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Abstract

Inhibiting glycolysis remains an aspirational approach for the treatment of cancer. We previously
identified a subset of cancers harboring homozygous deletion of the glycolytic enzyme Enolase
(ENO1) with exceptional sensitivity to inhibition of its redundant paralogue, ENO2, through a
therapeutic strategy known as collateral lethality. Here, we show that a small molecule Enolase
inhibitor, POMHEX, can selectively kill ENOI-deleted glioma cells at low nanomolar
concentrations and eradicate intracranial orthotopic ENO1-deleted tumors in mice at doses well-
tolerated in non-human primates. Our data provide /in vivo proof-of-principal for the power of
collateral lethality in precision oncology and demonstrate the utility of POMHEX for glycolysis
inhibition with potential across a range of therapeutic settings.

INTRODUCTION.

Glycolysis serves a critical role in cancer metabolism, as elevated glycolytic flux provides
essential anabolic support for cellular growth and proliferation. While glycolysis inhibition
has been an aspirational target for cancer treatment, the challenge of achieving a sufficiently
large therapeutic window for anti-neoplastic activity persists, as it is an essential process
performed in all cells. Pharmacologically, this issue is compounded by the sparsity of high-
affinity glycolysis inhibitors, with most being tool compounds of limited utility beyond /n
vitro enzymology studies’2

We previously conceived of and validated an innovative therapeutic strategy known as
collateral lethality, which capitalizes on cancer-specific metabolic vulnerabilities conferred
by passenger deletion of metabolic enzymes neighboring tumor suppressor genes3. One
pioneering example of this paradigm includes homozygous deletion of the 1p36 tumor
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suppressor locus, which accounts for the collateral deletion of the glycolytic enzyme
Enolase 1 (ENO1) in cancers such as glioblastoma multiforme (GBM). Enolase is a cell-
essential enzyme that catalyzes the conversion of 2-phosphoglycerate (2-PG) to
phosphoenolpyruvate (PEP) in the penultimate step of glycolysis. Cancers harboring
homozygous deletion of ENOL1 are exceptionally sensitive to inhibition of its redundant
paralogue, Enolase 2 (ENO2)3. In contrast, normal, ENOI-wildtype (WT) tissue remain
unperturbed, which enables selective toxicity against ENO1-deleted cancer cells with a
sufficient therapeutic window. Independent validation by ShRNA3 and public domain
CRISPR data evidenced the therapeutic viability of ENO2 inhibition under our paradigm
(Figure 1a). Though we initially found that a non-specific, pan-Enolase inhibitor could
exhibit 50-fold selectivity against ENO1-deleted glioma cells compared to ENOI-WT cells
in vitrd*, non-specific Enolase inhibition is therapeutically prohibited due to on-target
inhibition ENO1 in red blood cells (RBCs; Extended Data Figure 1)>6. As ENO1 is the sole
isoform expressed in RBCs, pan-Enolase inhibition results in anemia, consistent with human
Mendelian data (Extended Data Figure 1b—d).

By conducting structure-activity-relationship (SAR) studies, we conceived of a
phosphonate-containing Enolase inhibitor, termed HEX, that demonstrates 4-fold specificity
for ENO2 over ENO1 (Figure 1b, c; Extended Data Figure 2). As a substrate-competitive
Enolase inhibitor bearing structural resemblance to 2-PG, HEX is anionic at physiological
pH, which slows its cell and tissue permeability. To counter these issues, we generated
POMHEX, a cell-permeable pivaloyloxymethyl (POM) pro-drug of HEX (Figure 1d).
POMHEX is a racemic mixture that can be separated into enantiomers but these racemize in
aqueous solutions. Here, we show that POMHEX exhibits low nanomolar potency against
ENOI-deleted cells in vitroand is capable of eradicating £NO1-deleted xenografted tumors
in vivo. For the first time, our data provide /n vivo proof-of-principle for collateral lethality
as a therapeutically actionable paradigm against cancers with specific vulnerabilities arising
from passenger deletions.

RESULTS.

POMHEX is a potent, ENO2-specific inhibitor of Enolase in cell-based systems

Practical therapeutic delivery of an Enolase inhibitor necessitates selectivity for ENO2 over
ENOL to avoid inducing hemolytic anemia. We first performed SAR studies with the 5-
membered ring pan-Enolase inhibitor, SF23124, and posited that increasing the ring size
would better accommodate the more spacious active site of ENO2. Expanding the ring from
5 to 6 atoms generated HEX (Figure 1b; 1, Supplementary Note 1), a substrate-competitive
inhibitor of Enolase with a distinct preference for ENO2 over ENO1 (Supplementary Figure
S1). Co-crystallization of HEX with ENO2 (Figure 1c, Supplementary Figure S1, PDB:
51DZ) showed that the carbonyl and hydroxamate moieties chelated the Mg?* cation while
the anionic phosphonate formed a salt bridge with the R373 residue (Figure 1c). We then
confirmed the selectivity of HEX for ENO2 by conducting Michaelis-Menten titrations of
the natural substrate of Enolase (2-PG) and HEX and found that the inhibitor is
approximately 4-fold more selective for ENO2 compared to ENO1 (Ki = 64 nM versus 232
nM, respectively; Figure 1c; Extended Data Figure 2).
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Owing to the anionic nature of phosphonates, we synthesized a cell-permeable, POM-
esterified pro-drug of HEX, POMHEX (Figure 1d; 2, Supplementary Note 1), and compared
its selective killing against ENO1-deleted glioma cells to the parental free phosphonate. As
an esterase-labile pro-drug, hydrolysis of the POM esters would ideally occur by sequential
intracellular cleavage by carboxylesterases and phosphodiesterases (Figure 2a). After a one-
week treatment course, HEX showed an 1Csq of approximately 1.3 uM against D423 cells
(ENOI7), compared to >300 uM against D423 ENO1-isogenic rescued and LN319 control
cells (ENOI-WT; Figure 2b). Treatment with POMHEX gave the same trend at significantly
lower concentrations, with an 1Cgg of approximately ~30 nM against D423 cells, compared
to the >1.5 uM against non-target ENOI-WT cells (Figure 2d). The pattern of selective
sensitivity to POMHEX conferred by ENOI-homozygous deletion was confirmed in an
independent ENOI-homozygous deleted glioma cell line, Gli5634 (Extended Data Figure
3). To cement the importance of the hydroxamate moiety for chelation to the Mg2* cation,
we also tested BenzylPOMHEX, the immediate synthetic precursor to POMHEX (3,
Supplementary Note 1). As expected, the absence of a free hydroxamate in the benzyl-
protected precursor rendered no selective toxicity against ENOI-deleted cells
(Supplementary Figure S2), which coincides with our established conclusion that an anionic
moiety, such as a hydroxamate, is necessary for active site Enolase inhibition®78,

To support the relationship between ENOZ deletion status and sensitivity to chemical
inhibition of Enolase, we tested HEX and POMHEX against a diverse panel of cell lines as
well as through submission to the NCI-60 (POMHEX NCI ID: NSC784584; Supplementary
Note 2, Extended Data Figure 4, Supplementary Figure S3) and Sanger Center (POMHEX
Drug ID #2148; release scheduled for Q4 2020). On average, POMHEX is about 50-fold
more potent than HEX, though with substantial variation across cell lines (Range: 35-fold to
347-fold; Extended Data Figure 4). This range in sensitivity to POMHEX is likely
contingent upon both ENVO1 deletion status and varying expression of carboxylesterases and
phosphodiesterases. Concurrent with our previous reports with tool compounds34, ENO1-
deleted cell lines were most sensitive to HEX or POMHEX treatment while ENO1-
heterozygous cell lines displayed intermediate sensitivity (Extended Data Figure 4,
Supplementary Figure S3). Some groups of cell lines (e.g. melanomas in NCI-60 dataset and
neuroblastomas in the Sanger dataset) were unusually sensitive to Enolase inhibition;
however, the sensitivity of ENOI-deleted cell lines to Enolase inhibition far surpassed any of
these clustered examples. We also independently confirmed the relationship between ENO1-
deletion status and sensitivity to POMHEX with a series of glioma sphere-forming cells®10
(Extended Data Figure 5). Likewise, amongst the GSCs, GSC296 (ENOI~) demonstrated
greatest sensitivity to POMHEX over a 1-week treatment course. ENOI-heterozygous
deleted GSCs showed intermediate sensitivity and ENOI-WT GSCs were the least sensitive
to POMHEX. Interestingly, wild-type lines with low residual expression of ENO2 were
more sensitive to POMHEX than those with much higher ENO2 expression (Extended Data
Figure 5). To further confirm the on-target effects of POMHEX toxicity and ensure that non-
cancerous cells remained unperturbed at the concentrations of POMHEX required to elicit
targeted toxicity, we also conducted dose-response experiments on normal and highly
differentiated, near-normal cell lines (Extended Data Figure 6). As anticipated, such cells are
least sensitive to POMHEX treatment, exhibiting 1Csq values comparable or higher than to
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those obtained for ENOI-WT cancer cells. Thus, our results support the dependence of
inhibitor sensitivity on ENOI-deletion status. In addition to ENOI-deletions, other genetic
alterations conferring selective sensitivity are loss-of-function mutations in the von Hippel-
Lindau (VHL) tumor suppressor gene (which results in a glycolysis-addiction phenotype)
and in fumarate hydratase (£+), which results in impaired oxidative phosphorylation!1.12
(Extended Data Figure 7)

Due to the ubiquitous presence of carboxylesterases in biological fluids, degradation of
POMHEX to its hemi-ester (HemiPOMHEX) in cell culture media occurs almost entirely
within 24 hours. We thus investigated the ability of HemiPOMHEX to retain selective
killing of ENOI-deleted glioma cells. While we did find that HemiPOMHEX was about 4-
fold more potent than HEX, it was significantly less potent than POMHEX against ENOI-
deleted cells (Figure 2c). This is consistent with previous studies on POM-phosphonates and
further supports the greater cell permeability of mono-POM ester phosphonates compared to
free phosphonates!3. Given the instability of POMHEX, we sought to compare the
differences between continuous versus pulsed drug treatment. In our pulsed experiments,
glioma cells were exposed to POMHEX for 1 hour; thereafter, drug-containing media was
replaced by fresh, inhibitor-free media. We found that, while a 1-hour pulse of POMHEX
gave nearly identical levels of killing in ENOI-deleted glioma cells, these conditions
resulted in considerably less killing of the ENOZ-intact glioma cell lines (Supplementary
Figure S4). This suggests that an even wider therapeutic window may be achieved with
pulsed, rather than continuous, POMHEX exposure and may be explained by the ability for
ENOI-WT glioma cells to recover more quickly from Enolase inhibition.

To verify that the observed killing of the target cells was due to on-target glycolysis
inhibition by POMHEX, we examined relevant target engagement markers. Inhibitor-treated
ENOI-deleted cells showed selective depletion of ATP (Figure 2f) and dose-dependent
reductions in extracellular acidification rate (ECAR, Figure 2g) in the nanomolar range for
POMHEX and in the micromolar range for HEX (Figure 2h). When taking these
measurements after short-term exposure to either HEX or POMHEX, we ensured that the
number of viable cells was held constant, obviating the possibility that such effects were due
to fewer cells (Supplementary Figure S5). Together, these data demonstrate that POMHEX
is a potent glycolysis inhibitor, in a manner that is selective for ENOI-deleted cells. To
provide further evidence that glycolysis inhibition by POMHEX was indeed due to selective
inhibition of ENOZ2, as well as to probe the overall metabolic consequences of glycolysis
inhibition, we performed a polar metabolomic profiling.

