SIRT3 interactome. SIRT3 was expressed in 293 Flp-In
which SIRT3 is important in LSC and AML, we performed cells (Online Supplementary Figure S3A), with an in-frame
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Figure 2. SIRT3 inhibition perturbs leukemia stem
cell function and spares normal hematopoietic
stem and progenitor cells. (A) Colony-forming abil-
ity of reactive-oxygen species (ROS) low leukemia
stem cells (LSC) was assessed from 6 primary
acute myeloid leukemia (AML) (AML 4, 5,7, 8, 9, 14)
and treated with YC8-02 for 24 hours at increasing
doses, when possible, prior to performing the col-
ony-forming unit (CFU) assay. Each dot represents
a unique AML. Statistical significance was deter-
mined using ordinary one-way ANOVA. (B) Colony-
forming ability of representative mobilized
peripheral blood cells (MPBC) following treatment
with YC8-02 for 24 hours at increasing doses prior
to performing the CFU assay. Statistical signifi-
cance was determined using two-way ANOVA. (C)
Serial colony-forming ability of primary AML 7, 9,
10, and 24 treated with 10 uM YC8-02 for 24 hours.
Each dot represents a unique AML. Statistical sig-
nificance was determined using an unpaired t-test.
(D) Serial colony-forming ability of normal bone
marrow treated with 10 uM YC8-02 for 24 hours.
Statistical significance was determined using an
unpaired t-test. (E) Engraftment of 3 primary AML
treated with YC8-02. Each point represents a
single mouse. Statistical significance was deter-
mined using an unpaired t-test. (F) Engraftment of
2 normal bone marrow specimens in NSG-SGM3
mice following treatment with YC8-02. Each point
represents a single mouse. Statistical significance
was determined using an unpaired t-test. All error
bars represent standard deviation. *P<0.05,
**P<0.01, ***P<0.005, ****P<0.001; ns: not signifi-
cant.
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C-terminal BirA™-Flag tag, and BiolD was conducted as
previously described.?® SIRT3 interactors identified by
mass spectrometry were compared to those interacting
with the Flag-BirA" tag alone, and with the interactomes
of two other mitochondrial matrix proteins, NLN*" and
ClpP.*? After subtraction of interactors detected with all
three mitochondrial proteins, 316 high confidence SIRT3-
specific proximity interactors were identified (Online Sup-
plementary Table S2). Three-hundred and one of these
hits (95%) are annotated as mitochondrial proteins (Online
Supplementary Table S2), linked to lipid, amino acid, and
carbohydrate metabolism as well as tricarboxylic acid
(TCA) cycle, and respiratory electron transport functions
(Online Supplementary Figure S3B). We next compared our
BiolD analysis to two previously published SIRT3 pro-
teomic analyses: one which interrogated SIRT3 interactors
by SIRT3 immunoprecipitation followed by mass spec-
trometry (IP-MS) and another identified differentially
acetylated proteins differentially acetylated upon SIRT3
knockout. SIRT3 IP-MS studies identified 84 interactors,
44 of which were also identified in our BiolD analysis (On-
line Supplementary Figure S3B, red outlines®). We also
identified 54 previously reported SIRT3 de-acetylation
substrates (Online Supplementary Figure S3B in rectangu-
lar nodes®*). Overall, these data suggest that SIRT3 may
have an important function in regulating mitochondrial
energy metabolism, but which metabolic pathway(s) are
essential for LSC function were unclear.

