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High Fructose Drives the Serine Synthesis Pathway
in Acute Myeloid Leukemic Cells
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e AML cells proliferate in glucose-deprived environments with
fructose supplementation

e Fructose is mainly metabolized through hexokinase, not
ketohexokinase, in AML cells

e AML cells upregulate the serine synthesis pathway in
fructose-rich environments

e PHGDH inhibition in high-fructose conditions markedly
reduces leukemia progression
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In Brief

Excessive fructose intake has been
implicated in cancer progression, and
Jeong et al. show an unexpected
metabolism of fructose in cancer cells.
Acute myeloid leukemic cells upregulate
the serine synthesis pathway to
metabolize fructose-derived carbons,
and targeting PHGDH, a rate-limiting
enzyme in the serine synthesis pathway,
significantly reduces the tumor burden in
the presence of high fructose.
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SUMMARY

A significant increase in dietary fructose consumption has been implicated as a potential driver of cancer.
Metabolic adaptation of cancer cells to utilize fructose confers advantages for their malignant growth, but
compelling therapeutic targets have not been identified. Here, we show that fructose metabolism of leukemic
cells can be inhibited by targeting the de novo serine synthesis pathway (SSP). Leukemic cells, unlike their
normal counterparts, become significantly dependent on the SSP in fructose-rich conditions as compared
to glucose-rich conditions. This metabolic program is mediated by the ratio of redox cofactors, NAD*/
NADH, and the increased SSP flux is beneficial for generating alpha-ketoglutarate from glutamine, which al-
lows leukemic cells to proliferate even in the absence of glucose. Inhibition of PHGDH, a rate-limiting enzyme
in the SSP, dramatically reduces leukemia engraftment in mice in the presence of high fructose, confirming
the essential role of the SSP in the metabolic plasticity of leukemic cells.

INTRODUCTION

Dietary fructose consumption, which has increased by >100-fold
over the past two centuries, now accounts for ~10% of total
caloric intake in the United States (Marriott et al., 2009). As fruc-
tose is more palatable but less able to promote satiety than
glucose, its increased consumption often leads to the develop-
ment of obesity and metabolic syndrome (Dhingra et al., 2007;
Johnson et al., 2007). Recently, multiple studies have demon-
strated that cancer cells are able to utilize fructose as an addi-
tional fuel for their proliferation and metastasis. For example,
pancreatic cancer cells increased flux through the non-oxidative
pentose phosphate pathway in fructose-rich conditions, which
led to the preferential utilization of fructose for nucleotide synthe-
sis as compared to glucose (Liu et al., 2010). An elevated expres-
sion of aldolase-B, a key enzyme in fructose metabolism, poten-
tially facilitates liver metastasis of breast cancer and colon
cancer cells under a high-fructose diet (Bu et al., 2018).
GLUTS5, a potent transporter of fructose, has been shown to be
significantly upregulated in non-small-cell lung cancer samples
compared to normal lung tissues, which aids cancer cells to
metabolize fructose and proliferate in glucose-limited conditions
(Weng et al., 2018). Also, its elevated expression has been
shown to accelerate glycolysis and fatty acid synthesis in murine
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colorectal cancer cells under treatment with high-fructose corn
syrup (Goncalves et al., 2019). Considering that the metabolic
plasticity of cancer cells enables them to exploit any available
carbon sources to adapt and proliferate in diverse environments,
high fructose intake might lead to accelerated tumor growth
(Aune et al., 2012; Carrefio et al., 2019; Strober and Brady,
2019). While much is known regarding fructose metabolism in
the liver and small intestine, a deeper understanding of fructose
metabolism in cancer is necessary to shed light on effective
diagnostic and therapeutic strategies.

Risk of hematologic malignancy, including acute myeloid leu-
kemia (AML), has been shown to increase in obese populations
(Mazzarella et al., 2020; Poynter et al., 2016), and systematic
metabolic alterations, which favor disease progression, have
been observed in AML mouse models and patients with AML
(Ye et al., 2018). In particular, an abnormal level of fructose in
the bone marrow of individuals with AML has been reported,
suggesting that fructose metabolism could be dysregulated
(Chen et al., 2016). Based on these previous studies, we there-
fore sought to uncover mechanistic evidence that would link a
therapeutic target to the altered fructose level in the bone
marrow. More broadly, we aimed to fundamentally understand
to what degree AML cells could utilize fructose for their malig-
nant growth.
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Here, we provide an underlying mechanism of how AML cells
metabolize fructose in glucose-limited conditions. We have iden-
tified that AML cells exhibit a higher metabolic flux through the de
novo serine synthesis pathway (SSP) in fructose-rich conditions
compared to glucose-rich conditions, and their utilization of fruc-
tose can be inhibited by targeting phosphoglycerate dehydroge-
nase (PHGDH), a rate-limiting enzyme in the SSP. The SSP di-
verts the glycolytic intermediate, 3-phosphoglycerate (3-PG),
to make serine and provide a precursor for 1-carbon metabolism
(Ducker and Rabinowitz, 2017). Multiple studies have shown that
the SSP plays a role in generating an anaplerotic substrate,
alpha-ketoglutarate (aKG), for the tricarboxylic acid (TCA) cycle,
providing precursors for nucleotide synthesis and maintaining
redox balance in multiple cancer cells, and therefore targeting
the SSP has emerged as a promising therapeutic approach
(Ducker and Rabinowitz, 2017; Pacold et al., 2016; Possemato
et al.,, 2011; Sullivan et al., 2019a; Wei et al., 2019). We have
found that fructose metabolism through the SSP in AML cells
is mediated by redox cofactors, NAD* and NADH, whose ratio
is significantly higher in fructose-rich conditions than glucose-
rich conditions. Importantly, this dependency on SSP was not
observed in normal hematopoietic CD34™ cells, indicating a ther-
apeutic index for targeting this pathway in AML. Leveraging this
metabolic mechanism, we demonstrate that not only do
leukemic cells increase the SSP flux in vivo, but inhibition of
PHGDH in the presence of high fructose dramatically reduces
leukemia engraftment. Taken together, this work demonstrates
that the SSP plays a critical role in the metabolic adaptation of
leukemic cells in the setting of elevated fructose and the SSP in-
hibition could be a promising therapeutic approach for leukemia.

RESULTS

Leukemic Cells Even with Different Characteristics of
Fructose Metabolism Proliferate Well in Fructose-Rich
Conditions

To investigate the fructose metabolism of leukemic cells, we
cultured four leukemic cell lines, MOLM13 (FLT3-ITD AML),
K562 (BCR-ABL CML), THP1 (MLL-AF9 AML), and KASUMI1
(AML1-ETO AML), in media with 10 mM glucose or fructose. Sur-
prisingly, their growth rates in the fructose-rich condition were
similar to or higher than in the glucose-rich condition (Figures
1A and 1B). Further studies would be necessary to explain the
outgrowth of THP1 cells in the fructose-rich condition, but we
identified that the metabolic features of the four cell lines could
be divided into two groups: MOLM13 and K562 cells consumed
fructose much slower than glucose, whereas THP1 and KA-
SUMI1 cells consumed those sugars at a similar rate (Figures
1C and S1A). As expected, the former two cell lines generated
less lactate in the fructose-rich condition than in the glucose-
rich condition, and the latter two cell lines generated a similar
amount of lactate in both conditions. To identify the metabolic
fate of fructose in those cell lines, we conducted isotope tracing
experiments with [2-'3C] glucose or fructose, analyzing the me-
tabolites in media using "*C-nuclear magnetic resonance (NMR)
spectroscopy. Intriguingly, we found that the "*C-NMR signal of
[2-13C] glycine and [2-"3C] serine was significantly higher when
MOLM13 and K562 cells were cultured in the media with
[2-13C] fructose as compared to [2-'3C] glucose (Figures 1D,
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S1B, and S1C); we did not find this metabolic difference in the
culture media of THP1 and KASUMI1 cells. We quantitatively
compared the ratio of [2-'3C] glycine to [2-'3C] lactate across
the four cell lines, as these metabolites were generated from
[2-13C] glucose or fructose via different pathways and this
approach could reveal the differential contribution normalized
to the uptake of the nutrient (Figure S1D); [2-'3C] glycine is the
end product of the SSP and [2-'3C] lactate is the end product
of glycolysis. The ratio analysis of [2-'3C] glycine to [2-'3C]
lactate clearly demonstrated that MOLM13 and K562 cells
metabolized fructose through the SSP more significantly than
THP1 and KASUMI1 cells (Figure S1E). Liquid chromatog-
raphy-mass spectrometry (LC-MS) analysis of intracellular me-
tabolites in MOLM13 cells incubated with [U-'3Cg] glucose or
fructose consistently showed that the total pool size of serine
and glycine as well as their fractional enrichment were much
higher in the fructose-rich condition compared to the glucose-
rich condition (Figure 1E). The intracellular total pool size and
enrichment of lactate were significantly lower in the fructose-
rich condition, which was also consistent with the '*C-NMR me-
dia analysis (Figure 1D). Considering that the pool size of unla-
beled metabolites was similar between the two conditions, the
difference in the total pool size of metabolites was mainly due
to the contribution from fully labeled metabolites (Figure S1F).
To confirm whether the flux through the SSP was elevated in
MOLM13 cells, we conducted a time course analysis of extracel-
lular metabolites of these cells; the level of extracellular [2-'3C]
glycine increased with time significantly faster in the [2-'3C] fruc-
tose media compared to the [2-'3C] glucose media (3.35 versus
1.39 uM/h), while the level of [2-'3C] lactate increased signifi-
cantly slower (0.03 versus 0.52 mM/h) (Figures 2A and 2B). The
time course analysis of intracellular metabolites of MOLM13
cells incubated with [U-"3Cg] fructose confirmed that the pool
size and fractional enrichment of serine (m+3) and glycine
(m+2) continuously increased with time (Figures 2C and 2D).