Metabolic consequences of Enolase inhibition on glycolysis- associated pathways

To further investigate the up- and downstream metabolic consequences of Enolase
inhibition, ENOI-deleted, ENO1-rescued and ENOI-intact glioma cells were exposed to
increasing doses of POMHEX. Concurrent with our aforementioned findings, such
concentrations of POMHEX minimally impacted ENOI-WT glioma cells but profoundly
affected ENOI-deleted cells. Analysis of the effects of POMHEX on protein cell signaling
markers (Figure 3a) for cell proliferation (phospho-Histone H3, PLK1), cell death (cleaved
caspase-3), and stress (p-NDRG1, p-JunB) revealed 3 salient points. First, even at the
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highest concentrations of POMHEX (720 nM), none of these markers were altered in
ENOI-rescued or ENOI-WT glioma cells. Second, in ENOI-deleted cells, we observed
inhibited proliferation at the lower concentrations of POMHEX (>15 nM, reduction in p-
Histone H3) and induction of apoptosis at higher concentrations of POMHEX (>180 nM,
increase in cleaved caspase-3). Third, a stress response in ENOI-deleted cells becomes
evident at ~180 nM of POMHEX (elevated p-NDRG1, p-cJun).

We correlated these cell-signaling markers to metabolite indicators of glycolytic flux (lactate
secretion, Figure 3b), Enolase inhibition (glycerate levels, Figure 3c), energy reserves (p-
creatine/creatine ratio, Figure 3d), and energy stress (pyrophosphate, Figure 3e).
Concentrations of POMHEX that elevate biomarkers of cellular stress, such as p-NDRG1
and p-cJun, concur with metabolite indicators of energy stress, such as a reduced p-creatine/
creatine ratios and increased levels of pyrophosphate (PPi). Cell proliferation (p-Histone H3)
is inhibited at concentrations of POMHEX (45 nM) that are both too low to induce actual
energy stress and only marginally reduce glycolytic flux (Figure 3b). These data suggest that
glioma cells have coping mechanisms that link reduced energy production (glycolytic flux)
with reduced energy expenditure (proliferation).

To understand the metabolic consequences of inhibiting glycolysis, we performed polar
metabolite profiling on the same set of ENOI-deleted and ENOI-WT cells treated with
POMHEX, vide supra. Striking to note was the significant the depletion of metabolites in the
citric acid (TCA) cycle (Figure 3f). For instance, we observed a >90% decrease in fumarate
despite the supraphysiological concentration of pyruvate in cell culture media (1.25 mM in
media versus ~70 uM in human blood!#). This strongly suggests that, at least in D423
(ENO1 ) cells, glucose catabolism in glycolysis is a major source of anaplerotic substrates
for the TCA (Figure 3f), with minor contributions from glutaminolysis or exogenously
supplied pyruvate. To verify that exogenous pyruvate was not the main culprit behind
toxicity from Enolase inhibition, we repeated the aforementioned POMHEX sensitivity
experiments with titrations of pyruvate in cell culture media (Supplementary Figure S6).
Omission of pyruvate did sensitize glioma cells to POMHEX, decreasing the 1Csq of D423
ENOI-deleted cells by about 2.5-fold compared to regular DMEM, which contains 1.25 mM
pyruvate (Supplementary Figure S6a ver susc). Additional supplementation with pyruvate (5
mM) only marginally increased the ICgy (Supplementary Figure S6d). Neither addition of
lactate nor acetate meaningfully shifted IC50 (Extended Data Figure 8). Overall, these
relatively modest shifts in 1Cgq values underscore the idea that loss of anaplerotic substrates
from inhibiting glucose-derived pyruvate is a minor contributor to the toxicity of Enolase
inhibition and that anaplerotic substrates at endogenous physiological levels do not prevent
Enolase inhibitor toxicity. Rather, these data suggest that most of the toxicity arises from
bioenergetic failure from a loss of glycolytic ATP production (Figures 2f, 3d, and 3e).

While we initially expected that the direct metabolite precursors to the Enolase reaction
would experience the greatest alterations in response to POMHEX treatment, we found that
the most significant metabolite accumulations occurred at the peripheral arms of glycolysis
(Figure 3f). Within the hexose amine biosynthesis pathway (HBP), we observed >15-fold
elevations of N-acetyl-glucosamine-phosphate and >60-fold elevations in its hydrolysis
product, N-acetyl-glucosamine. Despite these prominent elevations, the pattern of metabolite
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alterations in the HBP defies simple interpretation, as we concurrently observed a >90%
decrease in the final HBP metabolite, UDP-N-acetyl-glucosaming, in response to POMHEX
treatment. We propose that excess metabolic flux from glucose “overflows” into these
peripheral carbohydrate metabolic pathways in response to the blocked central flux at the
Enolase reaction. These disruptions in the HBP could result in aberrant glycosylation, as
HBP metabolites are the main substrates for post-translational protein glycosylationl®. We
also observed disruptions in the non-oxidative pentose phosphate shunt16, with 12-fold
elevations in D-sedoheptulose-phosphate (S7P) and erythrose-4-phosphate (E4P; Figure 3f).
Both of these metabolites are interconverted with the early glycolysis metabolites,
fructose-6-phosphate (F6P) and glyceraldehyde-3-phosphate (GADP), through the action of
transaldolases and transketolases. While the functional significance of accumulations in D-
sedoheptulose-phosphate and erythrose-4-phosphate remain unclear, such elevations could
explain the disruptions in normal flux through the non-oxidative pentose phosphate shunt
and the shifted equilibrium of the transaldolase and transketolase reactions which follow. By
extension, redox balance and nucleotide pools would be affected, compromising cell
viability and likely contributing to the toxicity of Enolase inhibition. We verified that these
unexpected metabolite alterations do in fact reflect specific inhibition of Enolase (by
POMHEX) through comparison of metabolomic profiles in response to ENO2 knockdown
by shRNA (Extended Data Figure 9). Utilizing the same doxycyline inducible ShRNA
system that we employed previously3, we performed polar metabolomic profiling in
response to ENO2 knockdown in D423 ENOI-deleted and D423 ENO1-rescued cells as a
function of time after shRNA induction. The main themes we observed by small molecule
Enolase inhibitor treatment (Figure 3) were fully recapitulated by shENO2, in a manner that
was selective for ENO1-deleted versus ENOI-rescued cells (Extended Data Figure 9). Just
as with POMHEX, we observed accumulation of metabolites upstream of the Enolase
reaction, including overflow into glycolysis-associated pathways and depletion of
metabolites downstream of Enolase, such as the TCA cycle.

Antineoplastic activity of POMHEX and HEX against ENO1-deleted orthotopic tumors

We conducted safety and toxicity testing for both HEX and POMHEX in nude mice. For
administration of HEX, we first neutralized the phosphonic acid with sodium hydroxide.
Thereafter, HEX was exceptionally well-tolerated: intravenous (V) injections at 150 mg/kg
per day were tolerated for months without overt signs of toxicity such as hemolytic anemia
or loss of body weight. Without neutralization, we found that HEX was only tolerated at IV
injections up to 75 mg/kg, which is likely attributed to tissue and blood acidification. We
continued our dose escalation toxicity studies, noting the technical challenge of repeatedly
performing 1V injections at the tail vein of mice. Mice could tolerate IV injections of HEX
of up to 300 mg/kg per day with no obvious signs of toxicity. Even in the absence of ill-
effects, we note that administering 300 mg/kg of HEX to a 30-gram mouse with a plasma
volume of ~2 mL would result in a Cax Of nearly 20 mM of HEX, which is ~4-fold greater
than the concentration of plasma phosphate. Irrespective of effects on Enolase activity, such
concentrations of HEX will likely be problematic. To practically achieve higher daily doses
of HEX, slow infusion pumps could be used to spread the higher dose over a prolonged
period of time. Apart from irritations at the site of injection, subcutaneous injections of HEX
were similarly well-tolerated, with no loss of body weight or anemia at 300 mg/kg twice per
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day (600 mg/day). At 600 mg/kg twice per day (1200 mg/day), we observed loss of body
weight and subcutaneous fat. Both events were reversible upon discontinuation of HEX,
testifying to its safety. In contrast, the toxicological profile of POMHEX was quite different.
Intravenous injections were consistently tolerated without hemolytic anemia up to 10
mg/kg/day (Supplementary Figure S1), with the maximum single tolerated dose at 30
mg/kg. However, at these higher doses, we observed loss of body weight and subcutaneous
fat, which were reversible upon drug discontinuation.

Having established the toxicological profiles of HEX and POMHEX, we then tested their
anti-neoplastic effects in intracranial orthotopic ENOI-deleted tumors generated from the
same D423 glioblastoma cell line used in our in vitro experiments. D423 ENO1-deleted
glioma cells were implanted in the left ventricle area of nude (FoxnZ™/n¥) micel”; tumors
become T2-MRI detectable around 20-30 days post-implantation. Tumor-bearing mice were
then sorted into treatment and control groups see Reporting Summary. Mice were treated
daily for 1 week with both IV and intraperitoneal (IP) injection of either HEX (150 mg/kg in
PBS) or POMHEX (10 mg/kg in PBS). After 1 week, tumor volumes in the experimental
and control arms were measured via T2-MRI. Thereafter, mice were sacrificed for
biochemical profiling of pharmacodynamic target engagement markers.

We found that the 1 week treatment resulted in statistically significant attenuated tumor
growth compared to non-treated controls (Figure 4a,b). Consistent with our /in7 vitro
observations, post-mortem analysis of pharmacodynamic engagement markers revealed
statistically significant elevations in 3-PG and glycerate compared to non-treated controls
(Figure 4c, d). We also performed long-term treatment experiments (>2 weeks) and found
complete eradication of ENO1-deleted tumors without recurrence after treatment
discontinuation (Figure 4m-p). Overall, all tumor-bearing mice in treatment arms across all
experiments showed inhibition of tumor growth in response to either HEX or POMHEX
(Figure 4a,b,m,n,o0,p). For the long-term treatment experiments, complete tumor eradication
was observed and complete cures were observed in the 3 out of 5 POMHEX treated mice
and in 1 out of 6 HEX treated mice (Figure 4p). The anti-neoplastic effects of Enolase
inhibitors against intracranial tumors were independently verified with an independent
ENOI-deleted glioma cell line, Gli56 (Figure 5). We found that treatment with HEX yields
near complete growth suppression (Figure 5a—f), with subsets of tumors showing frank
tumor regression (Figure 5f). Even when combined with Avastin, which re-seals the
breached blood brain barrier (BBB), HEX was still capable of exerting anti-tumor effects.
(Figure 5g). These data show that the anti-neoplastic effects by HEX do not depend on a
breached BBB.