While BiolD has been previously used to interrogate the
functions of proteins in AML,*2 one limitation of these
studies is that it is not currently feasible to perform this
analysis in rare cell populations like LSC. In order to in-
terrogate SIRT3 biology specifically in enriched LSC and
AML blasts, we performed a global transcriptomic analysis
on LSC and blasts upon YC8-02 treatment. LSC and AML
blasts from three primary AML specimens were treated
with vehicle or YC8-02 for 4 hours. Eight hundred and
sixty-nine and 57 genes were significantly altered in LSC
and AML blasts upon SIRT3 inhibition, respectively. Gene
set enrichment analysis demonstrated significant alter-
ations in several biological functions including pathways
pertaining to mitochondrial metabolism (Online Supple-
mentary Figure S3C). Intriguingly, OXPHOS and FAO were
amongst the most highly enriched gene sets in LSC (On-
line Supplementary Figure S3D, E). Notably, proteins in-
volved in each step of FAO were identified as SIRT3
proximity interactors (Figure 3A). Next, we integrated the
BiolD and gene expression data with the goal of identifying
genes most likely to be regulated by SIRT3 in LSC. Spe-
cifically, we identified transcripts that were significantly
altered in LSC or AML blasts upon YC8-02 treatment, and
which encode SIRT3 proximity interactors, to generate
SIRT3 LSC and SIRT3 AML blast networks comprising 45
and nine genes, respectively (Online Supplementary Figure

C. O’Brien et al.

S3F; Online Supplementary Table S3). Utilizing published
datasets (details available in the Online Supplementary
Appendix), we observed that the SIRT3 LSC network but
not the SIRT3 AML blast network was enriched in func-
tional LSC compared to non-LSC. It is also notable that
SIRT3 itself was also enriched in LSC populations but to
a lesser extent (Figure 3B). Finally, to interrogate the bio-
logical significance of these SIRT3 networks, we cor-
related the GSVA enrichment scores of each SIRT3
network against enrichment scores of biological pathways
across 812 primary AML samples. This analysis revealed
correlations with several fatty acid metabolism and OX-
PHOS processes that were strongest with the SIRT3 LSC
network compared to the SIRT3 blast network or SIRT3
itself (Figure 3C). Together, the integration of our pro-
teomic and transcriptomic data suggests a role of SIRT3
in the regulation of OXPHOS and fatty acid metabolism in
LSC.

SIRT3 regulates OXPHOS

In order to functionally demonstrate a link between SIRT3
and OXPHOS in LSC we measured OXPHOS in AML cell
lines, primary AML specimens and LSC upon SIRT3 per-
turbation using a seahorse assay. OXPHOS was decreased
in Molm13, MV4;11, and TEX cells, after 24 hours of SIRT3
knockdown (Online Supplementary Figure S4A, B) and
upon 4, 8, and 24 hours of YC8-02 treatment at increasing
doses (Online Supplementary Figure S4C-E). These
changes were evident as early as 4 hours post treatment,
and the effects were further increased at later time points
(8 and 24 hours) in a dose-dependent manner. Next, we
examined the effect of SIRT3 knockdown (Figure 4A) and
YC8-02 treatment (Figure 4B) in primary AML specimens.
SIRT3 perturbation significantly decreased basal respir-
ation in AML specimens (Figure 4A) and primary human
LSC (Figure 4B). Importantly, decreased OXPHOS cor-
responded with a decrease in cellular ATP in LSC (Figure
4C) indicating that SIRT3 perturbation disrupted mito-
chondrial energy metabolism. In contrast, SIRT3 knock-
down and YC8-02 treatment of normal bone marrow and
MPBC respectively did not result in decreased OXPHOS
(Figure 4D, E). We observed no compensatory effect of
glycolysis in the cell lines or the primary AML specimens
(Online Supplementary Figure S4F-I), consistent with find-
ings that show LSC are uniquely reliant on OXPHOS and
cannot compensate with upregulation of glycolysis.*® In
normal HSPC, we observed a minimal increase in glycoly-
sis upon SIRT3 knockdown (Online Supplementary Figure
S4J) and no change in glycolysis upon YC8-02 treatment
(Online Supplemental Figure S4K). Overall, these data
demonstrate that SIRT3 perturbation results in decreased
OXPHOS in both primary LSC and cell lines, resulting in
reduced cellular ATP, the likely cause of SIRT3 mediated
cell death.
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Figure 3. SIRT3 regulates mitochondrial energy metabolism in
acute myeloid leukemia. (A) Fatty acid oxidation proteins ident-
ified as proximity interactors of SIRT3 (dark blue) or not identified
as interactors (light blue). (B) Expression of SIRT3 leukemia stem
cells (LSC) network, SIRT3 blast network and SIRT3 individually in
functional LSC and non-LSC based using GSVA on quantile nor-
malized microarray data (for the networks) or quantile normalized
microarray (for SIRT3 alone). Data derived from 220 sorted frac-
tions.® (C) Correlation of metabolic pathways with SIRT3 LSC net-
work, SIRT3 blast network and SIRT3 individually. Bars represent
the Pearson correlation across 812 diagnostic acute myeloid
leukemia (AML) patients from TCGA, Beat-AML and Leucegene da-
tabases. Network data was generated by using GSVA on transcript
per million (TPM) normalized RNA sequencing (RNA-seq) data and
the SIRT3 data was generated using variance stabilizing trans-
formation (VST) normalized RNA-seq data and COMBAT batch cor-
rected. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001; ns: not
significant.
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metabolites previously associated with SIRT3 function
such as glutamate™ or succinate*® were significantly al-