GLUTS5 Level Is a Key Factor that Determines the
Difference in Fructose Metabolism

To identify putative differences that drive fructose metabolism in
these two groups (MOLM13 and K562 versus THP1 and KA-
SUMI1), we surveyed the expression level of metabolic enzymes
and the predominant fructose transporter, GLUT5 (Figures 3A
and S2A), as it was reported that GLUT5 expression was higher
in patients with AML compared to healthy controls and the pa-
tients with a higher level of GLUT5 showed a poor prognosis (Fig-
ures S2B and S2C). We found that GLUTS5 level was dramatically
different between the groups; MOLM13 and K562 cells had a
markedly lower abundance of GLUT5, compared to THP1 and
KASUMI1 cells. Using flow cytometry analysis, we confirmed
that the difference in the total amount of GLUT5 was readily
observed on a per cell basis and similar to the difference in its
abundance on the plasma membrane (Figure 3B). We next
compared GLUT5 abundance across seven additional AML
cell lines (KG1, TF1, NOMO1, MV411, U937, OCIAML2, and
OCIAML3) as well as their fructose metabolism (Figure 3C).
The cells with a low level of GLUT5 (median fluorescence inten-
sity of less than 350) exhibited a more than 5-fold higher ratio of
[2-13C] glycine to [2-'3C] lactate in the [2-'3C] fructose media
compared to the [2-'3C] glucose media, indicating that the
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Figure 1. Leukemic Cells Exhibit Distinct Metabolism of Fructose

(A) Growth curves of MOLM13 and K562 cells in the culture media with 10 mM glucose or fructose (mean + SD, n = 4 biological replicates).

(B) Comparison of growth rates of four leukemic cell lines. The growth rate in the fructose-rich condition was normalized to that in the glucose-rich condition (the
box-whisker plot shows the center line as median, the box limits as upper and lower quartiles, and the whiskers to minimum and maximum values).

(C) Changes in metabolites in the culture media of the four leukemic cell lines (mean + SD, n = 3 biological replicates).

(D) Comparison of '*C-NMR spectra of the media after MOLM13 cells were cultured with 10 mM [2-'3C] glucose or fructose for 2 days. The NMR peak cor-
responding to each metabolite was compared based on the peak area, and the fold difference was calculated with the NMR spectra from the fructose-rich
condition normalized to that from the glucose-rich condition. Each dot indicates the mean value of the fold difference from three biological replicates.

(E) Comparison of the intracellular level of serine, glycine, and lactate and their enrichment in MOLM13 cells cultured with 10 mM [U-"3C] glucose or fructose for
2 days. Signal intensity for the metabolites from the fructose-rich condition was normalized to that from the glucose-rich condition (mean + SD, n = 3 biological
replicates).

All statistical analyses were conducted with unpaired two-tailed t test: *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

relative contribution of carbons through the SSP was higher in  down of GLUT5 in THP1 and OCIAMLS3 cells (GLUT5-high). The
the presence of high fructose (Figure 3D). To further confirm  GLUT5 overexpression in K562 cells led to not only higher con-
our hypothesis that GLUT5 expression determines the fate of sumption of fructose and generation of lactate, but also lower
fructose metabolism, we genetically modulated the GLUT5 level: ~ generation of glycine, which made their fructose metabolism
overexpression of GLUT5 in K562 cells (GLUT5-low) and knock-  similar to that of GLUT5-high cells (Figures 3E, 3F, and S2D);
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Figure 2. Metabolic Flux through the Serine Synthesis Pathway Is Higher in the Fructose-Rich Condition
(A) Representative '*C-NMR spectra of the media after MOLM13 cells were cultured for 1, 3, and 7 h with 10 mM [2-'3C] glucose or fructose. LAC, lactate; GLY,

glycine.

(B) Quantitative comparison of the '>*C-NMR peak area in the spectra from (A) (mean = SD, n = 3 biological replicates).
(C) Changes in the fractional enrichment of intracellular metabolites in MOLM13 cells cultured in the media with 10 mM [U-"3Cq] fructose for 0, 0.5,1,3,and 7 h

(mean + SD, n = 3 biological replicates). 3-PG, 3-phosphoglycerate.

(D) Changes in the absolute amount of fully labeled intracellular metabolites in MOLM13 cells from (C) (mean + SD, n = 3 biological replicates).
Statistical analyses were conducted with unpaired two-tailed t test: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

the ratio of [2-'3C] glycine to [2-'°C] lactate was substantially
lower with GLUT5 overexpression in the fructose-rich condition.
As the counterpart, the GLUT5 knockdown in THP1 and
OCIAMLS cells significantly decreased the fructose consump-
tion and increased the ratio of [2-'C] glycine to [2-'3C] lactate
in the [2-'3C] fructose media compared to the [2-'3C] glucose
media (Figures 3G, 3H, and S2E-S2G). Therefore, the GLUT5
expression level determines the level of fructose uptake, which
in turn regulates the SSP flux. We also analyzed the GLUT5
expression level in mononuclear cells collected from eight pa-
tients with AML, one of which was concurrently analyzed with
MOLM13 (GLUT5-low) and THP1 (GLUT5-high) cells to test
whether the patient samples could be functionally classified as
GLUT5-low or -high. Intriguingly, they predominantly exhibited
GLUT5 abundance similar to that of MOLM13 cells, even with
their different genetic backgrounds (Figure 3I; Table S1). These
results imply that most AML cells will utilize the SSP in fruc-
tose-rich environments.

Normal Hematopoietic Stem/Progenitor Cells Rarely
Increase the SSP Flux in Fructose-Rich Conditions

To test if normal hematopoietic cells exhibit this metabolic pro-
gram, we investigated GLUT5 abundance and fructose meta-
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bolism in normal hematopoietic stem and progenitor cells
(CD34" population collected from cord blood). While their
GLUTS5 surface abundance was heterogeneous, CD34" cells ex-
hibited a similar amount of GLUT5 as MOLM13 cells (Figure 4A).
However, their glucose and fructose metabolism were similar to
those of GLUT5-high cells (THP1 and KASUMI1), and they did
not exhibit a higher flux through the SSP in the fructose-rich con-
dition (Figures 4B-4D). Future studies investigating the role of
fructose metabolism in normal hematopoietic stem and progen-
itor cells would be necessary, but these results imply that the
high SSP flux may confer metabolic advantages to cancer cells
and targeting this pathway has a potential therapeutic
advantage.

Leukemic Cells Metabolize Fructose through HK, Rather
Than KHK

Fructose is predominantly metabolized through ketohexokinase
(KHK), rather than hexokinase (HK), in the small intestine and
liver, the canonical organs of fructose metabolism (Andres-Her-
nando et al., 2020; Diggle et al., 2009; Goncalves et al., 2019;
Jangetal., 2018; Lanaspa et al., 2018), but it is unknown whether
leukemic cells are dependent on the same pathway for fructose
metabolism. In order to address this question, we genetically
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Figure 4. Normal CD34"* Cells Express a Low Level of GLUT5, but Their SSP Flux Is Not Higher in Fructose-Rich Conditions Compared to
Glucose-Rich Conditions

(A) Flow cytometry analysis of GLUT5 in MOLM13 and CD34" cells (mean + SD, n = 3 biological replicates). MFI, median fluorescence intensity.

(B) Growth curves of CD34* cells in 10 mM glucose or fructose media (mean + SD, n = 3 biological replicates).

(C) Changes in metabolites in the media from the experiment in (B) (mean + SD, n = 3 biological replicates).

(D) Comparison of the intracellular level of serine and glycine and their enrichment in CD34* cells cultured with 10 mM [U-"3C] glucose or fructose for 2 days
(mean + SD, n = 3 biological replicates).