We then evaluated the ex-vivo pharmacology for POMHEX and HEX (Figure 6, 7). In
accordance with the extensive literature on POM pro-drugs!318, we found that POMHEX is
rapidly hydrolyzed to HemiPOMHEX in mouse plasma ex-vivo, with a half-life of
approximately 30 seconds (Figure 6a). In sharp contrast, the half-life in human blood ex-
vivo was about 9 minutes. Such pronounced discrepancy in drug metabolism has previously
been reported for other POM-containing phosphonate pro-drugs and is attributed to the
significantly higher level of carboxylesterase activity in mouse plasma compared to primates
and humans!®-22, Pharmacokinetic (PK) analysis in vivo following single IV or IP injections
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of POMHEX in mice concur with the corresponding ex-vivo data: intact POMHEX was
found to be below quantitative levels in mouse plasma, while both HemiPOMHEX and HEX
were readily observed (Figure 6b). In general, much like the esterase-labile pro-drugs of
Adefovir and Tenofovir, POMHEX would likely have a more favorable pharmacological
profile in humans compared to rodents.

We also performed post-mortem metabolomic analysis on the organs of mice treated with
IV/IP injections of POMHEX to characterize the pharmacodynamic profile of POMHEX.
Rapid hydrolysis by plasma carboxylesterases resulted in disproportionate accumulation of
HEX and greatest degree of Enolase inhibition in the heart (Figure 6¢), as indicated by
elevations in 3-PG and glycerate (Figure 6d). Given its exceedingly short plasma half-life,
the consequently steep concentration gradient away from the site of injection and
accumulation in the heart is unsurprising. Both tail vein and IP-injections of POMHEX must
traverse through the circulatory system before reaching the tumor (Figure 6¢). Thus, only a
small fraction of initially injected POMHEX ultimately reaches the tumor. Even in spite of
its poor pharmacology, POMHEX is still capable of curing intracranial tumors due to the
greater-than-100-fold sensitivity of ENOI-deleted glioma cells to Enolase inhibition. It is
also possible that anti-neoplastic activity may also be mediated by HemiPOMHEX and HEX
—both of which are active against ENOI-deleted cells in culture (Figure 2b—d), with the
latter being active against ENOI-deleted intracranial tumors, though at higher doses than
POMHEX (Figure 4,5).

The absence of any carboxylesterase-labile moieties on HEX rendered a much more
favorable pharmacodynamic profile when administered at doses 15 times higher than
POMHEX. Lactate levels were not significantly decreased in any organ or in plasma and
glycerate accumulations were found exclusively in the brain (Figure 6d). Notably, ENO1-
deleted brain tumors showed a similar degree of elevation in 3-PG and glycerate for (higher-
dosed) HEX as for POMHEX (Figure 6d). These data are particularly striking, as HEX is a
highly polar, anionic molecule that is unlikely to permeate an intact BBB. While breached
BBBs are characteristic of GBM?23, our experiments examining the effects of Avastin on
HEX treatment strongly suggest that HEX does not permeate intracranial tumors through a
breached BBB (Figure 5). Avastin is an anti-angiogenesis monoclonal antibody that seals
and thus decreases the permeability of the BBB24 (Figure 5).

HEX most likely reaches the brain and brain tumor by permeating the blood/cerebrospinal
fluid barrier, which is known to allow small, highly polar drugs, such as Fosfomycin, to pass
through fenestration in the endothelial cell layer?®. Fosfomycin, a close structural analogue
to HEX, is present at a 1:10 plasma to cerebrospinal fluid barrier ratio?6:27. As HEX induces
brain-specific elevations in pharmacodynamic markers of Enolase inhibition (Figure 6d)
strongly suggests that it indeed permeates the brain to exert its anti-neoplastic activity. These
data suggest that greater on-target, selective inhibition of Enolase in the brain can be
achieved with HEX, compared to POMHEX.

High exposure and favorable safety profile of Enolase inhibitors in primates

Having established the safety and efficacy profiles of both HEX and POMHEX in murine
models, we then tested their toxicity and PK profiles in the non-human primate model
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(NHP) Cynomolgus. (Figure 6, 7, Extended Data Figure 10, Supplementary Figure S7 and
S8). Compared to our experiments in mice, we worried that POMHEX might exhibit greater
potency and toxicity in primates, as the lower carboxylesterase activity and metabolic rate in
the latter could result in longer drug half-life and higher drug exposure. We thus began our
primate studies using a single dose of POMHEX at 2.5 mg/kg (n=3), Similar to our findings
in mice, no intact POMHEX could be detected (minimum limit of ~100 nM) even at the
earliest timepoint after injection. However, we found that both HemiPOMHEX and HEX
had 10-times longer half-lives and thus, higher drug exposure, in primates compared to mice
(Figure 6b), which is typical for phosphate and phosphonate drugs28-30,We then escalated
the 1V dose of POMHEX to 10 mg/kg, noting the absence of any significant anemia, weight
loss, or other adverse effects. Excluding values attributable to post-collection hemolysis,
blood chemistry values were normal. Escalating to 20 mg/kg was also well-tolerated
(Supplementary Figure S7). However, IV injection of 35 mg/kg of POMHEX resulted in
lethargy that prompted veterinarians to perform euthanasia. Notably, even at this high dose,
no hemolysis or anemia was evident (Supplementary Figure S7). We suspect that long-term
(>19 hours) pre-dose fasting lowered blood glucose levels in the cynomolgus monkey;
treatment with POMHEX may have led to hypoglycemia from Enolase inhibition in
gluconeogenic tissues such as the kidney and liver. As we did not expect this hypoglycemic
lethargy at 35 mg/kg of POMHEX, no contingency measures were established in the
protocol. Had we anticipated this outcome, a simple glucose infusion would have been
sufficient to resolve this issue. A similar pattern of generally favorable tolerability was also
observed for HEX. Subcutaneous injections at 100 mg/kg and 200 mg/kg were well-
tolerated without adverse events (Figure 7a—d) despite plasma exposures vastly higher than
mice, sustaining levels far higher than those required for efficacy even against ENO1-
heterozygous deleted cells (Figure 7a). Dosing at 400 mg/kg resulted in lethargy with severe
hypoglycemia (Figure 7b—d); veterinarians performed euthanasia as contingency measures
were not established in the protocol, again, presumably due to the inhibition of
gluconeogenesis. We performed repeated S.C. injection of HEX at 100 mg/kg QD and 120
mg/kg BID for 4 days and 10 days respectively. Both treatment courses were tolerated
without adverse events. Ultimately, these experiments demonstrate that therapeutically
efficacious doses of POMHEX or HEX are well-tolerated in primates. The lower activity of
carboxylesterases in primates enables longer drug exposure and perhaps decreased
organismal sensitivity to POMHEX due to slower pro-drug activation. The highly favorable
safety profile for both POMHEX and HEX coupled with longer drug exposure in primate
plasma strongly suggest that anti-neoplastic therapeutic efficacy can be easily achieved in
primates and, by extension, in the clinic.

DISCUSSION.

We have described an ENO2-preferential Enolase inhibitor that selectively kills ENOI-
deleted glioma cells in culture and exhibits robust anti-neoplastic activity against ENOI-
deleted xenografted orthotopic intracranial tumors in murine models. Due to the anionic
nature of the phosphonate moiety on HEX, we generated POMHEX, a POM-esterified pro-
drug that exhibits nanomolar potency in cell culture and is capable of eradicating ENOI-
deleted intracranial orthotopic tumors in mice at 15-fold lower than that administered for the
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non-pro-drug HEX. Indeed, POMHEX proved to be dramatically more effective than HEX
at inducing tumor regression on a per-molar basis (Figure 4). Nonetheless, HEX was quite
effective at inhibiting Enolase and tumor growth in the brain, despite its poor permeability.
Clinical effects of phosphonate drugs in brain pathologies have been reported even in the
absence of an obvious breach of the BBB31-39, The literature is also laden with examples of
evidencing the ability of low molecular weight phosphonates to permeate the blood-
cerebrospinal fluid (CSF) barrier31-35, Our findings with HEX strongly suggest that, much
like its structural relatives Fosfomycin25 and Foscarnet®2, HEX likely permeates the blood-
CSF barrier to exert its anti-neoplastic activity.

Though POMHEX is clearly capable of demonstrating anti-neoplastic activity, our /in vivo
and ex vivo pharmacokinetic studies evidence the instability of the POM pro-drug group by
the steep concentration gradient of intact drug away from the site of injection (Figure 6c¢).
Greater elevations in 3-PG and glycerate in visceral organs compared to the brain suggest
that little intact POMHEX reaches the brain. On its own, there is no obvious reason that
precludes POMHEX from crossing the BBB, with its predicted logP of 0.76, single
hydrogen bond donor, and sufficiently low molecular weight®3. Given the robust anti-tumor
activity we observe with POMHEX, it is quite possible that such effects may be attributed to
the combined penetration of HemiPOMHEX and HEX through the blood-CSF barrier.
Indeed, the challenge of extrapolating the metabolism of carboxylesterase-labile substrates
in rodents to primates lies in the 80-fold higher carboxylesterase activity in the formerl9-21,
While the instability of intact POMHEX was consistent in both murine and primate models,
our PK studies in the latter evidenced the prolonged half-life and drug exposure of
HemiPOMHEX compared to that observed in mice. Most importantly, our PK experiments
in primates showed that POMHEX was fully tolerated at and above the doses required for
therapeutic efficacy in murine models of GBM while achieving much higher drug exposures.
Thus, in spite of the sub-optimal pharmacology of intact POMHEX, our pre-clinical data
strongly suggest that Enolase inhibition would be effective against ENO1-deleted tumors in
patients. The lability of the POM group is not ideal for delivering HEX. Pro-drug moieties
with alternate mechanisms of bioactivation have been synthesized!3 and is an ongoing area
of research in our laboratory. One promising pro-drug strategy capitalizes on elevated
expression of nitroreductases under hypoxic conditions®*25, a defining characteristic of
many tumors such as GBM®®. Such application to HEX could result in a more favorable
distribution of Enolase inhibition in tumor versus surrounding tissues. Future work will be
directed towards evaluating this strategy and other bioactivation strategies as alternative pro-
drug approaches®:57:58,

While the focus of this paper is on GBM, homozygous deletion of ENOZ at the 1p36 locus
also occurs in hepatocellular carcinoma, cholangiocarcinoma and large cell neuroendocrine
lung tumors?; all poor-prognosis cancers with limited treatment options. Though we have
extensively discussed the rationale of Enolase inhibition in the context of ENOI-
homozygous deleted cancers, our data also allude to the intermediate sensitivity of ENO1-
heterozygous deleted cancer cells (Supplementary Figure S3, Extended Data Figure 4),
which can expand the application of collateral lethality in the clinic. PK experiments
indicate that drug exposures required for efficacy against ENOI-heterozygous deleted cancer
cells can be sustained in NHP even though not in mice (Figure 7a). Our data also show
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selective sensitivity in mitochondrial oxidative phosphorylation deficient cancers driven by
TCA cycle loss-of-function mutations as well as those “addicted” to glycolysis due to
mutations in VHL11:1259 (Extended Data Figure 7). Beyond these defined genomic
populations with Enolase deficiencies, unique sensitivity to Enolase inhibition has also been
documented in other genetic settings®0-61 testifying to greater utility of POMHEX and HEX.
Thus, for the first time, we have provided /n vivo proof-of-principle for the decisive efficacy
of collateral lethality through pharmacological inhibition of Enolase. Our data cement the
viability of translating our approach to the clinic and, amidst the extensive catalogue of
passenger-deleted metabolic genes in cancer, support the capability of collateral lethality to
significantly expand the scope of actionable genetic alterations for precision oncology.