In order to determine if SIRT3 decreases OXPHOS by per-
turbing fatty acid metabolism in LSC, we performed mass
spectrometry-mediated metabolomic analyses. In AML cell
lines treated with YC8-02 for 4 hours, there was a signifi-
cant elevation of fatty acid levels (Online Supplementary
Figure S5A). We next examined fatty acid levels in four pri-
mary AML specimens upon SIRT3 knockdown for 24 hours,
as well as LSC enriched from three primary AML speci-
mens treated with YC8-02 for O, 4, 8, or 12 hours. Upon
SIRT3 perturbation, fatty acids levels were significantly in-
creased in the AML samples (Figure 5A) and LSC (Figure
5B) as early as 4 hours post YC8-02 treatment. No other

tered at 4 hours post YC8-02 treatment (data not shown).

SIRT3 inhibition decreases fatty acid oxidation in
leukemia stem cells

Based on our data above, we hypothesized that fatty acid
levels are increased upon SIRT3 perturbation due to a re-
duction in FAO. In order to test this, we performed a
stable isotope labeled (SIL) tracing analysis using ™C, -
palmitate (Online Supplementary Figure S5B) and exam-
ined the incorporation of ™C carbons into TCA cycle
intermediates. First, ®C -palmitate tracing analysis was
performed on Molm13 cells 24 hours after electroporation
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Figure 4. SIRT3 regulates oxidative phosphorylation. (A) Basal respiration of 3 bulk primary acute myeloid leukemia (AML) trans-
fected with small interfering RNA (siRNA) targeting SIRT3 or a non-targeting scrambled siRNA. Measurements taken 24 hours
post electroporation. Statistical significance was determined using an unpaired t-test. (B) Basal respiration of leukemia stem
cells (LSC) enriched from 3 primary AML treated with YC8-02 for 12 hours prior to read out. Statistical significance was determined
using an unpaired t-test. (C) Total cellular ATP quantified from bulk AML (AML 4, 5, and 14) treated with 10 uM of YC8-02 for 4, 8,
or 12 hours. ATP quantities are normalized to the baseline measurement. Each dot represents an AML specimen. Statistical sig-
nificance was determined using RM one-way ANOVA. (D) Basal respiration of normal bone marrow samples transfected with
siRNA targeting SIRT3 or a non-targeting scrambled siRNA. Measurements taken 24 hours post electroporation. Statistical sig-
nificance was determined using an unpaired t-test. (E) Basal respiration of three mobilized peripheral blood cell (MPBC) samples
treated with YC8-02 for 12 hours prior to readout. Statistical significance was determined using an unpaired t-test. All error bars
represent standard deviation. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001; ns: not significant. OCR: oxygen consumption rate;