All statistical analyses were conducted with unpaired two-tailed t test: *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

inhibited KHK in both MOLM13 and THP1 cells (Figure S3A).
Intriguingly, the growth rate of MOLM13 and THP1 cells were un-
changed with KHK knockdown in fructose-rich conditions, and
the level of [2-'3C] glycine was not significantly different when
KHK-knockdown MOLM13 cells were incubated in the media
with [2-'3C] fructose (Figures S3B and S3C). Additionally, incu-

bation of MOLM13 cells with a selective KHK inhibitor (Maryanoff
et al., 2011) showed no difference in growth when comparing
glucose-rich and fructose-rich conditions (Figure S3D). It has
been widely recognized that fructose phosphorylation by KHK
leads to the depletion of intracellular ATP, followed by the activa-
tion of phosphofructokinase (PFK), a rate-limiting enzyme in

Figure 3. Lower Level of GLUT5 Leads to Higher Flux through the SSP in Fructose-Rich Conditions

(A and B) Immunoblot analysis of metabolic enzymes (A) and flow cytometry analysis of GLUT5 (B) in the four leukemic cell lines (mean + SD, n = 3 biological
replicates). MFI, median fluorescence intensity.

(C) Flow cytometry analysis of GLUT5 in seven additional AML cell lines. MOLM13 and THP1 cell lines were analyzed together as a reference for GLUT5-low and
GLUT5-high cells.

(D) Ratio of '*C-NMR peak area of [2-'3C] glycine to that of [2-'°C] lactate in the NMR spectrum of the media after the AML cells were cultured with 10 mM [2-'3C]
glucose or fructose for 2 days (mean + SD, n = 3 biological replicates).

(E) Flow cytometry analysis of GLUTS5 in K562 cells with GLUT5 overexpression (GLUT5-OV) or empty vector overexpression (Ctrl-OV).

(F) Changes in the level of extracellular metabolites after K562 cells with GLUT5-OV and Ctrl-OV were cultured with 10 mM [2-13C] fructose for 2 days (mean + SD,
n = 3 biological replicates).

(G) Flow cytometry analysis of GLUT5 in THP1 cells with GLUT5 knockdown (sh-GLUT5) or scramble knockdown (sh-Ctrl).

(H) Ratio of ™®C-NMR peak area of [2-13C] glycine to that of [2-°C] lactate in the NMR spectrum of the media after THP1 cells with sh-GLUT5 and sh-Ctrl were
cultured with 10 mM [2-'3C] fructose for 2 days (mean + SD, n = 3 biological replicates). GLC, glucose; FRC, fructose.

(I) Flow cytometry analysis of GLUT5 in mononuclear cells collected from eight patients with AML. The Patient 6 sample was concurrently analyzed with MOLM13
and THP1 cell lines as a reference for GLUT5-low and GLUT5-high cells (right).

All statistical analyses were conducted with unpaired two-tailed t test: *p < 0.05, **p < 0.01, **p < 0.001.
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glycolysis (van den Berghe et al., 1977; Lanaspa et al., 2018; Liu
et al., 2020; Maenpaa et al., 1968). Our analysis of the intracel-
lular level of ATP and AMP in MOLM13 cells cultured in
glucose-rich or fructose-rich conditions showed that the ratio
of ATP to AMP was similar between both conditions (Figure S3E),
further supporting that KHK plays a minimal role in AML fructose
metabolism. This could be due to a lower abundance of KHK in
the AML cells compared to liver cells as demonstrated by as-
sessing HepG2 cells, a liver cancer cell line (Figure S3F). As indi-
cated by the ATP to AMP ratio, MOLM13 cells did not increase
their glucose consumption when fructose was added in the
same media (Figure S3G); even with 10 mM [2-'3C] fructose sup-
plementation, the [2-'3C] lactate generation was not significantly
changed, which implied that (1) "*C-NMR signal of [2-'3C] lactate
was mostly from glucose-derived lactate and (2) the overall
glycolytic rate was not changed. Intriguingly, [2-'3C] glycine
peak was nearly undetectable when both glucose and [2-'3C]
fructose were provided, while there was a distinct peak when
[2-13C] fructose was provided without glucose (Figure S3H).

These findings led to our next hypothesis that fructose is
metabolized through HK2, rather than KHK, in AML cells, as
HK2 has been shown to be upregulated in various types of can-
cers, including AML, and be associated with a higher glycolytic
flux in the malignant cells (Ju et al., 2017; Patra et al., 2013;
Wang et al., 2014). To test this hypothesis, we evaluated the fruc-
tose metabolism in AML cells with HK2 knockdown, which
clearly decreased [2-'C] lactate generation from [2-'3C] fruc-
tose both in MOLM13 (GLUT5-low) and THP1 (GLUT5-high) cells
(Figures S4A and S4B). In addition, we observed that [2-'3C]
glycine generation was decreased less significantly than
[2-13C] lactate in MOLM13 cells and the generation was actually
increased in THP1 cells with HK2 knockdown. This is further ev-
idence that fructose is predominantly metabolized through HK2;
the HK2 knockdown led to a significant decrease in the carbon
flux from fructose, which made the GLUT5-high cells’ fructose
metabolism similar to that of the GLUT5-low cells.

Alternatively, we tested the inhibition of fructose-directed SSP
flux with the supplementation of 2-deoxy-D-glucose (2-DG), as
2-DG is metabolized by HK and its product (2-DG-6-phosphate)
inhibits HK activity. In the presence of 2-DG, MOLM13 cells pro-
duced significantly less [2-'3C] lactate and glycine in the media
with [2-'3C] fructose (Figure S4C). Lastly, we measured glucose
and fructose consumption in the media of MOLM13 cells in the
presence of both sugars. We found that fructose levels
decreased only when glucose became limited (less than 1 mM)
(Figure S4D). Overall, these results clearly demonstrate that the
AML cells metabolize fructose through HK2, rather than KHK,
which is in contrast to other organs and cellular contexts.

GLUT5-Low Leukemic Cells Are More Dependent on the
SSP in Fructose-Rich Conditions

We hypothesized that GLUT5-low leukemic cells are more
dependent on the SSP in fructose-rich conditions (Figure 5A).
To test this hypothesis, we modulated the SSP flux by targeting
PHGDH (Locasale et al., 2011; Possemato et al., 2011), the rate-
limiting enzyme in the SSP. Our analyses on a public database
showed that PHGDH level was significantly elevated in patients
with AML as compared to healthy controls (GEO: GSE9476, Na-
tional Center for Biotechnology Information) (Figure S5A) and the
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patients with a higher level of PHGDH expression showed a poor
prognosis (Ley et al., 2013; Tyner et al., 2018) (Figure S5B). This
is consistent with the previous finding that PHGDH was among
four of the genes of which elevated expression could predict a
poor prognosis in patients with AML (Nguyen et al., 2019). Impor-
tantly, the knockdown of PHGDH resulted in a lower level of
extracellular [2-'3C] glycine derived from [2-'3C] fructose, and
it significantly hampered the cell growth in the fructose-rich con-
dition (Figures 5B and 5C). Using two PHGDH inhibitors, NCT-
503 (Pacold et al., 2016) and CBR-5884 (Mullarky et al., 2016),
we found that the proliferation of GLUT5-low leukemic cells
was inhibited more dramatically in the fructose-rich condition
compared to the glucose-rich condition, whereas the prolifera-
tion of GLUT5-high cells was unchanged in the two conditions
(Figures 5D and S5C). Furthermore, GLUT5 overexpression
was able to mitigate the effect of PHGDH inhibition and rescue
the proliferation rate of GLUT5-low cells in the fructose-rich con-
dition (Figure S5D).

PHGDH inhibitor treatment for 48 h substantially hindered the
proliferation of AML cell lines but did not affect the proliferation of
their normal counterpart, CD34" cells (Figure 5D). Moreover, the
inhibitor induced significant apoptosis in primary patient AML
cells, which was further increased in fructose versus glucose
conditions (Figure 5E). Additionally, GLUT5 abundance in these
primary AML cells across various subtypes and genetic back-
grounds was also similar to that of MOLM13 cells (Figure S5E;
Table S1). These differential responses of PHGDH inhibition
imply that the SSP pathway dependence is a unique feature of
leukemic cells and targeting the SSP could be more effective un-
der certain conditions.