Finally, the Enolase inhibitors described herein are useful tools for further probing the role
of glycolysis intermediates in metabolic pathologies beyond cancer. Investigations into
glycolysis have historically relied on 2-deoxyglucose, an early upstream inhibitor of
glycolysis. HEX and POMHEX intervene late in glycolysis, presenting opportunities to
investigate the roles of later glycolysis metabolites in glucose sensing for beta cells62 or
post-translational histone lactylation®3.

METHODS.

Chemical synthesis and quality control.

Initial syntheses of HEX and POMHEX were performed at M.D. Anderson’s
Pharmaceutical Chemistry Facility. Subsequent syntheses were contracted to WuXi Apptec,
Shanghai, China. Full synthetic descriptions are provided in Supplementary Note 1. Product
integrity was verified in-house by 1H, 31P, 13C NMR and UPLC-MS.

Enolase enzymatic activity assay and inhibitor titrations.

Enolase activity was measured i vitro using a plate reader as previously described34:64. For
Michaelis-Menten titrations, Enolase substrate concentrations were titrated from 10 mM in
2-fold dilutions.

Enolase inhibitor toxicity testing in vitro and cell lines.

Cell culture experiments to test Enolase inhibitor sensitivity were conducted in 96-well
plates. Plates were seeded at around 15% confluence. Cancer cells were attached for 24
hours and were treated with fresh media containing Enolase inhibitor. Columns 1-2 and 11—
12 were used as vehicle media only CTs. Columns 3-10 were used for drug treatment in 2-
fold concentration gradients. After 6—7 days of growth, plates were washed with phosphate
buffered saline (PBS) and fixed with 10% formalin. Fixed plates were stained with 0.1%
crystal violet55:66 and quantified by acetic acid extraction with spectrophotometric
absorption at 595 nm in a plate reader. Cell densities were expressed relative to non-drug,
media-only wells. Unless stated otherwise, all experiments were conducted in DMEM media
with 4.5 g/L glucose, 110 mg/L pyruvate and 584 mg/L glutamine (Cellgro/Corning
#10-013-CV) with 10% fetal bovine serum (Gibco/Life Technologies #16140-071) and 1%
Pen Strep (Gibco/Life Technologies#15140-122) and 0.1% Amphotericin B (Gibco/Life
Technologies#15290-018).
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The main cell line used in this work is the H423/D423-MG (CVCL_1160, Glioblastoma), a
1p36 homozygous deleted cell line that is referred to as D423 throughout the manuscript.
Details about the origin and genes deleted in the D423 cell line were given in our previous
work# as well as the ENOIZ-WT cell line LN319, a sub-clone of LN-99257 (CVCL_3958,
Glioblastoma). The isogenic control cell line, D423 ENO1, where ENOL is re-expressed
ectopically, and the ENO1-heteroyzgous deleted glioma lines D-502MG (also known as
H50268, CVCL_1162, Glioblastoma) and U343-MG89 (CVCL_S471, Glioblastoma) were
described previously3. The Gli56 cell line is a 1p36/ ENOI homozygously deleted glioma
cell line described previously and the two isogenic Gli56 ENO1 rescued cell lines one with
ENOL1 alone, and a second with rescue of both ENO1 and NMNAT1 as described
previously3. All other cell lines (NB1(CVCL_1440, Neuroblastoma), U87(CVCL-0022,
Gioblastoma), A1207 (CVCL_8481, Glioblastoma), HepG2 C3A (CVCL_1098,
Hepatoblastoma), HEK293 (CVCL_0045), SNU423, (CVCL_0366, Adult hepatocellular
carcinoma), SNU398 (CVCL_0077, Adult hepatocellular carcinoma), SK-HEP-1
(CVCL_0525, Adult hepatocellular carcinoma)) were from the MD Anderson Genomic
Medicine Cell line Core. Astrocytes are from ScienCell Research Laboratories (1800). The
cell lines were authenticated at the MD Anderson Cytogenetics and Cell Authentication
Core.

Western blots.

Cell lysates were washed in ice cold phosphate-buffered saline (PBS). They were then
collected in cold RIPA buffer with protease (Complete mini, Roche) and phosphatase
inhibitors (PhosSTOP, Roche), and then sonicated. Protein concentration was determined by
BCA assay (ThermoFisher 23227), separated by SDS-PAGE (4-12% gradient), and
transferred onto PVDF membranes using the Semi-Dry method (TransBlot turbo).
Membranes were verified for efficient transfer with Ponceau S staining. Membranes were
then blocked with 5% non-fat dry milk in TBS with 0.1% Tween 20 (TBST). Primary
antibodies were incubated overnight at 4°C with gentle rocking. They were then washed 4x
for 5 min with TBST. This was followed by secondary antibody incubation at room
temperature for 1 hour with gentle rocking. Then, the membranes washed 4x for 5 min with
TBST and incubated with ECL (ECL prime GE Healthcare (RPN2236)) or
(ThermoScientific SuperSignal West Femto (34096)). Films were exposed in a dark room
and developed following standard procedures. Antibodies used were at 1:1000 dilution in
Blocking buffer; Cleaved Caspase-3 (CST#9664), PLK1 (CST#4513), phospho-Histone H3
(S10) (Epitomics 1173-1), phospho-NDRG1 (T346) (CST#5482), phospho-C-Jun (S73)
(CST#3270), and 1:5000 dilution of Vinculin (CST#13901). ENO2 (Dako M087301-2
1:5000, Lot : 20017543); ENO1 (Abcam ab155102; 1:10,000, Lot: GR257281-15); GAPDH
( SIGMA G9545 Lot: 127M4814V); TPI1 (ProteinTech; 10713-1-AP 1:5000, Lot 1).
Secondary Antibodies were used at 1:5000 dilution, Anti-rabbit IgG HRP-linked Antibody
(CST#7074).

Experimental animals.

All experiments involving mice performed at the UT MD Anderson Cancer Center were
approved by MD Andersons’s Institutional Animal Care and Use Committee (IACUC).
Swiss nude or NSG-NOD scid female mice, 3-6 months old, were used. Mice were obtained
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from the Experimental Radiation Oncology at UT MDAnNderson Cancer Center or the
Jackson Laboratory and were housed in 12-hour light/12-hour dark cycle, in temperature
(68—72°F) controlled and humidity (30-70%) monitored rooms. Controls mice are from the
same cage as the treated mice but since they were purchased, may or may not be genetically
related (littermates). All non-human primate experiments were performed by Charles River
Laboratories as a fee-for-service. All procedures were approved by Charles River’s IACUC
committee. Male, adult cynomolgus monkeys (Macaca fascicularis), also known as crab
eating macaque, weighing between 2.5-3.5 kg were used. All animals were under
continuous veterinary supervision. All animals assigned to the study were acclimated
(restrain, dose administration, blood collection, etc.) within 2 weeks prior to dosing. All
technicians who perform relevant procedures were trained and signed off. In addition to
twice-daily health checks by the animal care staff, animals will be observed for any
clinically relevant abnormalities during dosing and at each sample collection. Animals with
clinical signs deemed by the Test Facility Veterinarian to cause pain or distress would be
euthanized or appropriate veterinary care administered based on veterinary
recommendations and in consultation with the study director. Euthanasia follows Charles
River IACUC approved protocol of overdose by Ketamine + Euthasol. After completion of
the study, animals were returned to the main colony.

Retro-orbital bleeding and hematocrit determination.

Mice were anesthetized using isoflurane. Blood was collected using heparinized
microhematocrit capillary tubes (Fisherbrand #22-362574) through retro-orbital and was
sealed with hemato-seal capillary tube sealant (Fisherbrand #02-678). First, slight pressure
was applied on the eyeball to stop the bleeding. Then, Proparcanie was applied on the eye to
decrease the pain after the procedure. The capillary tubes were spun at 1,500xg for 10
minutes. The hematocrit was calculated by dividing the measured height of red blood cell
layer by the total height of the blood.

Intracranial orthotopic tumor cell implantation.

Intracranial glioma cell injections were performed by the M.D. Anderson Intracranial
Injection Core at M.D. Anderson (Dr. Fred Lang, Director’0). Intracranial tumors were
established by injection of 200,000 cells into the brains of immunocompromised female
nude FoxnI"/"V mice ages 4-6 months, which were bred at the Experimental Radiation
Oncology Breeding Core in M.D. Anderson. The animals were first bolted (a bolt is a plastic
screw with a hole in the middle which is driven into the skull”) and allowed to recover for 2
weeks. Then, glioma cells were injected through the bolt with a Hamilton syringe. Bolting
and cell injections were performed by the M.D. Anderson Intracranial Injection Fee-for-
Service Core’®. The animals were euthanized when neurological symptoms became
apparent.

Small animal MRI and tumor volume calculation.

MRI was performed in a 7T Biospec USR707/30 instrument (Bruker Biospin MRI, Billerica,
MA) at the M.D. Anderson Small Animal Imaging Facility (SAIF), located in the same
building as our mouse colony. Animals can thus be imaged serially with minimal difficulty.
First, the animals are briefly maintained under deep anesthesia using Isoflurane. Body
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temperature was maintained with a heating blanket. Anesthetized mice were restrained using
a stereotactic holder to hold their heads. Breathing was monitored and synchronized with the
instrument. Routine tumor detection was done by T2-weighed imaging. First, a low-
resolution axial scan is taken to properly center the field. Then, a series of high-resolution
axial and coronal scans are recorded. The RadiAnt DICOM Viewer software was used for
the image analysis.

For tumor volume calculations, we use the “ellipse” command from the tool bar to circle the
tumor area in each tumor slides. The software converts the selected area from pixels to cm?.
The axial or coronal tumor volume was calculated as both the sum of tumor volumes in each
slide and the estimated tumor volume of the space in-between slides. Tumor volume for
slides were calculated as the area from the RadiAnt. For coronal slicing, a thickness of 0.75
mm was used. For axial slicing, a thickness of 0.5 mm was used. For tumor volume
estimations of the in-between slides, the average tumor area between the two slices was
multiplied by the distance between the two slices (0.25mm for coronal slicing and 0.5mm
for axial slicing). Tumor volume was then calculated as the average of coronal and axial
tumor volumes.

Polar metabolite profiling.

Culture media was removed from the plate and saved for lactate secretion determination.
Adherent cells were washed once with cold PBS and aspirated completely. Four uL of ice
cold 80% methanol were added to each 10 cm round plate. Plates were stored at =80 °C for
20 min. Cells were scraped from the plates on dry ice and transferred with the methanol to a
pre-cooled 15mL conical tube. Next, the tube was vortexed for 5 sec and spun down at
14,000xg for 5 min at 4-8 °C to pellet the cell debris. The metabolite-containing supernatant
was transferred to a clean pre-cooled 15-mL conical tube. This was then aliquoted in 1 mL
fractions in 1.5 mL Eppendorf tubes and dried in the SpeedVac. The dried metabolite
samples were run by tandem mass spectrometry (LC-MS/MS) via selected reaction
monitoring (SRM) with polarity switching for 300 total polar metabolite targets using a
5500 QTRAP hybrid triple quadrupole mass spectrometer (SCIEX). MS was coupled to a
HPLC (Shimadzu) with an amide HILIC column (Waters) run at pH=9.0 at 400 pL/min. Q3
peak areas were integrated using MultiQuant 2.1 software’?.

Xenografted mouse drug treatment with POMHEX and HEX.