KD: knockout.

with control or SIRT3 targeting siRNA (Online Supplemen-
tary Figure S5C). SIRT3 knockdown resulted in a loss of
TCA cycle intermediates including citrate, succinate, and
fumarate derived from ®C_-palmitate, demonstrating that
SIRT3 perturbation in AML decreases FAO. We then treated
the Molm13 cell line with 10 uM YC8-02 for 4 hours fol-
lowed by a 4- or 16-hour treatment with SIL palmitic acid
(Online Supplementary Figure S5D). SIRT3 inhibition also
resulted in a significant decrease of *C enrichment in TCA
cycle intermediates.

Next, we confirmed our findings in primary AML speci-
mens. We performed SIL tracing using three primary AML
cells treated for 4 hours with 10 uM YC8-02 followed by
introduction of SIL palmitic acid for an additional 16 hours.
Compared to control, treatment with YC8-02 resulted in
a decrease of TCA cycle intermediates in bulk primary AML
specimens (Online Supplementary Figure S5E), enriched
LSC (Figure 5C), and to a lesser extent, in enriched AML
blasts (Online Supplementary Figure S5F). In order to

demonstrate that decreased FAO is essential to the
mechanism by which SIRT3 mediated LSC death, we per-
formed a rescue experiment by adding back the TCA cycle
intermediate a-ketoglutarate analog dimethyl-2-oxoglut-
erate (DMKG). The addition of DMKG partially rescued loss
of viability upon YC8-02 treatment in primary AML but not
AML cell lines (Figure 5D; Online Supplementary Figure
S5G). It is important to note that recent studies highlight
that DMKG affects metabolic processes outside of TCA
metabolism.®” Overall, these data indicate that decreased
FAO is one essential part of the mechanism by which
SIRT3 inhibition targets LSC.

Elevated cholesterol metabolism protects leukemia
stem cells from lipid accumulation

We hypothesized that lipid accumulation may also be re-
sulting in AML cell death through lipotoxicity*® which is
why we observed a partial and lack of rescue by DMKG
treatment in LSC and AML cell lines respectively. Further,
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Figure 5. SIRT3 inhibition results in fatty acid accumulation in leukemia stem cells. (A) Fatty acids measured by steady state
mass spectrometry lipidomics on 4 bulk acute myeloid leukemia (AML) transfected with small interfering RNA (siRNA) targeting
SIRT3 or a non-targeting scrambled siRNA. Samples were collected 24 hours post transfection. Significance was determined
using a paired t-test. (B) Fatty acids in leukemia stem cells (LSC) enriched from three primary AML and treated with 10 yM YC8-
02 for 4, 8 or 12 hours. Significance was determined using a paired t-test. (C) Stable isotope tracing analysis of LSC enriched
from 3 primary AML specimens (AML 8, 10 and 12) treated with vehicle or 10 uM YC8-02 prior to introduction of ®C, -palmitate.
Three TCA intermediates were detected in these analyses. Each point represents a unique AML specimen. Statistical significance
was determined using an unpaired t-test. (D) Result of tricarboxylic acid cycle (TCA) cycle rescue on viability using bulk AML
(AML 11). Cells were treated with dimethyl-2-oxoglutarate (DMKG) at 0 mM or 2.5 mM for 1 hour prior to introduction of 25 pM of
YC8-02. Cells were incubated for 48 hours prior to analysis. Statistical significance was determined using ordinary one-way
ANOVA. All error bars represent standard deviation. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001; ns: not significant.
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we postulated that LSC may be protected from lipid-me-
diated death due to metabolic compensatory pathways.
In order to test this hypothesis, we phenocopied con-
ditions for lipotoxicity by treating cell lines, primary
human LSC, and AML blasts with linoleic acid.?*#° Strik-
ingly different responses were observed between the pri-
mary cells (Figure 6A) and the cell lines (Figure 6B). While
the cell lines, and to a lesser extent, AML blasts, have re-
duced viability when exposed to linoleic acid, LSC dis-
played no reduction in cell viability, indicating that LSC
have intrinsic mechanisms to protect them from lipotox-
icity. Further, primary AML specimens, both CD34* and
CD34 cells, did not display a significant increase in lipid
ROS upon SIRT3 inhibition (Figure 6C). In contrast, cell
lines treated with YC8-02 showed a significant accumu-
lation lipid ROS staining (Figure 6D) in a manner cor-
responding to the sensitivity of each cell line to lipotoxic
cell death (Figure 6B). These results show that lipid per-
oxidation likely plays a role in cell line-mediated cell
death upon YC8-02 treatment in AML cell lines. In addi-
tion, these data suggest that the loss of LSC viability
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upon SIRT3 inhibition, could be further enhanced by tar-
geting protective mechanisms to lipotoxicity.

