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Fig.4 ACSS2 and metabolic substrate acetate modulate leukemic proliferation and metabolic tness. A Seahorse XF Cell Mito Stress assay
was used for assessing mitochondrial respiration of leukemia cells cultured overnight with stroma cells that were CRISPR-edited for ACSS2
(HS-5 ACSS2-KO) and compared with HS-5 WT. Leukemia cells (KG1a, OCI-AML3, or K562), monocultures, and cocultures were gently removed,
equilibrated with modified Seahorse XF Cell Mito Stress RPMI buffer in a non-CO, chamber at 37°C, and re-platted into the provided
manufacturer’s microwell plate to measure mitochondrial respiration OCAR output with Seahorse XFe96 instrument. Leukemia monoculture
(red), leukemia pre-cultured with HS-5 (blue), and leukemia pre-cultured with HS-5 ACSS2-KO (clone 1, green or clone 2, purple) OCR is
displayed at 5 min time points (mean + SEM). Key parameters of oxidative respiration (mitochondrial respiration) are displayed as changes in
rate mode at basal respiration, ATP-linked production, maximal respiration, and spare respiratory capacity by sequential injections of Oligo,
FCCP, Rot/Ant. B Exogenous acetate treatment improved viability in primary AML blast specimens significantly in 6 of 9 specimens (paired t-
test, P 0.05, indicated by an asterisk). C mRNA expression of ACSS1, ACSS2, and ACACA was measured in AML blasts (n = 46, solid circles).
Measured in triplicate by standard SYBR Green quantitative RT PCR, plotted values display the relative mRNA expression measured relative to
GAPDH and HS-5 (positive control). D Proliferative growth of OCI-AML3 WT and OCI-AML3 ACSS2-KO monocultures treated with acetate at
12.5 M and measured at 0, 24, and 48 h (left plot). K562 WT and K562 ACSS2-KO were treated as OCI-AML3 (right plot). A solid black line
depicts the proliferative growth of untreated WT cells while the black dashed line depicts the proliferative growth with acetate treatment. The
blue lines depict the proliferative growth of OCI-AML3 ACSS2-KO cells untreated (solid line) and acetate treated (dashed). The red lines depict
the proliferative growth of K562 ACSS2-KO cells untreated (solid line) and acetate treated (dashed).

(Supplementary Table 2A, B) and remains significant when
including only intensively treated patients in the ACSS1/2-high
group (p =0.042).

DISCUSSION

Using an unbiased discovery phosphoproteomics approach, we
identify ACSS2, as a potential mechanism in protecting leukemic
cells to survive therapies through a combined metabolic-based
response. We reached this conclusion by performing stroma-
dependent co-culture protection modeling with HDACi treatment,
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implicating that acetate is involved in the resistance of leukemia.
Importantly, the conclusion is supported by a metabolic-based
response of AML-stroma co-cultures, up-regulation of acetate-
processing enzyme ACSS2 (S30), acetate-enhanced leukemic
growth with ACSS2 dependence, abolished leukemic metabolic
fitness with ACSS2 mutant stroma and analyses of ACSS1/ACSS2-
high mRNA expression in AML datasets.

Studies reporting leukemia dependence on the bone marrow
microenvironment have provided mechanistic clues on the
resistance to therapy [4, 6, 7, 9, 10] and conversely, we previously
reported that AML pathology is imprinted on the aberrant gene
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Fig. 5 ACSS2 or ACSS1 high expression in the AML TCGA cohort predicts poor prognosis and relates to a distinct metabolic signature.
A Kaplan-Meier estimation of the overall survival shows the poor outcome of patients in the top ACSS1/2 expression (red line, n = 20) compared to
others (blue line, n = 136, log-rank test). Dotted lines mark the 95% confidence bounds. B Heatmap representation of differentially expressed genes in
the TCGA AML dataset. Patients were plotted in the columns with the differential expressed genes in the rows. Top 20 ACSS1/ACSS2 expression
samples (n = 20 patients) were plotted in the horizontal rows above the heat map. Groups 1 and 2 show the division of the TCGA cohort into two
groups using unsupervised clustering of this gene expression matrix (K-means for 2 groups) resulting in 1226 differentially expressed genes. Genes
were classified as high or low according to the average expression of a gene in Group 2. C Kaplan-Meier estimation of the overall survival shows the
poor outcome of patients in Group 2 (red line) compared to Group 1 (blue line, log-rank test). Dotted lines mark the 95% confidence bounds.
D Functional annotation and enrichment cluster score from DAVID Bioinformatic Resources of genes up and downregulated with ACSS1/2 high
expression are plotted.
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expression patterns and high mutational frequencies in AML-
derived stroma [13]. In this study, phosphoproteomic profiling of
leukemia-stroma interaction provides phosphorylation sites of
proteins invoked by the cell-to-cell communication paths.
Phosphoproteins enriched for glycolysis/catabolic processes and
AMPK/mTOR signaling pathway, signaling drew our attention to
the signaling paths of up- and down-regulated proteins, ACSS2
(S30) and ACACA (S80) both involved in de novo lipogenesis
[50, 51] and both of which are regulated through AMPK/mTOR
[49]. Moreover, the compelling evidence on the role of ACSS2 in
regulating the acetate levels through nuclear histone acetylation,
fatty acids biosynthesis, and recycling of acyl groups when
glucose or oxygen is deprived in cancer led us to further explore
the role of ACSS2 in AML [44-47, 51].