Recent studies have shown that the low kinase activity of the
M2 isoform of pyruvate kinase (PKM2) leads to accumulation of
glycolytic intermediates, which can provide substrates for the
SSP, and PKM2 activation reduces the SSP flux (Kung et al.,
2012; Abeywardana et al., 2018; Ye et al., 2012). To confirm
whether SSP inhibition, not PHGDH inhibition itself, affected
the proliferation of leukemic cells, we activated PKM2 in both
culture conditions. Consistent with previous studies, we
observed that a substantially lower amount of labeled glycine
was generated with the treatment of PKM2 activator, DASA58
(Anastasiou et al., 2012), and a higher amount of labeled lactate
was generated in a dose-dependent manner (Figure 5F). A higher
amount of labeled glutamate with treatment of DASA58 could be
attributed to a greater flux of pyruvate into the mitochondria
(Park et al., 2016) and inhibition of conversion from glutamate
to aKG through the SSP (Possemato et al., 2011). PKM2 activa-
tion, which reduced the SSP flux, hampered leukemic cell prolif-
eration in the fructose-rich condition more significantly than the
glucose-rich condition (Figure S5F). This was reconfirmed using
treatment with another PKM2 activator, TEPP46 (Anastasiou
et al., 2012), verifying the role of the SSP on fructose metabolism
in AML cells (Figure S5G).

The Ratio of NAD*/NADH Determines the SSP Flux in
Leukemic Cells

To investigate the underlying mechanism driving a higher flux
through the SSP, we compared the expression level of the meta-
bolic enzymes downstream of the metabolite 3-PG in glucose-rich
and fructose-rich conditions, as the SSP is a metabolic branch of
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Figure 5. GLUT5-Low Leukemic Cells Are Dependent on SSP in the Fructose-Rich Condition

(A) Schematics of metabolic changes in the fructose condition. 3-PG, 3-phosphoglycerate.

(B) Effect of PHGDH knockdown on the SSP activity. After 3-day culture with doxycycline (2 ng/mL), MOLM13 cells were cultured in 10 mM [2-'3C] fructose for
another 2 days, followed by '*C-NMR analysis of the culture media. For control (sh-Ctrl), shRNA against Renilla luciferase was used.

(C) Comparison of growth rates of MOLM13 cells in 10 mM glucose or fructose media after genetic knockdown of PHGDH (mean + SD, n = 3 biological replicates).
(D) Comparison of growth rates of MOLM13, THP1, and CD34" cells in 10 mM glucose or fructose media with treatment of PHGDH inhibitor, NCT-503.

(E) Comparison of apoptosis in mononuclear cells from patients with AML with NCT-503 treatment. The cells were treated in 10 mM glucose or fructose media for

72 h (Patient 5) or 48 h (Patients 9 and 10).

(F) Relative changes in the metabolites in the media after 2-day culture of MOLM13 cells in 10 mM [2-3C] fructose with different doses of PKM2 activator,
DASAS58. The metabolite levels were normalized to the level with control treatment (DMSO, 0.1%).
All bar graphs show mean + SD (n = 3 biological replicates), and all statistical analyses were conducted with unpaired two-tailed t test: “p < 0.05, **p < 0.01, **p <

0.001, ***p < 0.0001.

glycolysis at the level of 3-PG (Figure S1D). Surprisingly, there
were no substantial changes in the expression and phosphoryla-
tion levels of the enzymes downstream of 3-PG, PKM2, and
lactate dehydrogenase A (LDHA) after 2-day incubation in each
condition (Figure S6A). Additionally, the activity of PKM in both
conditions was not significantly different and the level of PKCe,
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an upstream regulator of PHGDH (Ma et al., 2013), was also not
significantly changed (Figure SEB). Instead, we found that the level
of redox cofactors, NAD* and NADH, was different between the
two culture conditions (Figure 6A); in particular, the NADH level
was substantially lower in the fructose-rich condition. This differ-
ence can explain the higher oxygen consumption rate in the
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Figure 6. The Higher Ratio of NAD*/NADH in MOLM13 Cells Cultured in the Fructose-Rich Condition Leads to the Higher SSP Flux, Beneficial
for Providing the Anaplerotic Precursor, aKG

(A) The signal intensity of intracellular redox cofactors, NAD* and NADH, in the cells cultured in the media with glucose or fructose.

(B) Oxygen consumption rate (OCR) of the cells cultured in the media with glucose or fructose. The graphs show mean + SD (n = 8 biological replicates).

(C) Changes in the ratio NAD*/NADH in the cells and the [2-'3C] glycine level in the [2-13C] fructose media with supplementation of sodium lactate (20 mM) for 24 h.
The glycine level was normalized to the level without lactate supplementation.

(D) Changes in the ratio NAD*/NADH in the cells and the [2-13C] glycine level in the [2-'3C] glucose media with supplementation of sodium pyruvate (4 mM) for 24
h. The glycine level was normalized to the level without pyruvate supplementation.

(E) Changes in the [2-'3C] glycine level in the [2-'3C] fructose media with supplementation of N-acetyl-L-cysteine (NAC), nucleosides (thymidine, uridine,
adenosine, cytidine, and inosine; 100 mM of each), or dimethyl-alpha ketoglutarate (DM-aKG, 2.5 mM).

(F) Comparison of the proliferation rate of MOLM13 cells in the fructose media with DM-aKG (2.5 mM).

(G) Comparison of the contribution of glutamine to aKG in the cells cultured in glucose or fructose media. Total signal intensity and relative intensity of akG
(m+5)/(m+0) were analyzed with LC-MS after the cells were cultured with 4 mM [U-"3Cs] glutamine for 24 h. GLC, glucose; FRC, fructose.

(H) Schematics displaying the metabolic changes in leukemic cells between the glucose-rich and fructose-rich conditions.

All graphs show mean + SD (n = 3 biological replicates), unless otherwise specified, and all statistical analyses were conducted with unpaired two-tailed t test:
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

fructose-rich condition (Figure 6B), mediated by a higher gluta-
mine consumption (Figure S1A).

The enzymatic reaction of PHGDH requires NAD" to convert
3-PG to 3-phosphohydroxypyruvate (p-Pyr), and the NAD*
availability has been shown to constrain the SSP activity in
PHGDH-high cancer cells (Diehl et al., 2019; Murphy et al.,
2018). We hypothesized that a higher ratio of NAD*/NADH
resulted in a higher flux through the SSP in fructose-rich condi-
tions, and we tested it by modulating the ratio with supplemen-

tation of lactate or pyruvate in the media. As expected, lactate
supplementation in the fructose-rich condition led to a lower ra-
tio of NAD*/NADH and in turn less generation of glycine (Fig-
ure 6C). In contrast, pyruvate supplementation in the glucose-
rich condition led to a higher NAD*/NADH ratio and more flux
through the SSP, resulting in more generation of glycine (Fig-
ure 6D). We also tested whether GLUT5 overexpression would
change the NAD*/NADH ratio in fructose-rich conditions. In
K562 cells with GLUTS overexpression (Figure 3E), the ratio
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was substantially lower only in the fructose-rich condition, not in
the glucose-rich condition (Figure S6C). The similar ratio of
NAD*/NADH between glucose-rich and fructose-rich conditions
with GLUT5 overexpression could explain the similar metabolic
rate of glucose and fructose (Figures 1C and 3F). These data
further support our hypothesis that the SSP flux is driven by
the higher ratio of NAD*/NADH in fructose-rich conditions,
compared to glucose-rich conditions.

A Higher Flux through the SSP Supports TCA
Anaplerosis from Glutamine in Fructose-Rich

Conditions

To identify potential metabolic benefits of the higher SSP flux, we
investigated the three most important functions of the SSP in
cellular metabolism: oxidative stress management (Samanta
et al., 2016; Ye et al., 2014), nucleotide synthesis (Zhang et al.,
2017), and aKG generation (Possemato et al., 2011). First, we
incubated MOLM13 cells with the antioxidant, 10 mM
N-acetyl-L-cysteine (NAC), to test whether the higher SSP flux
is critical for the management of oxidative stress. Although
leukemic cells exhibited a higher oxygen consumption in the
fructose-rich condition (Figure 6B), the level of reactive oxygen
species was not significantly different (Figure S6D) and further
antioxidant supplementation did not alter the level of [2-'3C]
glycine in the media with [2-'3C] fructose (Figure 6E). We then
explored the incubation of cells with nucleosides (thymidine, uri-
dine, adenosine, cytidine, and inosine) or dimethyl-aKG (cell-
permeable form of aKG) to test whether the higher SSP flux
was critical for nucleotide synthesis or TCA anaplerosis. In
both cases, alesser amount of glycine was generated, but the ef-
fect was more significant in the case of DM-aKG supplementa-
tion (Figure 6E). As cell growth was not significantly affected by
DM-aKG supplementation (Figure 6F), these data suggest that
the higher SSP flux is critically beneficial for generating the ana-
plerotic precursor in the fructose-rich condition. Furthermore, by
tracing [U-'3Cs] glutamine metabolism, we confirmed that the
contribution of glutamine to the pool of aKG and its downstream
TCA metabolites was much higher in the fructose-rich condition
than the glucose-rich condition (Figures 6G and S6E). While
there are multiple pathways that convert glutamate to akKG, the
significantly higher SSP flux along with more glutamine
consumption indicates that the SSP plays an essential role in
supporting TCA anaplerosis from glutamine in the fructose-rich
condition (Figure 6H).