Cholesterol homeostasis is a potential mechanism that
protects cells from lipotoxicity through cholesteryl-ester
formation.*" Specifically, the carboxylate group of fatty
acids can form an ester bond with the hydroxyl group of
cholesterols to form cholesteryl-esters which are less
toxic to cells. In order to determine if LSC were protected
from fatty acid accumulation through altered cholesterol
metabolism, we measured both cholesterols and choles-
teryl-esters accumulated in the primary LSC following 4,
8, and 12 hours of YC8-02 treatment (Figure 7A, B). Cho-
lesterol and cholesteryl-ester levels were significantly
elevated as early as 4 hours post drug treatment, con-
sistent with the time point we observed an increase in
fatty acid levels. In contrast, the AML cells lines, Molm13,
OCI-AML-3, and MV4;11 did not display any changes in
cholesterol or cholesteryl-ester levels in response to
YC8-02 treatment (Online Supplementary Figure S6A, B).
We hypothesized that primary AML cells were able to
protect themselves against lipid accumulation by induc-
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Figure 6. Leukemia stem cells are resistant to cell death induced by lipid accumulation. (A) Viability of leukemia stem cells (LSC)
and acute myeloid leukemia (AML) blasts enriched from three primary AML (AML 6, 9, and 10) treated with linoleic acid for 48
hours. Statistical significance was determined using two-way ANOVA. (B) Viability of 3 AML cell lines (OCI-AML-3, Molm13, and
MV4;11) treated with linoleic acid for 48 hours. Statistical significance was determined using ordinary one-way ANOVA. (C) BODIPY
C11 mean florescence intensity (MFI) of primary AML 20, AML 21, AML 22, and AML 23 treated with 10 yM of YC8-02 for 8 hours.
Statistical significance was determined using two-way ANOVA. (D) BODIPY C11 MFI of primary AML cell lines treated with 10 uyM
of YC8-02 for 8 hours. Statistical significance was determined using an unpaired t-test. All error bars represent standard deviation.
*P<0.05, **P<0.01, ***P<0.005, ****P<0.001; ns: not significant.
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ing cholesterol esterification. In order to test this hypoth-
esis, we targeted the master regulators of cholesterol ho-
meostasis sterol regulatory-element binding protein 1
and 2 (SREBP1 and SREBP2) which have been proposed
to protect cells from lipotoxicity.®®424* We used the
SREBP1 and 2 inhibitor dipyridamole*?*%#¢ alone or in
combination with YC8-02 and measured LSC and blast
viability. The effect of YC8-02 was potentiated by dipyri-