POMHEX was dissolved in DMSO at 200 mM and stored at —80°C. Aliquots of POMHEX
DMSO stock were dissolved in PBS to achieve the desired quantity (typically 10 mg/kg, if
not otherwise indicated). The total volume of 200 UL PBS (<2% DMSQ) was injected
intravenously or intraperitoneally. HEX was dissolved in water to a concentration of 1M. For
administration of HEX, we first neutralized the phosphonic acid with sodium hydroxide to
generate the monosodium salt. The mouse was restrained with the Tailveiner Restrainer
(Braintree Scientific #TV-150 STD). For intravenous injections, the tail was soaked in warm
water for 1 min to stimulate the vasodilation, A 30G insulin syringe (BD #328431) was used
for injection through lateral veins.
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Seahorse glycolytic flux (ECAR) and respiratory capacity (OCAR) determinations:

The glycolytic capacity of D423 and D423 ENOL rescued cell lines exposed to POMHEX
was assessed using XF Glycolysis Stress Test Kit (Seahorse Bioscience) according to the
manufacturer protocol. Briefly, 40 x 104 cells/well were plated on a 96-well Seahorse
microplate 24 hours before the experiment. (DMEM supplemented with 10% FBS and 1 %
Pen-Strep). The medium was replaced 1 hour before the experiment with Glycolysis Stress
Test Assay Medium supplemented with 2 mM L-glutamine. Cells were then incubated at
37°C (low COy) for 1 hour. The Seahorse cartridge was hydrated for 24 hours in calibrating
solution (Seahorse Bioscience) followed by loading with POMHEX - PORT A
(concentration range from 1 uM to 0.062 pM), glucose (10 mM) - PORT B and oligomycin
(2.5 uM) - PORT C. The extracellular acidification rate (ECAR) was measured using the
Seahorse XF analyzer (Seahorse Bioscience). POMHEX was added for 150 minutes before
glycolytic capacity of the cells was assessed. After measurement, the cells were fixed for 10
minutes in 10% NBF followed by 15 minutes incubation in Hoechst 33332. The
fluorescence of each well was quantified using Tecan Infinite M200PRO Plate Reader.

Pharmacokinetic quantification of POMHEX and its metabolites.

POMHEX: 25 pL of plasma sample, including the analytical standards and quality controls
(QCs), were mixed with 200 uL of Acetonitrile. After vortex and centrifugation, 100 pL of
the supernatant was mixed with 100 pL of water for LC-MS/MS analysis. The same
procedure was followed for the preparation of cell lysate samples.

HemiPOMHEX and HEX: 50 pL of plasma sample including the standards and QCs were
diluted with 500 pL of 10 mM aqueous NH4HCO3 containing Bn-HEX (0.015 pM, internal
standard). This was then loaded onto a Waters Oasis MAX SPE cartridge (30 mg) which was
pre-conditioned with methanol (1 mL) and water (1 mL). The cartridge was washed with
water (1 mL) and methanol (1 mL). Analytes were derivatized on the cartridge with 200 pL
of 2.0 M solution of trimethylsilyl-diazomethane in hexane (TMS-DAM, Sigma Aldrich) for
1 hour to obtain TMS-derivatized Hemi-POM-HEX and HEX. The derivatized analytes in
the cartridge were eluted with methanol (1 mL), evaporated to dryness at 40°C under a
stream of nitrogen, and reconstituted with 150 pL of 0.1% FA in water/ ACN (2:1) for LC-
MS/MS analysis. The same procedure was followed for the preparation of cell lysate
samples. Samples were analyzed on an Agilent 1290 Infinity Binary LC/HTC Injector
coupled to a Sciex 5500 Triple Quadrupole Mass Spectrometer operated in positive mode.
The mass spec source conditions were set for all the analytes as the following: ion spray
voltage (5500 volts), curtain gas (35), collision gas (8), gas temperature (500°C), ion source
gas 1 (40), ion source gas 2 (60), DP (156), EP (10), CE (27), CXP (10). The LC mobile
phase A was 0.1% acetic acid-water and B was 0.1% acetic acid-acetonitrile. The LC flow
rate was 0.5 mL/min. The injection volume was 2 pL. The column temperature was set to
40°C. POMHEX was separated using a Supelco Ascentis fused-core C18 (2.7 um, 2.1 x 20
mm) column (Sigma-Aldrich, St. Louis, MO) and detected by a multiple reaction monitoring
transition (m/z 424.1>280.1). The LC gradient was 25% B (0-0.3 minutes), 25-95% B (0.3—
1.3 minutes), 95% B (1.3-1.7 minutes), 95-22% (1.7-1.71 min), 22% B (1.71-2.0 min).
Under these conditions, the retention time of POMHEX was 1.08 minutes. The method was
validated with an analytical range of 5 — 1000 ng/ml for POMHEX in untreated CD-1 mouse
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plasma. The acquired data was analyzed using Sciex MutiQuan 3.0.2 software. The TMS-
derivatized HemiPOMHEX and HEX were separated using a Phenomenex Luna C8 (3 pum,
2.0 x 50 mm) column (Torrance, CA). The multiple reaction monitoring transition was
360.4>330.1 (TMS-HemiPOMHEX), 238.1>207.0 (TMS-HEX), and 313.9>91.1 (TMS-Bn-
HEX, IS). The LC gradient was 5% B (0-0.3 minutes), 5-95% B (0.3-1.5 minutes), 95% B
(1.5-2 minutes), 95-22% (2-2.1 minutes), 22% B (2.1-2.3 minutes). Under these
conditions, the retention times were 0.97 minutes (TMS-HEX), 1.30 min (TMS-Hemi-POM-
HEX), and 1.26 min (TMS-Bn-HEX, IS). The method was validated with an analytical
range of 0.1 — 5 pM for both Hemi-POMHEX and HEX in untreated CD-1 mouse plasma.

Quantification of HEX, glucose and lactate in plasma by NMR.

Due to the toxicity of the derivatization procedure to measure HEX by mass spec, we
devised an alternative quantification method using NMR. Two hundred uL of plasma was
extracted with 2 volumes of dry ice-cold methanol incubated at —20 °C for 45 min, and the
protein precipate was separated by centrifugation (17,000 xg for 30 minutes at 4 °C). We
then concentrated the supernatant by speedVac for 4 hours and resuspended in 470 uL D,O
(Sigma Aldrich,151882) and 30 pL D,0 with 3%TPS as an internal standard (Sigma
Aldrich, 450510). We utilized a Bruker Avance 111 HD 500 MHz NMR spectrometer
equipped with broadband observe cryoprobe. For each sample, we acquired 1D 1H spectrum
(2930 pulse program), 1D 1H spectra with inverse gated 31P decoupling (zgig pulse
program) and 2D *H-31P HSQC (hsqcetgp pulse program, gpz2 %=32.40, 31P spectral
width= 40 ppm, 02p=0 ppm, cnst2=22.95 and 128 scans). We used 1H spectra to calculate
concentration of lactate and glucose with reference to the TSP peak. To quantify HEX
concentration in plasma, we utilized a 2D 1H-31P heteronuclear single quantum correlation
(HSQC) technique which benefits from higher sensitivity compared to 1D 3P NMR. Signal
form 1H-31P HSQC were projected in the 3P dimension using the “proj” commend in
TopSpin. The 15 ppm peak in the 31P spectrum appeared exclusively in HEX-treated
samples. No peaks above 6 ppm were ever observed in non-treated plasma which is
consistent with the absence of phosphonates (only phosphates) in biological samples.
Quantification was performed by integrals, with *H spectra and TSP used as reference to
calculate molarity.

PK and PD studies in non-human primates.

Animals were fasted overnight, with food returned 4 hours post injection (~12—-17 hours
fasting time in total). POMHEX was dissolved in DMSO at 100 mg/ml and prepared for
injections by dilution with normal saline to desired concentration and filtration. POMHEX
was administered at nominal doses of 2.5, 10, 20 and 35 mg/Kg as an 1V bolus dose. HEX
was dissolved in water at 150 mg/mL with pH adjusted to 7.2—7.4, and further diluted with
saline to desired concentration and filtered using 0.22 um filter before administration. HEX
was administered as a subcutaneous injection at 100, 200 and 400 mg/Kg. BenzylHex was
handled and injected same as HEX. Blood samples were collected pre-dose and post dose,
over 24 hours, for PK- hematology analysis (KoEDTA was used as anticoagulant and PMSF
(Sigma # 10837091001) as an esterase inhibitor in the collection tubes of the POMHEX
study) and clinical chemistry (serum) analysis. Blood glucose, lactate as well as Blood
chemistry and hematology vet panels were carried out at Charles River Laboratories. The
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primates’ health was monitored for 1 week in the lab for any adverse event after return to the
main colony.

Lactate secretion determinations by NMR.

Cell culture media was spun down at 14,000 g for 10 minutes at 4°C. The supernatant was
transferred to a clean, pre-cooled 50 mL conical tube. Then, 40 mL of pre-cooled methanol
was added to the 10 mL of supernatant to make a final 80% (vol/vol) methanol solution. The
mix was gently shaken and incubated overnight at —80°C. Next the mixture was spun down
at 14,000 g for 10 minutes (4-8 °C). The supernatant was transferred to a new 50 mL
conical tube and dried in the SpeedVac. The dried metabolites were re-suspended with
400uL of D20 and 50uL of D20 with TMS (ALDRICH #450510) for NMR analysis. A 500
MHz Bruker Avance Il HD NMR equipped with a Prodigy BBO cryoprobe instrument was
used. Conditioned media was supplemented with 10% D20 for signal lock and 3-
(trimethylsilyl)propionic-2,2,3,3-d4 acid standard. Lactate exhibits a highly characteristic,
strong doublet peak at 1.4 ppm in the 1H spectrum, which was quantified by integration
relative to the 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid standard at 0 ppm.