Leukemic Cells Are More Dependent on the SSP In Vivo
in the Presence of High Fructose

To assess the relevance of this metabolism in vivo, we utilized a
xenograft model of MOLM13 cells. First, we modeled a fructose-
rich environment in bone marrow of leukemic mice similar to that
in patients with leukemia, where fructose concentration was
more than 1 mM (Chen et al., 2016); an intraperitoneal (i.p.) injec-
tion of fructose with a dose of 4 g/kg resulted in 5.72 + 1.76 mM
(mean = SD) of fructose and 3.35 + 1.38 mM of glucose in the
bone marrow of leukemic mice (30 min post-injection) (Fig-
ure 7A). Interestingly, the same injection resulted in a much lower
level of fructose (2.99 + 1.14 mM) and a much higher level of
glucose (8.87 + 4.54) in the bone marrow of normal NSG mice.
This model recapitulates a higher level of fructose previously
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observed in patients with AML (Chen et al., 2016) and provides
further evidence of limited glucose in the tumor microenviron-
ment (Ho et al., 2015; Sullivan et al.,, 2019b; Urasaki et al.,
2012). Utilizing this model system, we measured isotopically en-
riched metabolites in MOLM13 cells engrafted in bone marrow
5 h post-i.p. injection of [U-'3Cq¢] glucose, [U-'3Cg] fructose, or
[U-"3Cg] fructose with the PHGDH inhibitor, NCT-503 (Figure 7B).
Consistent with our in vitro experiments, the enrichment of
glycine (m+2) was significantly higher with the injection of
[U-"3Cg] fructose compared to [U-'Cg] glucose, and PHGDH in-
hibition resulted in lower enrichment of glycine (m+2), making
the fructose injection condition analogous to the glucose
condition (Figure 7C). Given the GLUT5-low leukemic cells’
sensitivity to SSP inhibition in fructose-rich conditions compared
to glucose-rich conditions in vitro (Figures 5C and 5D), we
created a xenograft model of MOLM13 cells with doxycycline-
inducible PHGDH knockdown accompanied by serial dosing of
glucose or fructose (4 g/kg, i.p. injection three times a week) (Fig-
ure 7D). In all the conditions, PHGDH knockdown led to markedly
lower engraftment of human leukemic cells (hnCD45%) in the bone
marrow, and importantly, the effect on the engraftment was
more pronounced in the mice with fructose injection than with
glucose or no sugar injection (Figures 7E, S7A, and S7B). Intrigu-
ingly, we realized that the level of PHGDH expression in hCD45*
cells at the endpoint of the survival experiment was comparable
among all the conditions, indicating a selection against PHGDH
knockdown in vivo (Figures S7C and S7D); while the lesser
engraftment with PHGDH knockdown led to significantly
extended survival, the effect of serial injection of fructose was
precluded, likely due to the outgrowth of poorly knocked
down cells.

Lastly, we sought to demonstrate the SSP-mediated fructose
metabolism in patient-derived xenograft (PDX) models. In the
first model (Patient 5 in Table S1), we treated the mice with daily
i.p. injection of NCT-503 along with fructose (Figure 7F). Consis-
tent with the PHGDH-knockdown in vivo model, NCT-5083 treat-
ment led to substantially lower engraftment of hCD45" cells in
bone marrow (Figure 7G). Our isotopic tracing analysis with an
i.p. injection of [U-'3Cg] fructose 5 h before sacrifice confirmed
that fructose-derived carbons contributed to the SSP meta-
bolism in the PDX model (Figure S7E), as it did in the xenograft
model with MOLM13 cells (Figure 7C). Variations in enrichment
could be due to the low engraftment rate (less than 30%) in
this PDX model (Figure 7G). In another PDX model with higher
engraftment (up to 90%, Patient 9 in Table S1), we also detected
labeled glycine (Figure S7F). Although the enrichment was not
significantly higher with the injection of [U-'3Cg] fructose
compared to [U-"3Cg] glucose (p = 0.061) (Figure S7G), the over-
all trend was consistent with the xenograft model with MOLM13
cells (Figure 7C). Taken together, these data suggest that
leukemic cells become more dependent on the SSP under fruc-
tose-rich conditions and that the SSP inhibition could provide a
novel therapeutic option for patients with leukemia, especially
with a high level of fructose in their bone marrow.

DISCUSSION

Metabolic plasticity of cancer cells allows them to adapt and pro-
liferate in the tumor microenvironment, where nutrients are
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Figure 7. In Vivo Experiments with Xenograft AML Mouse Models Demonstrate that Leukemic Cells Are Dependent on SSP in Fructose-Rich
Conditions

(A) Glucose and fructose concentration in bone marrow of xenograft leukemia mice and healthy mice measured at 30 min after i.p. injection of fructose (4 g/kg).
(B) Schematic of the in vivo experiment with infusion of [U-"3Cg] glucose or fructose. NSG mice transplanted with MOLM13 cells were grouped into three different
experimental conditions: one group for glucose infusion, another for fructose infusion, and the other for fructose infusion with PHGDH inhibitor (NCT-503)
treatment. GLC, glucose; FRC, fructose; PHGDHi, PHGDH inhibitor. Five hours after injection, all the mice were sacrificed and human leukemic cells were isolated
from mouse bone marrow based on hCD45 marker.

(C) Enrichment of glycine (m+2) in the cells collected in the experiment in (B). n = 9 for the [U-'3Cq] glucose infusion group, n = 8 for the [U-'3Cg] fructose infusion
group, n = 10 for the [U-"3Cg] fructose infusion with PHGDH inhibitor treatment group.

(D) Schematic of the in vivo experiment with doxycycline-inducible PHGDH knockdown. NSG mice transplanted with MOLM13 cells with sh-Ctrl or sh2-PHGDH
(Figure 5B) were grouped into three different experimental conditions: one group for serial i.p. injection of glucose (4 g/kg), another for fructose (4 g/kg), and the
other for PBS three times a week. After 4 weeks of injection, all the mice were sacrificed, and the engraftment of human leukemic cells was analyzed based on
hCD45 marker.

(E) Engraftment level of hCD45* cells in bone marrow from the mice in the experiment in (D).

(F) Schematic of the in vivo experiment with a patient-derived AML mouse model (cells from Patient 5 in Figure 3l and Table S1). One group was for fructose (4 g/
kg) along with vehicle treatment, and the other group was for fructose along with NCT-503 (40 mg/kg) treatment. After 6 weeks of daily injection, all the mice were
sacrificed, and the engraftment of human leukemic cells was analyzed based on hCD45 marker.

(G) Engraftment level of hCD45™" cells in bone marrow from the mice in the experiment in (F).

Statistical analyses were conducted with unpaired two-tailed t test: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. GLC, glucose; FRC, fructose.

severely limited. For example, a metabolic imbalance between lation or in normal tissues (Ho et al., 2015; Sullivan et al., 2019b;
the high demand of glucose by cancer cells and its poor supply  Urasaki et al., 2012). Multiple studies have uncovered diverse
by dysfunctional vasculature often leads to a significantly lower metabolic strategies of cancer cells to compensate for the
level of glucose in the tumor microenvironment than that in circu-  limited supply of glucose, many of which are related to increased
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dependence on mitochondrial oxidative phosphorylation (OX-
PHOS) in low-glucose environments (Birsoy et al., 2014). This
metabolic adaptation often comes with an increased consump-
tion of glutamine, but it still requires a carbon flux through glycol-
ysis, which is consistent with our experimental data. Interest-
ingly, fructose level in cancer patients has been reported to be
higher than that of a normal control group, and fructose has
been suggested as an alternative carbon source to run glycol-
ysis, at least at certain steps, when glucose is limited (Chen
et al., 2016; Fan et al., 2017; Hui et al., 2009; Liu et al., 2010;
Weng et al., 2018). As dietary fructose consumption has mark-
edly increased over the past decades due to widespread use
of high-fructose corn syrup, a deeper understanding of how can-
cer cells utilize fructose for their malignant growth is critically
required for the development of more effective prevention and
treatment strategies. In this report, we demonstrate that
leukemic cells proliferate well in both glucose-rich and fruc-
tose-rich conditions, but they are more dependent on the SSP
in fructose-rich conditions. This metabolic reprogramming is
mediated by a change in the level of NAD" and NADH, which
are cofactors of PHGDH, the rate-limiting enzyme in the SSP.
The SSP has been reported to play a critical role in multiple can-
cers (Locasale et al., 2011; Possemato et al., 2011; Reid et al.,
2018; Wei et al., 2019; Weng et al., 2018), but the importance
of the redox cofactors, NAD* and NADH, on regulating the
SSP is beginning to be appreciated (Diehl et al., 2019; Murphy
et al., 2018). We have revealed that a higher SSP flux, driven
by a higher ratio of NAD*/NADH in fructose-rich conditions, con-
tributes to the generation of aKG from glutamine and facilitates
TCA anaplerosis, consistent with a previous study in breast can-
cer (Possemato et al., 2011).