Evidence as to how acetate becomes available is just emerging
[52-54] but if available, acetate in the form of acetyl coA can be
used in energy production, lipid synthesis, and protein acetylation
including histone acetylation [51] and possibly affecting the
epigenetic response in AML [24]. We highlight herein that HDACi,
Class | HDACs, promoted stroma-dependent protection possibly
affecting nuclear acetate levels to support drug resistance in
leukemia, a mechanism mirrored in bacterial acetyl coA synthetase
(acs) by switching to acetate in developing antibiotic resistance
[55]. We also show that acetate treatment additionally invokes a
leukemic ACSS2-dependent proliferative growth advantage, impli-
cating uptake and conversion into acetyl-CoA. Cancer growth
dependence on ACSS2 has been previously demonstrated in
tumors where reduced tumor burden was shown in ACSS2”" and
shACSS2 models [45, 47]. Interestingly KG1a treated with acetate,
although lacking ACSS2 expression, also resulted in enhanced
proliferative growth. Through this serendipitous result, the
expression of an alternate ACSS2 paralog, ACSST was uncovered
as a potential factor in AML. It has been reported that both ACSS1
and ACSS2 can produce acetyl-CoA from acetate but in distinct
cellular compartments, mitochondria, and nucleo-cytosol, respec-
tively, indicating that this distinction may partition the type of
metabolic response [49, 54]. Also, ACSST and ACSS2 expression
levels can affect the net acetate uptake rates in several cancer
types [48].

Our study also introduces an additional role for ACSS2 (S30)
within stroma where we asked whether ACSS2 influenced
mitochondrial respiration of leukemic cells. Our findings show
that leukemia pre-exposure to HS-5 WT enhanced OCR compared
to leukemia monocultures (KG1a, OCI-AML3, and K562) but pre-
exposure to HS-5 ACSS2-KO abolished this observed enhanced
metabolic or “respiratory” state. Recent studies describe increased
acetate secretion and its incorporation into TCA and fatty acid
synthesis in leukemia cocultures [53]. The results corroborate with
our findings by a different approach that leukemia cells gain
metabolic fitness. In addition, we also attempted to override
stroma-dependent protection of leukemia through cocultures
with HS-5 ACSS2-KO and HDAC treatment however we only
observed partially restored apoptosis levels indicating that anti-
apoptotic compensating regulatory metabolic paths were likely
involved and should also be further explored by metabolomics
studies. ACSS2 inhibitors currently in Phase | study for metastatic
tumors (NCT04990739) or a transition state ACSS2 mimetic [53, 56]
may be better suited for a full apoptotic restoration to prevent
stroma-dependent protection.

In addition to the specific role of ACSS2, we identified here, an
enhanced respiratory state by AML-stroma interactions was also
captured by a broader metabolic-based proteomic response
consisting of proteins involved in glycolysis, mitochondrial
processes, and fatty acid synthesis that also included translation
biosynthesis, protease complex, nuclear import signaling. Inter-
estingly, NAMPT, the most upregulated of the metabolic proteins,
replenishes NAD" levels and is a cofactor required for glycolysis,
oxidative phosphorylation, and fatty acid synthesis [57]
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implicating a high energy demand signal from leukemia cells
upon stroma contact.

Some major limitations of these this study remain such as the
small AML cohort size that does not represent the heterogeneity
of AML. Another limitation was the use of a single healthy stroma
cell line (HS-5) giving a constant parameter of normal stroma for
surveying different types of leukemia, however, phosphorylation
changes may be cell-line specific. Healthy stroma and AML-
derived stroma have been shown to differ in how leukemia is
supported by kinetic growth and/or protected creating altered
niches [8]; thus further studies are warranted to consider the
dynamics of AML-derived stroma. Despite these variables, by
modeling stroma protection of leukemia with HDACi, ACSS2 was
identified as a pertinent protein in leukemia-stroma interactions
and corroborates with previously reported studies on the
metabolic effects of leukemia-stroma cellular interactions [58, 59].

Poor outcome associated with elevated ACSS2 expression has
been reported in human triple-negative breast cancers, glioblas-
toma and brain metastases, non-small-cell lung carcinoma,
cervical squamous cell carcinoma [47, 48, 60, 61], and in
concordance, we similarly uncovered a poor outcome AML
subtype featuring ACSS1/ACSS2-high, associated with TP53 muta-
tions, and an enrichment of mitochondrion genes indicating a
causal role for ACSS1/ACSS2. The ACSST1/ACSS2-high subtype of
AML also coincides well with the recent proteogenomic char-
acterization of AML with a mitochondrial gene-enriched pheno-
type [12].

Taken together, we identify the phosphoproteome signature
leading to leukemic cell protection by an epigenetic-induced drug
resistance path dependent on the interconnectivity with stroma
including ACSS2 function. We also highlight the clinical relevance
of ACSS1/ACSS2-high levels in AML. Elevated expression of ACS51/2
patients can serve as a targetable biomarker for patient
stratification and may improve therapy response in ACSS1/
ACSS2-high AML subtype.
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