ENO2:HEX crystal structure:

Apo crystals of Human Enolase 2 were prepared using the hanging drop vapor diffusion
method at 20°C, suspending a drop containing 0.5 uL 9.1 mg mL-1 Enolase 2 and 0.5 pL
reservoir solution above a 500 pL reservoir containing 200 mM ammonium acetate, 100 mM
Bis-Tris and 18-22% (w/v) PEG 3350. Streak seeding in the same solution conditions
reproducibly produced larger crystals. The crystals were soaked overnight in 1 uL drops
containing 100 mM Bis-Tis, 200 mM ammonium acetate, 32% (w/v) PEG 3350 at pH 65,
supplemented with 2 mM HEX compound, prior to flash freezing in liquid nitrogen. An X-
ray diffraction dataset was collected at 100 K using the Advanced Light Source Beamline
8.3.1 equipped with ADSC Q315r detector. 360 images with 1° oscillation were collected,
using 1.116 A wavelength. The diffraction images were indexed and integrated using
iIMOSFLM?2 and scaled using AIMLESS"3. The X-ray structure was solved by molecular
replacement with a human Enolase 2 homodimer (PDB code 4ZCW) as the search model.
The structure was iteratively refined using Coot’* and phenix.refine’>76,

Immunohistochemistry for Markers of Proliferation and Cell Death

Tumor bearing mice were sacrificed and immediately placed in 4% phosphate buffered
formalin. Brains with xenografted tumors /n situ were dissected and sent for dehydration,
paraffin embedding and tissue sectioning was performed by M.D. Anderson’s Veterinary
Pathology Core. Slides were left to incubate at 60°C overnight, de-paraffinated with xylene
and re-hydrated with a gradients of ethanol water mixtures. After re-hydrations, slides were
subjected antigen retrieval in citrate buffer [1:100 Vector Antigen Unmasking Solution
(Citrate-Based) H-3300 250 mL] for 10 minutes at boiling temperature, followed by 30
minutes cooling. Sections were covered with a blocking buffer of 2% goat serum [Vector
S-1000 Normal Goat Serum 20 mL] in PBS [Quality Biological PBS (10X), pH 7.4 1000
mL) for 1 hour. Sections were then covered with anti-Cleaved Caspase 3 rabbit monoclonal
(Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb; CST# 9664T, Cell Signaling Techology)
in a 1:1000 dilution or anti-phospho S10 Histone H3 (Rabbit anti-Phospho Histone H3 (S10)
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IHC Antibody, Affinity Purified; Bethyl Laboratories, IHC-00061) with 2% goat serum in
PBS and left to incubate overnight in 4°C. Sections were then washed in PBS and incubated
for 30 minutes with [Invitrogen by Thermo Scientific 1X goat anti-rabbit IgG secondary
antibody, poly HRP conjugate]. After washing in PBS and Tween 20 [Fisher BioReagents
BP337-500], Sections were developed using either ImpactNOVAred (Vector Labs; yields a
red-to brown color for stain) or using EnzMet!™ (Nanoprobes #6001-30 mL; yields a black
stain). For NOVAred, slides were then counterstained using hematoxylin; for EnzyMet,
slides were counterstained with hemoatoxylin and optionally, eosin counterstain. Sections
were mounted using Denville Ultra Microscope Cover Glass (Cat# M1100-02) and Thermo
Scientific Cytoseal 60 and left to dry overnight.

Half-life comparison between HEX and other phosphonate-containing drugs.

Values used in the systematic comparison between the plasma half-lives of other
phosphonate-containing drugs and HEX were obtained from the literature#0-51,

Statistical Analysis.

Statistical significance was analyzed using Microsoft Excel version 1902 or Prism GraphPad
8. Statistical tests used are indicated in the figure legends for each experiment. Additional
information regarding statistics, software used, and study design is provided in the Reporting
Summary
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Extended Data Fig. 1. Rapid induction of anemia by non-ENO2-specific Enolase inhibitors
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a. Non pro-drugged phosphonate Enolase inhibitors were administered to mice by tail vein
IV injection at the times indicated (white arrows) to determine effects on hematocrit
(fraction of RBC / total plasma volume). Each trace represents an individual mouse treated
and sampled repeatedly over 10 days, with two animals per drug or vehicle (green).
Phosphoacetohydroxamate (PhAH; purple) caused a rapid and significant drop in hematocrit
(and visible jaundice), which is then restored to initial levels after discontinuing treatment.
PhAH is a pan-Enolase inhibitor with slightly greater potency against ENO1 over ENO2. As
ENOL1 is the sole isoform expressed in RBCs, anemia caused by PhAH is most likely due to
on-target inhibitory activity against ENO1. b. Representative capillary tube after
centrifugation from the hematocrit experiment described in a. The ratio of RBC fraction to
total blood volume is decreased in response to PhAH treatment; pale yellow plasma in the
PhAH sample indicates hemolysis. c,d. POMSF is a POM-pro-drug version of SF2312 that
was generated for in vivo testing. Mice were IV tail vein injected with either vehicle
(DMSO), POMSF, or POMHEX dissolved in PBS at the indicated doses. Capillary tubes
were used to measure percent hematocrit. c. Hematocrit was determined as a function of
time in response to Enolase inhibitors over a 10-day treatment course. Mice were
administered either DMSO (green), POMSF (blue), or POMHEX (red) for 5 days before
discontinuing treatment. Compared to the DMSO control and POMHEX, administration of
POMSF results in decreased percent hematocrit, which is then restored to initial levels after
discontinuing treatment. Significant differences by non-paired t-test with Bonferroni
correction are indicated in d. e. Representative capillary tubes from mice treated with
DMSO vehicle (left), POMSF (middle), and POMHEX (right). Note the decrease hematocrit
(red bracket) as fraction of total blood volume (black bracket) from POMSF treatment; pale
orange plasma indicates hemolysis

Extended Data Fig. 2. HEX isa substrate-competitive inhibitor with preference for ENO2
a, b. Enolase activity (1/v, y-axis) was measured spectrophotometrically /7 vitro using an

NADH-coupled assay!2, with ENO1 and ENO2 activity plotted as a function of substrate
concentration (x-axis, 1/S: 2-phosphoglycerate in mM; HEX in nM). Data were plotted as
Lineweaver-Burke with x-axis showing inverse of substrate versus inverse activity (1/V).
Each dot represents on independent biochemical rate determination. Slopes (K-apparent/
Vmax) Were re-plotted as a function of inhibitor concentration in Figure 1c. c. Enolase
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activity in lysates from ENO1 and ENO2 overexpressing D423 cells, measured as a function
of HEX concentration; 0.5 mM 2-PG substrate concentration.
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Extended Data Fig. 3. The Gli56 ENO1-homozygously deleted glioma cell lineis sensitive to
POMHEX and is pyruvate auxotrophic

Sensitivity to POMHEX was determined in additional ENOI-homozygous deleted cell line,
Gli56 (dark red) and its isogenic ENO1-rescued control34. a. Absence of ENO1 protein
confirmed by western blot in the Gli56 cell line; note levels of ENO2 are lower than in D423
(ENOI7), which is confirmed by mRNA. b, c. RNA-seq mRNA expression of ENO1 and
ENO2 in cell lines differing in ENOI-deletion status, confirming lower ENO2-expression in
Gli56 compared to D423 cell. Each point represent one biological replicate, means are
shown, n number is indicated for each cell line. d. GIi56 (dark red) is selectively sensitive to
POMHEX compared to its isogenic ENOI-rescued control® (blue). Another Gli56 rescued
cell line (purple), in which ENO1 and a neighboring deleted gene, NMNATZ, are re-
expressed (generated for a separate collateral lethality project), also shows resistance to
POMHEX. Cell density was visualized by crystal violet after 14 days of growth; fresh media
(DMEM, contains 1.25 mM pyruvate) containing Enolase inhibitor was provided every 4
days (N = 4 biological replicates +/— S.EM.). In contrast to the D423 cell line, Gli56 cannot
be grown in pyruvate-free DMEM media, likely due to lower level of residual ENO2
expression. e, f. Gli56 ENOI-deleted, but not Gli56 ENOI-rescued cells, can grow in
pyruvate-free DMEM. g, h. D423 ENO1-deleted cells can grow in pyruvate-free DMEM
media, but slower than D423 ENOI1-rescued or LN319 (ENO1-WT) cells. N = 8 biological
replicates, mean +/- S.E.M. P value by 2-way ANOVA are indicated.
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Extended Data Fig. 4. Relative sensitivities of glioma cell linesto the pro-drug POMHEX versus
the active Enolase inhibitor HEX

Sensitivity of a panel of glioma cell lines with with varying £NO1 statuses to the Enolase
inhibitors POMHEX and HEX. ICgq values were calculated based on terminal cell density
measured by crystal violet. D502 and U343 are ENOI-heterozygous deleted cell lines
(~50% total Enolase34). Consistent with our previous reports for pan-Enolase inhibitors34,
ENOI-homozygous deletion confers the greatest sensitivity to HEX, while ENO1-
heterozygous deletion status shows intermediate sensitivity. While sensitivity to HEX is
dependent on ENOI-deletion status, the sensitivity to POMHEX like depends not only on
ENO1-deletion status but also expression of pro-drug bioactivation enzymes that transform
POMHEX into active HEX enolase inhibitor (carboxylesterases, CES and
phosphodiesterases, PDE). On average, the potency of POMHEX is ~75-fold greater than
HEX though with substantial variation across cell lines. D502 is considerably more sensitive
to POMHEX than U343 (ICsq 82 vs 559 nM), yet U343 is more sensitive to HEX than D502
(ICs0 19,723 nM vs 28,756 nM). This can be explained by higher levels of expression of
pro-drug activating enzymes in the D502 glioma cell line result in greater sensitivity to
POMHEX as compared to U343. Identification of the specific genes responsible, and their
expression could be used for patient stratification, expanding the utility of Enolase inhibitors
beyond those with ENOI-homozygous deletions.
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Extended Data Fig. 5. ENO1-deletion status predicts sensitivity to Enolaseinhibitorsin glioma
sphere- forming cells (GSC)

GSCs and omics data were kindly shared by the Lang lab®10. a. Copy number variation at
the 1p36 locus identifies GSC296 (red) as ENO1-homozygous deleted and GSC231, 268,
275, 289 as heterozygous deleted (pink). Dark blue regions represent bi-allelic
(homozygous) deletion, while light blue regions correspond to mono-allelic loss. b.
Confirmed lack of ENO1 expression by western blot in GSC296 (red), with corresponding
levels of ENO2 shown. The western blot analysis for GSC296 was performed at least 3
times with similar outcomes. c. RNA-seq mRNA expression of ENO1 (bottom) and ENO2
(top) in ENO1-homozygous deleted and heterozygous deleted GSCs, confirming lack of
ENOL1 expression. Each bar represents one biological replicate. d,e. Sensitivity of GSCs
with varying ENO1-deletion status to POMHEX. Dissociated GSCs were seeded in 96-well
round bottom-low attachment plates in duplicate and allowed to form spheroids. Spheroids
were treated with a serial dilution of POMHEX for 1 week; media was changed every 3 days
with fresh drug. Viability was visualized with 5 nM TMRE (red). TMRE was quantified by
ImageJ and expressed as a function of vehicle controls. Each dot represents one biological
replicate. GSC296 (ENO1~'") was distinctly sensitive to POMHEX. ENOI-heterozygous
deleted GSCs showed intermediate sensitivity. ENOI-WT GSCs with the lowest residual
ENO?2 expression showed the greatest sensitivity amongst ENOI-WT GSCs. Experiments
with GSC296 were reproduced independently once.
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Extended Data Fig. 6. Normal and near-normal cell lines are minimally sensitiveto POMHEX
All indicated cells were grown in RPMI and treated with a serial dilution of POMHEX for 5

days. Cell density was then quantified by crystal violet after 5 days of growth and expressed
relative to control (n = 2 biological replicates). a. A panel of hepatocellular carcinoma cell
lines (SNU-423, SNU-398, SK-HEP-1; grey) and highly differentiated, hepatoblastoma line
(HepG2 C3A,; blue) were treated with POMHEX; D423 (red) was tested as a point of
reference. The IC50 of POMHEX for most HCC cell lines is about 750 nM (grey), which is
slightly lower than that for ENOZ-WT glioma cell lines. However, the highly differentiated
cell line, HepG2 C3A, was essentially insensitive with an 1C50 >10,000 nM. This resistance
likely derives from the dependence of hepatocytes on OxPhos, with minimal requirements
for glycolysis-derived ATP (excess ATP allows for glycolysis reversal, gluconeogenesis) and
concurs with our data in NHP, which indicate no hepatotoxicity. b. HEK293 kidney cells
(grey) are immortalized, non-transformed kidney cells. Sensitivity to POMHEX was
comparable to that observed in ENOI-WT cancer cell lines. c. Non-immortalized human
astrocytes (grey) showed 1C50 of >2,500 nM to POMHEX, which is also comparable to
ENO1-WT glioma cell lines and far higher than that for ENO1-deleted D423 cells.
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Extended Data Fig. 7. Utility of Enolase inhibitors beyond cancerswith ENO1-deletions
Hyperactivation of HIF by loss of VHL tumor suppressor gene has been reported to sensitize