C. O’Brien et al.

damole treatment in LSC isolated from two of the three
AML specimens examined (Figure 7C). Further, the com-
bination of SIRT3 knockdown with dipyridamole treat-
ment resulted in significantly more cell death than single
treatments (Online Supplementary Figure S6C, D). In
contrast, YC8-02 and dipyridamole treatment did not af-
fect normal CD34* cells isolated from cord blood (Online
Supplementary Figure S6E).
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Figure 7. Combined inhibition of SIRT3 and cholesterol metabolism increases cell death. (A) Cholesterol levels detected by steady
state mass-spectrometry lipidomic analysis in leukemia stem cells (LSC) enriched from 3 primary acute myeloid leukemia (AML)
specimens and treated with 10 yM YC8-02 for 4, 8 or 12 hours. Statistical significance was determined using ordinary one-way
ANOVA. (B) Cholesteryl-ester levels detected by steady state mass-spectrometry lipidomic analysis in LSC enriched from 3 pri-
mary AML specimens and treated with 10 yM YC8-02 for 4, 8 or 12 hours. Quantities are normalized to baseline control. Statistical
significance was determined using ordinary one-way ANOVA. (C) Viability of LSC and AML blasts enriched from 3 primary AML
specimens and treated with 10 uM YC8-02 alone or in combination with 0.5 pM dipyridamole. Statistical significance was deter-
mined using two-way ANOVA. All error bars represent standard deviation. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001; ns: not

significant.
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YC8-02 treatment sensitizes acute myeloid leukemia
cells to venetoclax

It is highly likely that effective AML therapies will be de-
livered using combination treatment approaches. There-
fore, we sought to determine if SIRT3 inhibition could
sensitize AML cells to approved AML therapies including
cytarabine, anthracyclines, and venetoclax. YC8-02 treat-
ment sensitized AML cell lines to venetoclax treatment
but not cytarabine or doxorubicin (data not shown). Re-
cent research has identified fatty acid metabolism as a
mode of resistance for AML cells to venetoclax.???*%" Since
SIRT3 targets LSC in part through decreasing FAO it is un-
surprising that YC8-02 sensitized AML cells to venetoclax.
Next, we treated primary AML samples with venetoclax,
YC8-02, or a combination of the two and assessed col-
ony-forming ability (Figure 8A). Specimens treated with
the combination of YC8-02 and venetoclax had a signifi-
cantly decreased colony-forming ability compared to the
individual treatments alone. We then used the gold-stan-
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dard engraftment assay on AML samples treated with
venetoclax, YC8-02, or a combination to assess their ef-
fect on functional LSC (Figure 8B). Strikingly, in a patient
sample with no response to YC8-02 or venetoclax, the
combination treatment resulted in almost undetectable
levels of engraftment. These data suggest that targeting
SIRT3 sensitizes LSC to venetoclax.