A higher dependency on the SSP implies that PHGDH inhibi-
tion has therapeutic potential in leukemia, possibly more so in
the presence of high fructose. Recently, targeting PHGDH has
been suggested as a promising therapeutic strategy in certain
types of cancers, because not only does this rate-limiting
enzyme in the SSP support proliferation of cancer cells, but
also it leads to the development of drug resistance; for example,
liver cancer cells as well as multiple myeloma cells have been
shown to increase the PHGDH expression as a resistance mech-
anism to oxidative stress induced by drug treatment (Wei et al.,
2019; Zaal et al., 2017). Therefore, there has been an increasing
effort to develop PHGDH inhibitors (Mullarky et al., 2016, 2019;
Pacold et al., 2016). Our in vitro and in vivo experiments clearly
showed that leukemic cells are more sensitive to genetic and
pharmacological inhibition of PHGDH in fructose-rich conditions
compared to glucose-rich conditions; in particular, in our in vivo
experiments with fructose i.p. injection, we recapitulated a low
level of glucose and a high level of fructose in the tumor microen-
vironment in patients with leukemia (Chen et al., 2016) and
demonstrated not only that PHGDH inhibition reduced disease
burden, but also that PHGDH was required for leukemogenesis.
We then elucidated a novel mechanism of how GLUT5 level de-
termines the metabolic rate of fructose-derived carbons through
the SSP, uncovering the link between the SSP and fructose
metabolism in AML cells. As shown in our flow cytometry ana-
lyses, the majority of samples from patients with AML expressed
the GLUT5 level similar to MOLM13 cells (GLUT5-low), and thus
we expect that the dependence on the SSP of malignant cells
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could be widely found in individuals with AML, especially with
a high level of fructose.

In summary, our data reveal a critical role of the SSP in the
metabolic program of leukemic cells, which allows them to uti-
lize fructose as an alternative fuel when glucose is deprived.
This study also leads to important biological questions,
including why PHGDH expression is elevated in leukemic cells
and what determines the GLUT5 expression in hematopoiesis
and leukemogenesis. Considering that the tumor microenvi-
ronment is glucose-limited and leukemic cells are more
dependent on the SSP than their normal counterparts, target-
ing PHGDH could be exploited as a promising strategy for
AML treatment.

Limitations of Study

While our study provides evidence that AML cells proliferate well
in fructose-rich conditions and their GLUT5 level plays a critical
role in their fructose metabolism, our validation in primary AML
cells from patients is limited. A correlation study evaluating the
fructose level in bone marrow of patients and the SSP activity
in their cells from bone marrow would further validate our find-
ings. Future investigation is also needed to understand the role
of PHGDH and the SSP in normal hematopoietic stem and pro-
genitor cells as well as their metabolic reprogramming in fruc-
tose-rich conditions, which is critically important for the transla-
tion of these findings to patients. Lastly, our in vivo model with
i.p. injections of fructose recapitulated a fructose-rich tumor
microenvironment in patients with AML, demonstrating a thera-
peutic potential of PHGDH inhibition for patients, especially
with a high level of fructose in their bone marrow. A long-term
in vivo study with high-fructose diet conditions would allow us
to further support these metabolic findings in a pathophysiolog-
ical setting.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
HK2 (C64Gb5), rabbit mAb (1:1000) Cell Signaling Technology (CST) # 2867
Aldolase A (D73H4), rabbit mAb (1:1000) CST # 8060
Aldolase B, rabbit pAb (1:1000) Abcam # ab153828
LDHA, rabbit pAb (1:1000) CST #2012
Phospho-LDHA (Tyr10), rabbit pAb (1:1000) CST #8176
PHGDH, rabbit pAb (1:1000) Sigma-Aldrich # HPA021241
Actin (D6A8) HRP-conjugated, rabbit mAb (1:10000) CST # 12620
KHK, rabbit pAb (1:1000) Abcam # ab154405
PKM1 (D30G6), rabbit mAb (1:1000) CST #7067
PKM2 (D78A4), rabbit mAb (1:1000) CST #4053
Phospho-PKM2 (Tyr105), rabbit pAb (1:1000) CST # 3827
GCK, mouse mAb (1:1000) R&D Systems # MAB7840
PKCz (C24EB6), rabbit mAb (1:1000) CST # 9368
Phospho-PKCz (190D10), rabbit mAb (1:1000) CST #2060
Glut5 (E-2), mouse mAb (1:1000) Santa Cruz Biotechnology # sc-271055
Human CD45 PerCP Cy5.5 clone 2D1 (1:100) Thermo Fisher Scientific # 45-9459-42
Mouse CD45.1 V450 clone A20 (1:200) Thermo Fisher Scientific # 48-0453-80
Mouse CD45 APC clone 30-F11 (1:200) BD Biosciences # 559864
PHGDH, rabbit pAb (1:50) Thermo Fisher Scientific # PA5-24633
Rabbit IgG (H+L) Alexa Fluor 488 (1:200) Thermo Fisher Scientific # A-11008
Human Glut5 Alexa Fluor 647 (1:50) R&D Systems # FAB1349R
Biological Samples
Human acute myeloid leukemia specimens MSK The Hematologic Oncology N/A

Tissue Bank (HOTB)
Chemicals, Peptides, and Recombinant Proteins
Ketohexokinase (KHK) Inhibitor - Calbiochem Sigma-Aldrich # 420640
NCT-503 Cayman Chemical #19718
CBR-5884 Dr. Lewis C. Cantley group # 19236
DASAS58 Cayman Chemical # 13941
TEPP46 (ML-265) Cayman Chemical # 13942
Puromycin dihydrochloride Sigma-Aldrich # P9620
Doxycycline hyclate Sigma-Aldrich # D9891
Cell-Tak Cell and Tissue Adhesive Corning # 354240
N-acetyl-L-Cysteine Sigma-Aldrich # A7250
Dimethyl alpha-ketoglutarate Sigma-Aldrich # 349631
Recombinant Human SCF PeproTech # 300-07
Recombinant Human IL6 PeproTech # 200-06
Recombinant Human IL3 PeproTech # 200-03
Recombinant Human FIt3-Ligand PeproTech # 300-19
Recombinant Human GM-CSF PeproTech # 300-03
Recombinant Human TPO PeproTech # 300-18
16% Paraformaldehyde (formaldehyde) aqueous solution Electron Microscopy Sciences #15710-S
Annexin V-PE BioLegend # 640947
DAPI Thermo Fisher Scientific # D1306
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REAGENT or RESOURCE SOURCE IDENTIFIER

Trypan Blue Sigma-Aldrich #T8154

2xLaemmli Buffer Bio-Rad #1610747

ECL Western Blotting Substrate Thermo Scientific #1859698 #1859701
4-15% SDS-PAGE gel Bio-Rad #4561084

Critical Commercial Assays

CD45 MicroBeads, human
NAD/NADH-Glo Assay kit
EnzyChrom Glucose Assay kit
EnzyChrom Fructose Assay kit
CellROX Deep Red Reagent

Miltenyi Biotec
Promega

BioAssay Systems
BioAssay Systems
Thermo Fisher Scientific

# 130-045-801
# G9071

# EBGL-100

# EFRU-100
#C10422

Seahorse XF Cell Mito Stress Test Kit Agilent #103015-100
Experimental Models: Cell Lines

KG1 MSK N/A
MOLM13 MSK N/A

TF1 ATCC # CRL-2003
NOMO1 MSK N/A

MV411 MSK N/A

U937 MSK N/A
OCIAML2 MSK N/A
OCIAML3 MSK N/A

THP1 MSK N/A
KASUMI1 MSK N/A

K562 MSK N/A
Experimental Models: Organisms/Strains

Mouse NOD.Cg-Prkdcs® [12rg™Wi/SzJ (NSG) The Jackson Laboratory #005557

Software and Algorithms

Graphpad Prism Graphpad https://www.graphpad.com/
Chenomx Chenomx https://www.chenomx.com
MestReNova Mesterlab Research https://mestrelab.com/

FlowdJo BD Biosciences https://www.flowjo.com/
FACSDiva BD Biosciences https://www.bdbiosciences.com
Other

Phospho(enol)pyruvic acid monosodium salt
hydrate (PEP)

NADH (sodium salt hydrate)
Adenosine 5'-diphosphate sodium salt (ADP)
Sodium pyruvate

Sodium lactate

[U-"3C] Glucose

[U-"3C] Fructose

[U-"3C] Glutamine

[2-'3C] Glucose

[2-13C] Fructose

Thymidine

Uridine

Adenosine

Cytidine

Inosine

Lactate dehydrogenase (LDHA)
Pyruvate kinase (PK)

Sigma-Aldrich

Cayman Chemical
Sigma-Aldrich
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

# P0564

#16078

# A2754

# 11360070
# L7022

# 389374
# 587621

# 605166
# 310794
#492140
#T1895
#U3003

# A4036

# C4654
#14125

# SAE0049
# P9136
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RESOURCE AVAILABILITY

Lead Contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, Kayvan R.
Keshari (rahimikk@mskcc.org)

Materials Availability
There are no restrictions to the availability of all materials mentioned in the manuscript.