cells to glycolysis inhibition!2. a. Proliferation of renal clear cell carcinoma cell lines that
lack functional VHL (786-0 and RCC4, red) and isogenic rescued cell lines re-expressing
VHL (blue) was followed by Incucyte live cell imager (x-axis, time; y-cell confluence) in
response to POMHEX treatment. Each box represents one biological replicates. VHL-
deleted parental lines showed 4- to 8-fold greater sensitivity than isogenic rescued VHL
lines. b. Cell density quantified by crystal violet for the same cell lines corroborates Incucyte
live imaging data (N = 4 biological replicates, with +/- S.E.M.). IC5¢ for POMHEX in the
RCC4 line is ~250 nM and 1,000 nM in the isogenic rescued line. TCA-cycle deficiency and
defective oxidative phosphorylation by loss of function of Fumarase (FH) increase reliance
on glycolysis and sensitize to glucose deprivation!®. c. Likewise, the FA4-null renal
carcinoma cell line, UOK262, (red) shows dramatically higher sensitivity to the Enolase
inhibitor POMHEX than isogenic FH-rescued cell line control (blue). Cell density in
response to POMHEX treatment was quantified by crystal violet (N = 4 biological
replicates, with +/- S.E.M.).
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Extended Data Fig. 8. The synthetic cell permeable pyruvate pro-metabalite, methyl 2-
oxopropanoate, significantly attenuatestoxicity of POMHEX

ENOI-deleted (D423, red), ENOI-isogenically rescued (D423 ENOJ, blue), and ENOI-WT
(LN319, grey) cells were treated with POMHEX at the doses indicated (x-axis) in media
(DMEM) free of pyruvate with either (a) 2.5 mM methyl 2-oxopropanoate “methyl
pyruvate,” (b) 5 mM lactate, or (c) 5 mM acetate (d). Cell density after 5 days exposure was
determined by crystal violet staining and expressed relative to non-drug contain controls (n =
4 biological replicates as indicated, +/ S.E.M.). The ICsq for pyruvate-free media is
indicated by a dashed line, for comparison. Exogenous methyl pyruvate attenuates
sensitivity to Enolase inhibitors especially in ENO1-homozygously deleted cells (ICsq
shifted from ~20 nM to ~150 nM), but supplementation with lactate or acetate had minimal
effects. (e) Methyl pyruvate is a cell-permeable, synthetic pro-metabolite of pyruvate that
can passively diffuse into the cell without requiring monocarboxylate transporter (SLC16)
activity. It can then be hydrolyzed by intracellular carboxylesterases to release pyruvate.
While lactate and acetate could serve a similar purpose, the present data (c, d) suggest that
the rate of acetyl-CoA production by these carbon sources is insufficient to compensate for
loss of ATP and pyruvate by POMHEX-mediated inhibition of glycolysis.
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Extended Data Fig. 9. ShRNA knockdown of ENOZ2 recapitulates metabolic disruptions caused
by small-molecule ENO2 inhibitors

a. Knockdown of ENO2 by doxycycline-inducible shRNA in D423 ENO1-deleted and

ENO1-rescued cells with the same constructs and cell lines used previously3. Induction of
ShENO?2 results in ~70% decrease in ENO2-protein levels (ratios of band densities ENO2 to
TPI, loading control, are indicated). The western blot analysis was performed once with
each line representing a single biological replicate. Polar metabolites were profiled at
specific times after induction of ShENO2 with doxycycline (times indicated in x-axis, hours)
in both conditioned media (extracellular) and cell pellet (intracellular), with cells passaged

after 120 h. b. Schematic showing the Enolase reaction in the context of central carbon

metabolism and associated pathways, with metabolites altered selectively in D423 ENO1-
deleted cells in response to ENO2-knockdown. c-e. Accumulation of metabolites upstream
of Enolase in response to ENO2-knockdown in ENOI-deleted but not ENOI-rescued cells
recapitulates observation with Enolase inhibitors (Figure 4). Glycerate (c, d) was the most
significantly altered metabolite in polar metabolomic profile of conditioned media in ENO1-
deleted but not rescued cells. Intracellular glycerate levels (c) recapitulate this trend and
mirror the levels of 3-PG(e), from which it is hydrolyzed. f-j. TCA-cycle metabolites were

selectively decreased in response to ENO2-knockdown, recapitulating effects of small
molecule Enolase inhibition (Figure 4). Similar to observations with small molecule Enolase
inhibition, hexosamine biosynthesis pathway (HBP) metabolites increase in response to
ENO2 knockdown. k-I. Each bar represents one biological replicate. 2 values from T-test of
the log of the normalized values of each biological replicate are indicated.
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Extended Data Fig. 10. Phosphonate-containing drugs show similar, species-specific
pharmacokinetics

The PK properties of phosphonate containing drugs have been well-studied in diverse model
species as well as human patients and exhibit remarkable similarity, despite extensive
chemical diversity. The very similar PK properties of these diverse drugs, derives from the
fact their physiochemistry and pharmacokinetics are predominantly dictated by the
negatively charged phosphonate group, conferring water solubility and limited protein
binding. This water solubility means that drugs distribute with water and are cleared by a
predominantly renal mechanism. Renal excretion is passive glomerular filtration and active
tubular secretion, which can be modulated by drugs like Probenecid“®. Rodent species
rapidly eliminate phosphonate drugs, with >95% of injected drug excreted unchanged within
1 hr. In non-human primates, half-lives are typically 10-times longer, and in human patients
even more so0. This copious body of PK data provides a guide towards predictions of how
HEX might behave in human patients. The comparison with fosmidomycin is especially
informative as it is nearly identical, except for 1 C-C bond, to fosmidomycin. The
elimination half-life of HEX in rodents and NHP falls very much in line with other
phosphonate drugs and allows reasonable confidence in PK prediction in other models
(canines) and in human patients. N/A = data not found in the literature.
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a. Cells with ENO1 homozygous deletions (e.g. D423) are highly dependent on ENO2 to

perform glycolysis, as indicated by the ENO2 CERES score. Plot adapted from the Cancer
Dependency Map. b. Timeline on the development of ENO2-specific Enolase inhibitors. c.
HEX displays ~4-fold specificity for ENO2 over ENO1 despite their structural similarities.

Co-crystal structure of HEX and ENO2 (PDB: 5IDZ) indicates that the carbonyl and

hydroxamate are crucial for chelating to the active site Mg2* while the anionic phosphonate
forms a salt bridge with R372. HEX shows competitive Michealis-Menten kinetics; plot of
apparent Km/Vmax (from Supplementary Figure S1) as a function of HEX concentration (x-
axis) for ENO1 and ENO2. d. HEX was modified with POM pro-drug groups to enhance its
cell- and blood-brain-barrier permeability.
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Figure 2. POMHEX isa potent pro-drug inhibitor of ENO2.
a. Proposed mechanism of bioactivation. Hydrolysis of the first POM group occurs through

carboxylesterases while hydrolysis of the second POM group occurs through
phosphodiesterases. b-d. POM groups improve the cellular permeability of HEX as
indicated by left-shift in 1Cggs for HemiPOMHEX and POMHEX. POMHEX is > 40-fold
more potent than the non-pro-drug HEX (b versus d). Selective action against ENO1-deleted
cells (D423, red) over ENOI-isogenically rescued (D423 ENO1, blue), and ENOI-WT
(LN319, grey) cells is maintained. Number of independent experiments (n) is indicated in b
and d for each cell line, mean £SEM are shown. e. POMHEX selectively induces cell death
against ENO1-deleted cells. Each data point represents a single biological replicate (n=4
experiments) of propidium iodide-positive cells relative to CT in ENOI-deleted (D423, red),
ENO1-isogenically rescued (D423 ENOL, blue), and ENOI-WT (LN319, grey) cells. f.
D423 ENOI-null and D423 ENO1-rescued glioma cells were treated with HEX (orange
bars, 200 uM) and POMHEX (red bars, 78 nM). Cells were treated for 8 hours and ATP was
measured with the cell titer glow assay. Individual data points and the mean + S.E.M. of n =
12,6 (CT) and n = 6 (HEX, POMHEX) biological replicates are shown. Significant
differences are indicated, using 1-way ANOVA with Tukey’s Multiple Comparison Test.
***P<(0.001. g,h: The effect of HEX and POMHEX on glycolytic flux was quantified by
extracellular acidification rates (ECAR) in ENOI-null (D423, red bars) and isogenic ENOI-
rescued cells (D423 ENOL, blue bars). Individual data points and the mean + S.D.of n =7
(CT) but n=3 for ENOI-rescued cells (CT) in g and n=4 (HEX, POMHEX treated)
biological replicates are shown. Significant differences are indicated, ***/<0.001 ANOVA
with Tukey’s Multiple Comparison Test.

Nat Metab. Author manuscript; available in PMC 2021 May 23.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Linetal. Page 35

f Glycolysis
D423 D423 ENO1 LN319
ENO1-rescued| ENOT-WT)
a (ENOT-1) ¢ J ¢ ) Otgone
kDao—-.S 0 0 228 0 0 ® 28 0 HBP Siucose-B-phosphat o
Cleaved 20— : | — n Non-oxidative PPP
Caspase-3 15— — . ¢
PLK1 59— = —_ + n Ribulose-5-phosphat
Glycerol-3- Fructose RO ESE
pHistone H3 15— it —_— e e— ———— phosphate 1,6-biphosphate ‘ tiate
o - . it + i
pNDRG1 | | ememm | N-Acetylglucosamine
phospho- 1-phosphate - '
o o~ e s 0 N eSS ! 1,3-bisphosphoglycerate 5-phosphoribosyl-1-pyrophosphate
it UDP-N-Acetylglucosamine
Vinculin 350 -
D-sedoheptulose-7-phosphate
b ~ v N-Acetyl-glucosamine e * D-erythrose-4-phosphate
v Glycerate ryt phospl
E v 10 -
Q v ”
= v
2 P ENOLASE @ TCA Cycle
8
g a-Ketoglutarate
. ol ol ; i
0 15 45 90 180360720 0 0 15 45 90 180360720 0 0 15 45 90 180360720 0 ¢< ADP +Pi Jegcitiate
= ATP <
c £ 20 POMHEX (nM) b POMHEX (nM) sioi POMHEX (nM) et A\
2 v Lactate « lrate
= 2000 2000 2000
s T~ r >
g te00 1500, 1500 AR Himarats
8 1000 1000 1000 v A
S Malate
(—;' 500 500 500
od 0125 55 on a5 an wE ek oS led ol an ed 6E ek am 0D
0 15 45 90 180360720 0 0 15 45 90 180360720 0 0 15 45 90 180360720 o Relative Abundance
d 2 25 POMHEX (nM) 26 POMHEX (nM) 2 POMHEX (nM) [===C"
§ 20 30 20 v Decrease Increase
S as{v v 15 15 v vy .
]
2 ol P v ¢ ¥ 45 P Glycolysis Stress TCA
s v v
2 o5 05 05
£ el ] I s L] i pezaenor-o| | Il T T DR T W [ [ [ [ (M|
o s 45 90 150360720 0 O G 15 45 0 180360720 § " 0 15 45 90 180360720 o D502 (ENOT1 +/-) ---.- ----- -.- -.
e POMHEX (nM) POMHEX (nM) POMHEX (nM) U343 (ENOT +/-) || HEErE Bl
Rl el 1000 D423 ENO1 (ENO1 tg)
g 20 800 LN319 (ENO1 +/+) |
J 600 600 . oo 0o o 2 © = 2 o 2 o9
£ 500 ?Nﬂanﬂ.‘t(q‘%%%qgg%%gi.s%&%ﬁﬁgﬁﬁﬁi
= 400 400 w o o [ O © < v 8 6 5Ec £2 5 c 3
z © a8 % ¢ <& 204655 DI %C'GC,UEEO
ol ] b S k) = S
°8c I°5238L"°RF "ii §:
ol o o S o Q o
0 15 45 90 180360720 ¢ 0 15 45 90 180360720 0 0 15 45 90 180360720 0 = o
POMHEX (nM) POMHEX (nM) POMHEX (nM)