Discussion

Disease relapse, which originates from residual LSC, re-
mains a major hurdle in AML.? Thus, it is essential to
understand and target the unique properties of LSC to de-
velop new therapies and improve patient outcomes. LSC-
directed therapies such as venetoclax paired with
hypomethylating agents, have shown tremendous prog-
ress in treating a subset of AML patients.*® Here, our re-
sults reveal SIRT3 as a novel target to eradicate LSC.
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Figure 8. SIRT3 inhibition improves response to venetoclax. (A) Colony-forming ability
of 4 primary acute myeloid leukemia (AML) specimens treated with 10 yM YC8-02,
100 nM of venetoclax or a combination of the two, treated for 72 hours prior to per-
forming colony-forming unit (CFU) assay. Statistical significance was determined
using an ordinary one-way ANOVA. (B) Engraftment of AML 7 treated with with 10 pM
YC8-02, 100 nM of venetoclax, or a combination of the two for 24 hours prior to en-
graftment. Each point represents a single mouse. Statistical significance was deter-
mined using ordinary one-way ANOVA. All error bars represent standard deviation.
*P<0.05, **P<0.01, ***P<0.005, ****P<0.001; ns: not significant.
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In this study, we found that knockdown and pharmaco-
logic inhibition of SIRT3 had a significant impact on LSC
colony-forming potential and cell viability without signifi-
cantly impacting normal HSPC function. These results
highlight SIRT3 as a promising target for treating AML and
demonstrate, for the first time, SIRT3’s roles in CSC. SIRT3
has been found to promote disease progression in a
number of cancers including B-cell lymphoma.’®*® How-
ever, SIRT3’s role in cancer is not fully elucidated as SIRT3
is considered both a tumor suppressor and oncogene.*®
The loss of LSC function upon SIRT3 inhibition was due
to decreased OXPHOS, a well-established LSC vulnerabil-
ity.>%® Importantly, we demonstrate that reduced OXPHOS
levels upon SIRT3 perturbation result in a decrease in ATP
indicating that we are indeed decreasing overall energy
production. Our findings represent a novel method to tar-
get a key metabolic pathway in LSC. Our data demon-
strate that SIRT3 contributes to energy metabolism
through regulation of fatty acid metabolism, which has
been established as critical for AML function and re-
sponse to therapy.® As SIRT3 is a known regulator of many
metabolic pathways, we sought to determine which path-
ways were significantly impacted by SIRT3 inhibition using
a multi-omics approach, combining transcriptomic, meta-
bolomic, and proteomic analyses. By combining these
analyses and assessing several time points, we were able
to focus our mechanistic studies on the earliest metabolic
changes observed upon SIRT3 perturbation, which re-
vealed FAO as a key metabolic pathway regulated by SIRT3
in LSC. FAO has previously been shown to be a metabolic
vulnerability of LSC and represents a mechanism by which
LSC become resistant to the BCL-2 inhibitor veneto-
clax.?22547 However, FAO had not been shown to be regu-
lated by SIRT3 in CSC. Our work highlights the importance
of examining the role of metabolic regulating proteins in
various cancer types and cell types, as the essential
metabolic pathways regulated by enzymes like SIRT3 vary
depending on cellular context.

Lipid homeostasis and toxicity is an area of much interest
in cancer biology and has been implicated in cancer de-
velopment.®® When we phenocopied lipid accumulation in
primary LSC we did not observe any changes in cell vi-
ability, unlike AML cell lines. Interestingly, the increase in
fatty acids levels correlated with elevated cholesterol and
cholesteryl-esters in LSC, but not cell lines. Cholesterol
and cholesterol esterification have been proposed to be
responsible for preventing lipotoxicity.®® Therefore, to ob-
tain the full benefit of inhibiting fatty acid metabolism, we
used dipyridamole to block the compensatory effect of
cholesterol homeostasis and thereby enhance the effects
of YC8-02 treatment. This finding was unique to LSC,
demonstrating that interrogating LSC-specific biology is
essential to elucidate novel targetable pathways and re-
sistance mechanisms in AML.

C. O’Brien et al.

SIRT3 has previously been shown to mediate treatment
resistance™ through regulation of OXPHOS. In order to
understand how SIRT3 inhibition may be beneficial as part
of current patient therapy, we tested our SIRT3 inhibitor
in combination with chemotherapy and venetoclax. We
show that SIRT3 inhibition sensitizes AML cells to vene-
toclax. These findings are consistent with previous studies
that identified that venetoclax resistance is in part driven
by elevation of fatty acid metabolism, and that strategies
designed to target fatty acid metabolism can sensitize
AML cells to venetoclax.???%4" In our study, the combina-
tion of SIRT3 inhibition and venetoclax outperformed
single agent treatments in primary AML specimens.
Overall, we demonstrate that SIRT3 is a key regulator of
FAO in LSC. Loss of FAO upon SIRT3 inhibition results in
reduced OXPHOS and ATP levels ultimately leading to LSC
cell death. We highlight the flexibility of primary AML in
revealing the compensatory mechanism to evade fatty
acid accumulation by cholesterol biosynthesis and ester-
ification. Further, we demonstrate that SIRT3 inhibition
improves response to venetoclax by inhibiting fatty acid
metabolism, a mode of venetoclax resistance.
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