Data and Code Availability

All data generated or analyzed during this study are included in this published article (and its supplementary information files). Flow
cytometry data were analyzed using FlowJo (v.10). NMR spectra were analyzed using Chenomx NMR Suite (v.8) and MNova (Mes-
trelab, v.10). No custom software/code was used.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

All cells were grown at 37C in a 5% CO2 humid atmosphere. MOLM13, K562, THP1, U937, TF1, KG1, NOMO1, MV411, OCIAML2,
and OCIAMLS3 cell lines were cultured in RPMI-1640 medium, supplemented with 10% fetal bovine serum (FBS) and 1% penicillin
streptomycin (P/S). KASUMI1 cell line was cultured in RPMI-1640 medium, supplemented with 20% FBS and 1% PS. The cell lines
were tested for mycoplasma and inter-species cross-contamination by isoenzyme and short tandem repeat analyses at the Inte-
grated Genomics Operation Core Facility at Memorial Sloan Kettering Cancer Center during the research.

Patient samples

Human bone marrow mononuclear cells and peripheral blood mononuclear cells from patients with AML were obtained with informed
consent under protocols approved by the Institutional Review Board at Memorial Sloan Kettering Cancer Center. Briefly, frozen AML
patient cells were thawed in RPMI-1640 medium (with 20% FBS and 1% P/S), washed, stained with antibodies (Glut5-Alexa647, R&D
Systems; CD45-PerCP/Cy5.5, Thermo Fisher), and analyzed on the BD Fortessa Instrument.

Patient-derived xenograft (PDX) in vitro culture

PDXs (sex isolated from the bone marrow of mice showing more than 90% human engraftment were cultured in glucose-deprived
IMDM + 4 mM glutamine + 10 mM glucose or fructose, 10% dialyzed FBS, 1% P/S and a cocktail of cytokines (100 nM SCF, 10 nM
IL3, 10 nM FLT3-ligand, 10 nM GM-CSF, and 10 nM TPO) + 2-mercaptoethanol for 48 h in presence of 10 uM NCT-503 or DMSO.

CD34* isolation and culture

Mononucleated cells were isolated from a pool of 10 fresh human cord blood (sex:F) using a Ficoll gradient. CD34* cells were en-
riched using human CD34 MicroBeads (Miltenyi Biotec) and Auto MACS pro separator. CD34" enriched cells were cultured in
glucose-deprived IMDM + 4 mM glutamine + 10 mM [U-"3Cg] glucose or fructose, 10% dialyzed FBS, 1% Pen/strep and a cocktail
of cytokines (100 nM SCF, 10 nM IL6, 10 nM FLT3-ligand, 10 nM GM-CSF, and 10 nM TPO) for 48 h. The supernatant and the cell
pellet were collected for further NMR and LC-MS analyses, respectively.

In vivo experiments

Animal housing and all the experimental procedures were authorized by the Institutional Animal Care and Use Committee at Memorial
Sloan Kettering Cancer Center (protocol 11-10-025). NOD.Cg-Prkdc>™ j12rg"™"™/'/SzJ mice (NSG, The Jackson Laboratory), were
housed 5 per cage in a temperature- and humidity-controlled colony room (temperature of 22-24°C and humidity of 30%-70%),
maintained on a 12-h light/dark cycle (06:00 to 18:00 light on), with standard or Doxycycline food (ENVIGO, Dox Diet TD 07573)
and water provided ad libitum and environmental enrichments. For tracing, PHGDH Knock Down and drug experiments, we used
8-12 weeks old females per group and we repeated the experiment twice. We performed survival experiment once. Mice were
randomly assigned to experimental groups. During all the experiments, mice were monitored daily controlling behavior, weight
and furrow. Their health was constantly monitored, and they were euthanized at first sign of physical pain. The total number of
mice for each experiment is detailed in the figure legends. All the mice used for the experiments were imported to the facility and
used after necessary acclimatization.

METHOD DETAILS

Assessment of cell proliferation rate and viability

Cell number and viability were measured using Cellometer Mini cell counter (Nexcelom Bioscience); the cell suspension was mixed at
1:1 ratio with Trypan Blue Solution (Sigma-Aldrich) before the measurement. To monitor the proliferation rate for 10 days, cells were
split and resuspended into fresh media every three days with a final concentration of 400k cells/mL.
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Western blot

Cells were collected, washed once with PBS and lysed in 1X Laemmli sample buffer (BioRad). Standard procedures were used for
immunoblotting: 10 mg of total protein lysate was loaded on a 4%-15% SDS-PAGE gel, transferred to a nitrocellulose membrane and
incubated overnight with primary antibodies (dilution 1:1000) at 4°C. Proteins were detected using ECL Western Blotting Substrate
(Promega).

Analysis of extracellular metabolites using high-field NMR

The cell culture media was filtered through Amicon Ultra-0.5 Centrifugal Filter (Millipore) by centrifugation (14000 rpm for 30 min). The
filtered media was mixed with the internal standard solution with a ratio of 9 to 1; the internal standard solution was prepared in D20
with 5 mM 2,2-Dimethyl-2-silapentane-5-sulfonate sodium salt (DSS), 100 mM imidazole, 0.2 mM NaN3, and 10 mM 13C-Urea.
600 mL of the mixed sample was loaded into a NMR tube (Wilmad) and 'H/'3C-NMR spectra were acquired in a 600MHz NMR
system (AVANGE I, Bruker). The acquired spectra were analyzed with a commercial software (Chenomx for "H-NMR spectra
and MestReNova for '*C-NMR spectra) to quantify the metabolites level.

Analysis of intracellular metabolites using LC-MS

The cells were cultured with [U-3Cg] glucose or fructose for a certain period of time, washed twice with ice-cold PBS, and lysed
with 80% methanol (in water). Targeted LC-MS analyses were conducted on a Q Exactive Orbitrap Mass Spectrometer (Thermo
Scientific) coupled to a Vanquish UPLC system (Thermo Scientific), and the Mass Spectrometer was operated in polarity-
switching mode. A SeQuant ZIC-HILIC column (2.1 mm i.d. X 150 mm, Merck) was used for separation of metabolites, and
the flow rate was 150 mL/min. Buffers consisted of 100% acetonitrile for A, and 0.1% ammonium hydroxide / 20 mM ammo-
nium acetate in water for B. Gradient ran from 85 to 30% A for 20 min, followed by a wash with 30% A and re-equilibration at
85% A. Metabolites and their ®C-isotopologues were identified on the basis of standard retention times and exact mass within
5 ppm. The relative quantification was performed based on the metabolite peak area. All data analyses were performed using
in-house written scripts.

Analysis of the intracellular level of NAD* and NADH

We used a commercially available assay kit, NAD/NADH-Glo Assay (Promega). Briefly, 10,000 cells of interest were collected,
washed with PBS, resuspended in 50 uL PBS, and loaded into a well in a 96-well plate. 50 uL of the lysis solution, 0.2N
NaOH + 1% (v/v) dodecyltrimethylammonium bromide (DTAB), was added into the same well. After 5 min. of incubation at
room temperature, the lysed cell sample (100 puL) was divided into two wells; 50 pL for NAD* and another 50 pL for NADH.
25 uL of 0.4N HCI solution was added into the well for NAD* measurement (not into the well for NADH measurement), followed
by incubation in an oven at 60°C for 15 min. After the plate was cooled to room temperature for 10 min., add 25 pL of 0.5M Trizma
base solution into the well for NAD* measurement and add 50 L of a mixture of 0.4N HCI/ 0.5M Trimza base solution (1:1) into the
well for NADH measurement, which made a final volume of 100 pL in both wells. 100 uL of the detection reagent of NAD/NADH-Glo
Assay was added into each well and gently mixed. After 30 min. incubation at room temperature, the luminescence level was
measured with a plate reader.