Figure 3. POMHEX selectively induces energy stress, inhibits proliferation, and triggers
apoptosisin ENO1-deleted glioma cells.
ENOI-deleted (D423, red), ENOI-isogenically rescued (D423 ENO1, blue), and ENOI-WT

(LN319, grey) glioma cells were treated with the Enolase inhibitor POMHEX for 72 hours.
Cells were harvested for protein lysates and polar metabolites. a. ENO1-deleted cells
experience dose-dependent increase in stress response markers (phosphorylated T346
NDRG1, S73 c-Jun), decrease in proliferation (phosphorylated Histone H3, PLK1), and
increase in cell death (cleaved caspsase-3), as indicated by western blot. Such effects are
exclusive to ENO1-deleted cells (left, red) and are absent in ENOI-WT cells (middle, blue;
right, grey). b. Lactate levels were measured by TH NMR with the integral of 1.34 ppm
doublet normalized to 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid standard and expressed as
% of CT [(n=2(CT), mean of n=1 (treated biological replicates)]. A dose-dependent decrease
in lactate levels is unique to ENOI-deleted, but not ENOI-WT, glioma cells. c. Glycerate
levels were used as a marker of Enolase inhibition and were measured by mass spectrometry.
Values are expressed as % of CT [(n = 4(CT), mean of n = 2 (treated biological replicates)].
A dose-dependent increase in glycerate levels was observed in ENOI-deleted but not ENOI-
WT glioma cells. d-e. Phosphocreatine/creatine ratio and pyrophosphate (PPi) levels
quantified via mass spectrometry were used as measures of energy stress. The dose-
dependent decrease in phosphocreatine to creatine ratio (d) and increase in PPi (€) in
response to POMHEX treatment is specific to ENO1-deleted glioma cells. Both
measurements are expressed as a % of CT [N = 4(CT), mean of N = 2 (treated biological
replicates)]. f. Treatment with POMHEX results in depletion of anaplerotic substrates. Top:
metabolic map showing relative increases (red) and decreases (blue) of relevant metabolites
in glycolysis, hexosamine biosynthesis pathway, non-oxidative pentose phosphate pathway,
and TCA cycle in ENO1-deleted (D423) cells. Bottom: heat map of relevant metabolites in
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ENOI-deleted (D423), ENOI-heterozygous deleted (D502, U343), and ENOI-WT (LN319)
glioma cells. A decrease in TCA metabolites is observed across all cell lines treated with
POMHEX, Relative abundance is expressed as area-under-the-curve calculations of
metabolite levels obtained from dose-response POMHEX treatment.
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Figure 4. Target engagement and Anti-neoplastic effects of Enolase inhibitorsin vivo.
Intracranial tumors were generated by implantation of D423 (ENOI-deleted) glioma cells in

nude immunocompromised mice. Tumor progression was followed by T2-MRI. a,b Tumor
volumes (mm3) and percent changes calculate in response to 1-week treatments. a: tumor
volume changes for non-treated controls (n=5), HEX-treated (150 mpk 1V + 100 mpk IP,
n=5) and POMHEX-treated (10 mpk IV + 10 mpk IP, n=5) tumor bearing mice (b: tumor
volume changes, for non-treated animals (n = 3), HEX (150 mpk IV + 450 mpk S.C., n = 3)
and POMHEX (10 mpk IV + 10 mpk IP, n = 5) treated for 1-week. Animals were sacrificed
after 7 day treatment for evaluation of pharmacodynamics metabolites (c,d) (n = 5 individual
data points, see Reporting Summary) and immunohistochemistry staining (a-d) Mean + S.D.
are shown, One way ANOVA, with Dunnett’s multiple comparison test used, P-values are
indicated. (e-}). Representative images of tissue sections of HEX and POMHEX treated
tumors are shown. Black size bar, 100 um. Counts of p-H3 and CC3 positive cells per 100X
section are summarized in k and |. Markers of proliferation (phospho-H3, black stain, blue
arrows, k) and cell death (cleaved caspase 3; Red brown stain, red arrows, |). (CT, HEX,
POMHEX n= 17, 8, 6 and n= 47, 33, 27 fields, mean £ S.E.M.). Brown-Forsythe and Wetch
ANOVA, and Uri-Wiggins multiple comparisons test, with individual variance was used
Adjusted P<0.0001; is indicated as ***). Tumor formation was also followed by T2-MRI in
the with long term treatments (m-0). While tumor growth inexorably increases in non-
treated controls (o), treatment with HEX (75 mg/kg 1V and 75 mg/kg IP, m) or POMHEX
(10 mg/kg 1V + 10 mg/kg IP per day, n) yielded tumor regression to the point of negligibility
(Day 50). After treatment discontinuation, animals were effectively cured; tumors did not
recur. p. Tumor-free survival curves, with long term survivors censured after 150 days.
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POMHEX and HEX survival curves are compared to control. Pvalues for Kaplan Mayer,
with Log-rank (Mantel-Cox) test analysis are indicated.
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Figure 5. Efficacy of the phosphonate Enolase inhibitor HEX is not dependent on a breached
blood brain barrier.

Intracranial tumors were generated by implantation of Gli56 (ENO1-deleted) glioma cells in
NSG immunocompromised mice and tumor formation was followed by T2-MRI. Tumor
volume changes were calculated from stacked images (mm?3) for a vehicle-treated controls,
b HEX-treated (150 mpk IV + 150 mpk IP, 5 times/week), ¢ Avastin + HEX, and d Avastin
treated (5 mg/kg IP, twice per week). e. Intracranial tumor growth rates, (Mean +SD), with
Brown-Forsythe and Wetch ANOVA with Tamhane’s T2 multiple comparisons test with
individual variances P<0.0001 for the effect of HEX. f. Tumor volumes pre- and 2 months
post-treated with HEX and Avastin as indicated. Each trace represents one mouse. g. Gli56
intracranial tumors have extensive breach of the blood brain barrier, as shown by dramatic
T1-MRI contrast enhancement upon IV injection with negatively charged, tissue
impermeable, GADAVIST (yellow arrows). Treatment with Avastin (5 mg/kg twice per
week) for 1 week resulted in near complete loss of T1-contrast enhancement, demonstrating
restoration of the breached blood brain barrier. Tumor volume itself, as measured by T2-
MRI, was minimally altered by Avastin treatment.
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Figure 6. Ex-vivo and in vivo pharmacology of HEX and POMHEX.
a. High levels of carboxylesterase in ex vivo mouse plasma results in rapid hydrolysis of the

first POM pro-drug group. Lower levels of carboxylesterase in human blood results in a
longer half-life of POMHEX. In contrast, in cell culture media DMEM with 10% heat
inactivated fetal bovine serum (FBS), POMHEX is reasonably stable, explaining the
excellent /n vitro potency. b. Dramatically higher drug exposure in non-human primates as
compared to mice following IV injections of POMHEX. Mice (n=3; pooled) and monkeys
(n=3; pooled) were injected 1V with POMHEX at 10 mg/kg and 2.5 mg/kg, respectively.
The lower dose in monkey was in anticipation of potentially higher toxicity (which did not
materialize). POMHEX was undetectable (<50 nM) even at the earliest time point, in both
monkey and mouse experiments; at 98 nM, POMHEX was detectable 1-minute post-
injection, but at no time thereafter. The half-lives of HemiPOMHEX and HEX are both
longer in monkey (open circles) compared to mouse (shaded circles). HEX and
HemiPOMHEX were not measured at doses higher than 10 mg/kg due to the hazards
associated with the derivatization agent, trimethylsilyl-diazomethane. c. Schematic of
POMHEX in circulation when administered IP or IV in mice. Due to high levels of plasma
carboxylesterase, a gradient decrease in POMHEX away from the site of injection is
accompanied by a concurrent increase in HemiPOMHEX. d-f. Pharmacodynamic markers of
Enolase inhibition in tissues of mice treated with HEX and POMHEX. Nude mice (n =5
animals) were injected with POMHEX (10 mpk IV + 10 mpk IP; red), HEX (150 mpk IV +
150 mpk IP, orange) or DMSO (grey). After a 1-week treatment, animals were sacrificed,
exsanguinated with organs flash frozen for metabolomic profiling. Key polar metabolites are
expressed relative to a DMSO control. Treatment with HEX resulted in minimal Enolase
inhibition, POMHEX treatment resulted in substantial Enolase inhibition, as indicated by
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significant increases in 3-PG and glycerate and a decrease in lactate. Two-way ANOVA with
Bonferroni’s multiple comparison test used, adjusted Pvalues are shown and indicated as
*** if <0.001.
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Figure 7. Plasma exposure of HEX isdramatically higher in NHP compared to mice.
a, b, c Animals were fasted overnight and injected with a single dose of HEX SC. Plasma

concentrations of HEX were measured by 1H-31P HSQC (NS = 128) with a detection limit
of >1 uM. In mice, even at a dose of 400 mg/kg, HEX became undetectable 2 h post-
injection (blue). In contrast, the same dose yielded plasma concentrations of >2,000 uM in
NHP over several hours. Approximate 7n vitro 1Csq for ENO1-deleted and ENOI-intact
glioma cells are indicated (dashed lines). b,c. 1D 3P spectral projections from 1H-31p
HSQC NMR of either mouse (b) or NHP (c) plasma taken at 1- and 2 h post-injection. HEX
(6 16 ppm) and endogenous phosphate esters used as an internal reference (PE) are
indicated. d. Hematrocrit levels remain stable even with repeated injections of HEX with no
changes in body weight (3.03 vs 2.96 kg). Black arrows indicate drug injection. An initial
drop is observed 24 h after HEX injection, but this is also observed with treatment of the
inactive synthetic precursor, BenzylHEX, and normalizes thereafter. According to
veterinarians at Charles River Laboratories, this decrease in hematocrit can be attributed to
multiple blood samplings for PK studies (a, b). e. Glucose levels decrease in response to
HEX, but not BenzylHEX, treatment. Decreased glucose levels in the fasting state are most
parsimoniously explained by Enolase inhibition in liver and kidney, which attenuate
gluconeogenesis. These levels recover when food is returned, and HEX is washed out. f.
Decreases in lactate levels in response to HEX treatment concur with overall glycolysis
inhibition.
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