Analysis of oxygen consumption rate in glucose- or fructose-rich conditions

MOLM13 cells incubated in 10 mM glucose or fructose media for 2 days were resuspended in custom-designed glucose or fructose
assay medium, respectively, with a concentration of 500k cells/mL; the assay medium was prepared by supplementing Seahorse XF
Base Medium (Agilent) with 1 mM pyruvate, 4 mM glutamine, and 10 mM glucose or fructose. 100 puL of the cell suspension was
loaded into a well in a Seahorse XF Cell Culture Microplate (96-well plate) coated with Cell-Tak solution (Corning). After the cells
were adhered to the bottom of each well, a Seahorse XF Cell Mito Stress Test assay was run in a XF®96 Extracellular Flux Analyzer
(Agilent) as described in the assay manual.

Supplementation of N-acetyl-L-Cysteine (NAC) or dimethyl-aKG (DM-aKG@G) into cell culture media
10 mM NAC (Sigma-Aldrich) or 2.5 mM DM-aKG (Sigma-Aldrich) was dissolved into the media and sterilized with 0.22-um-pore filter
(Millipore). The prepared media was used within an h.

Supplementation of nucleosides into cell culture media
Thymidine, uridine, adenosine, cytidine, and inosine (Sigma-Aldrich) were dissolved into the media with a final concentration of
100 mM of each and sterilized with 0.22-um-pore filter (Millipore: SCGP00525). The prepared media was used within a day.

PHGDH knockdown using short hairpin RNAs (shRNAs)

For PHGDH knockdown, we used lentiviral particles containing doxycycline-inducible shRNA vectors (LT3GEPIR) targeting PHGDH
or Renilla luciferase (control). The lentiviral particles were generated from the Gene Editing & Screening Core Facility at Memorial
Sloan Kettering Cancer Center (MSK). MOLM13 cells were incubated with the lentiviral particles in the presence of 4 ng/mL polybrene
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for 24 h, washed with PBS, and suspended in fresh media for another 24 h. The infected cells were selected with 2 ug/mL puromycin
(38-day treatment). To induce shRNA expression, the selected cells were treated with 2 ug/mL doxycycline. We confirmed the efficient
knockdown of PHGDH using two independent shRNAs.

KHK knockdown using shRNAs

For KHK knockdown, we used lentiviral particles containing shRNA vectors (SGEP) targeting KHK or Renilla luciferase (control). The
lentiviral particles were generated from the Gene Editing & Screening Core Facility at MSK. MOLM13 and THP1 cells were incubated
with the lentiviral particles in the presence of 4 ug/mL polybrene for 24 h, washed with PBS, and suspended in fresh media for another
24 h. The infected cells were selected with 2 ng/mL puromycin (3-day treatment). We confirmed the efficient knockdown of KHK using
two independent shRNAs.

KHK inhibitor
N&-(Cyclopropylmethyl)-N*-(2-(methylthio)phenyl)-2-(1-piperazinyl)-pyrimido[5,4-d]pyrimidine-4,8-diamine (Sigma-Aldrich) was dis-
solved in DMSO and added into cell culture media.

PHGDH inhibitor
NCT-5083 (Cayman Chemical) or CBR-5884, generously provided from Dr. Edouard Mullarky in Dr. Lewis C. Cantley group, was dis-
solved in DMSO and added into cell culture media.

Analysis of the intracellular levels of PHGDH

To perform PHGDH intracellular staining, MOLM13 cells transduced with shRNA targeting PHGDH or Renilla (control) were fixed with
1.6% paraformaldehyde (PFA) for 10 min at room temperature, then centrifuged (@1500 rpm for 4 min) and resuspended in 90%
methanol for permeabilization and incubated overnight. The following day the methanol was removed, and the cells were stained
with the primary rabbit polyclonal anti-human PHGDH antibody (dilution 1:50) followed by Alexa Fluor 488 goat anti-rabbit IgG (dilu-
tion 1:200) and analyzed on the BD Fortessa instrument. For the ex vivo analysis of intracellular PHGDH, bone marrow cells were
collected at the time of sacrifice and stained with anti-human CD45 antibody (CD45-PerCP/Cy5.5, dilution 1:100) and anti-mouse
CD45 (APC or V540, dilution 1:200), then fixed and permeabilized as described above. Human CD45 staining was repeated after per-
meabilization together with PHGDH staining, followed by secondary. The data were analyzed on the BD Fortessa instrument. For the
survival experiment, bone marrow cells were collected at the time of death, frozen and analyzed all together at the final endpoint, as
described above.

Patient-derived xenograft (PDX) in vitro viability assay

PDXs isolated from the bone marrow of mice showing more than 90% human engraftment were cultured for 48 h in presence of 10 uM
NCT-503 or DMSO. Cells were stained with anti-human CD45-PercP/Cy 5.5, anti-mouse CD45-V450, and Annexin V-PE/DAPI and
analyzed using a BD Fortessa instrument.

In vivo experiments

For the in vivo tracing experiments, 8-12 weeks old females NOD.Cg-Prkdcs™ l12rg"™""/'/SzJ mice (NSG, The Jackson Laboratory)
were transplanted intravenously with 1x10° MOLM13 cells. At clear signs of diseases (hunchback, weight loss, appearance of extra-
medullary masses) the mice were injected intraperitoneally (IP) with 4 g/kg of [2-3C] glucose or fructose dissolved in PBS and sacri-
ficed 5 h later. The group of mice treated with NCT-503 was injected IP with the drug at 40 mg/kg 30 min prior to the sugar injection. A
second drug treatment was administered after 3 h from the sugar injection in order to match the shelf-life of NCT503 and keep the
enzyme inhibited. At sacrifice, bone marrow was harvested and processed by crashing the bones in cold PBS. Human cells were
positively selected using human CD45 MicroBeads (Miltenyi Biotec) following the manufacturer instruction. Auto MACS pro sepa-
rator was used for the procedure. After separation, positive enriched human CD45 were counted and a dry pellet was snap frozen
and stored at —80°. The same procedure was applied to mice engrafted with Patient 5-derived leukemic cells, the day of sacrifice.
Mice engrafted with Patient 9-derived leukemic cells were subjected to the same treatment except the human engraftment was over
95% and enrichment with CD45 beads was not needed (experimental workflow is shown in Figure S7F).

Effect of PHGDH inhibition on tumor burden and survival

8-12 weeks old females NSG mice (The Jackson Laboratory) were transplanted intravenously with 1x10° MOLM13 cells transduced
with doxycycline-inducible shRNA vectors (LT3GEPIR) targeting PHGDH or Renilla luciferase (control) (n = 5 mice /group). Doxycy-
cline was administered in the chow 2 days after the transplantation, and fructose was IP injected 3 times a week at 4 g/kg. The mice
were sacrificed when the controls showed evident signs of disease and their bone marrow was collected and processed as described
above. Tumor load was assessed by calculating the percentage of human CD45* cells by FACS. To investigate overall survival, mice
transplanted with shRNA targeting PHGDH or control were randomized into 2 groups each (n = 7-8 mice /group) and IP injected with
PBS or fructose (4 g/kg), 3 times a week. Long-rank tests were used for statistical significance.
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Patient-derived xenograft

The primary cells from Patient 5 (Table S1) were first transplanted in irradiated (200 rad) NSG mice (The Jackson Laboratory) at a dose
of 3x10° cells/mouse in order to expand them. Secondary transplant was performed from fresh when the primary mouse was sacri-
ficed with a dose of 1x10° cells/mouse. Mice were treated with NCT-503 (40 mg/kg) or vehicle (5% ethanol, 35% PEG 300, 60% of
aqueous solution of 2-hydroxypropyl-beta cyclodextrin) and a solution of 4 g/kg fructose dissolved in PBS. The treatment started
1 week after the transplant and the drug and fructose were administered daily for 5 weeks. At sacrifice, the bone marrow was
collected, and the extracted cells were analyzed using FACS to check for human engraftment using the following antibodies: anti-
human CD45-PercP/Cy 5.5 (dilution 1:100) and anti-mouse CD45-APC or V450 (dilution 1:200).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data representation and statistical analysis

In vitro data are displayed as bar plots of three independent biological replicates, composed of 3-4 technical replicates each. At least
triplicates for the in vitro data were considered as the minimum number necessary to have standard deviation. This way we ensured
that the techniques provide comparable results between similar experiments. In vivo data are displayed as dot plots of at least two
independent experiments. Plots include mean and SD. Statistical significance was calculated using unpaired two-tailed Student’s t
test with PRISM software. Results are considered significant when p < 0.05. The power was estimated according to the criteria
described in Charan and Kantharia (2013) and pilot experiments performed in our laboratory. We estimated that 5-7 mice/group
would be necessary to achieve 80% power and a P value of 0.05 for both xenograft models of PHGDH KD and drug administration.
Animals were randomly assigned to control or experimental groups, while ensuring equal age and sex matching in the experimental
groups and blinding was performed during data collection. No animals were excluded from the study. For flow cytometry, no formal
blinding was performed but control and experimental samples were processed and analyzed using standardized procedures.
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