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The discovery, structure-activity relationships, and optimization of a novel class of fatty
acid synthase (FASN) inhibitors is reported. High throughput screening identified a
series of substituted piperazines with structural features that enable interactions with
many of the potency-driving regions of the FASN KR domain binding site. Derived
from this series was FT113, a compound with potent biochemical and cellular activity,
which translated into excellent activity in in vivo models.

Fatty acid synthase (FASN) is a key enzyme in the de novo
lipogenesis (DNL) pathway, catalyzing the synthesis of palmitate
and coenzyme A (CoA) from malonyl-CoA and acetyl-CoA. Most
normal human tissues preferentially use dietary lipids for synthesis
of new structural lipids, and de novo fatty-acid synthesis is usually
suppressed, with FASN expression maintained at low levels. By
contrast, in cancer cells, the supply of cellular fatty acids is highly
dependent on the de novo synthesis with the expression of many
of these key enzymes being elevated. As such, FASN is highly
expressed in many cancers, including glioblastoma, prostate,
ovarian, breast, endometrial, thyroid, colorectal, bladder, lung,
thyroid, oral, head and-neck, hepatocellular, pancreatic, gastric
carcinomas, melanoma, and soft tissue sarcomas.® Therefore,
FASN has been emerged as an attractive therapeutic target for
cancer drug discovery and development efforts.?

We initiated efforts to identify a novel and potent inhibitor of
FASN as a potential cancer therapeutic. A high throughput screen
of our compound collection was conducted against full length
human FASN recombinant enzyme. In this assay, the production
of coenzyme A was measured by the formation of a fluorescent
CPM-CoA conjugate from the non-fluorescent reagent 7-
diethylamino-3-(4’-maleimidyl-phenyl)-4-methylcoumarin
(CPM). Substituted piperazines, such as the racemic compound 1,
were discovered as active FASN inhibitors (ICso = 1.14 uM) with
drug-like properties (LE = 0.29, LipE = 4.0) suitable for follow-up
(Figure 1). Further biochemical characterization suggested

compound 1 was a selective inhibitor of the ketoreductase (KR)
domain of FASN (see Supplementary Material).®'12  Synthesis
and screening of the individual enantiomers of 1 identified the (R)-
isomer (2) as the more potent isomer (ICso = 1.1 pM) with the
corresponding (S)-isomer (3) showing significantly less activity
(I1Cs0 >50 uM). Compound 2 also had robust microsomal stability
when screened in mice (100% remaining after 30-minute
incubation), providing an excellent starting point for compound
optimization.
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Figure 1. Structure and activity of initial HTS hit

With the aryl acyl group at N4 and the polar alkyl acyl group at
N1, these compounds were amenable to further optimization by
taking advantage of Suzuki cross-couplings and subsequent
amide-forming reactions. In the absence of any structural
information at the outset, a ligand-based compound design
approach was undertaken. Initial efforts were focused on two
fronts: (1) varying the “left-hand side” (LHS) (as drawn) of the
molecule while maintaining the local environment provided by the
carbonyl and THF-oxygens and (2) optimizing the biaryl group on
the “right-hand side” (RHS) of the molecule.
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Table 1 summarizes our exploration of the N1 amide. We
sought to identify alternative groups that could maintain the key
interactions while removing the stereogenic center. A variety of
cycloalkyl systems were explored, with a distinct preference for
small rings. The importance of the oxygen was confirmed, as
removal resulted in almost complete loss of activity (e.g. 4). We
next explored the possibility of moving the oxygen out of the ring.
Hydroxycyclopentyl analog 5 showed no significant activity (1Cso
>50 uM), whereas hydroxycyclobutyl analog 6 (ICso = 1.8 uM)
was equipotent with the original THF analog 2.
Hydroxycyclopropyl analog 7 showed the most promise with
improvements in both potency (ICso = 350 nM) and drug-like
properties (LipE 5.3 vs 4.3 for 2) while maintaining excellent
microsomal stability. Finally, we explored opening the cycloalkyl
ring (e.g. 8); however, this change also resulted in a large loss in
potency, showing the importance of the cyclopropyl ring. The
combination of promising potency and drug-like properties, as
well as the removal of the stereogenic center (thus avoiding any
possibilities of epimerization or scrambling of stereochemistry in
subsequent steps), made the hydroxycylopropyl group a desirable
option, and this group was utilized in subsequent analogs.

Table 1. Exploration of the N1 Amide
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aIn vitro enzymatic potency was measured using a CPM assay with
full-length recombinant human FASN enzyme. Reported as mean of
at least two separate assay runs. PMouse liver microsome stability
expressed as percent remaining after 30-minute incubation.
cLipophilic efficiency = plCso(FASN)—clogP.

Our attention then turned to optimization of the biaryl right
hand side of the molecule. Initial efforts focused on substituting
the second aryl ring to alter the electronics. As shown in Table 2,
the incorporation of electron-withdrawing groups (e.g. 9-11)
afforded modest increases in potency with little impact on other
properties of the molecule. In contrast, the addition of electron
donating groups, such as in 12, exhibited decreased potency. We
also examined the impact of heterocyclic substituents, and a

variety of 6,5- and 6,6-heteroaromatic ring-containing compounds
were synthesized. As exemplified by indole analogs 13 and 14,
pyrazole 15, benzothiazole 16, as well as isoquinoline 18 and
quinolines 19 and 20, the introduction of polarity resulted in as
much as a 10-fold improvement in potency in the biochemical
assay, as well as improved properties (LipE ~ 6).

In addition to the enzymatic assay, the cellular activities of the
compounds were also measured by two cell assays. In the “C-
acetate incorporation assay, BT474 human breast cancer cells
converted “C-acetate to “C-acetyl-CoA, which was subsequently
assembled into newly synthesized radiolabeled palmitate by
cellular FASN enzyme. Therefore, this assay measured the ability
of FASN inhibitors to block FASN activity in a cellular context.
In the second cellular assay, the proliferation of PC3 human
prostate cancer cells were maintained in growth media
supplemented with 10% lipid-reduced serum (LRS) in the
presence of FASN inhibitor. . Under LRS condition, PC3 growth
has been shown to be dependent on DNL. Hence, this assay
monitored functional consequence of FASN inhibition on cancer
cells. As shown in Table 2, improvements in enzyme potency
translated into improved.cellular activity.

Based on its promising drug-like properties (LipE 6.4) and
good in vitro ADME properties, 18 was studied in a mouse oral
PK study.-Unfortunately, the compound showed very little oral
exposure (AUCo.sn= 0.1 uM*h) after a 5 mg/kg oral dose in mice
with clearance much greater than would be expected from the
moderate metabolic stability observed for the compound in mouse
liver microsomes.

Low oral exposures were found in several other compounds
possessing similar nitrogen-containing heterocycles, such as
indole 13, benzothiazole 16, and quinoline 19 (data not shown).
One factor in this low exposure was hypothesized to be
metabolism derived from aldehyde oxidase (AO), a cytosolic
enzyme expressed primarily in the liver that can hydroxylate
adjacent to an aromatic nitrogen.*>!* To test this theory, attention
was turned to the less potent phenyl analog 9 (FASN ICs, = 110
nM), featuring a di-substituted aromatic ring instead of a nitrogen-
containing heterocycle. When dosed orally in mice at 5 mg/kg, 9
exhibited reasonable drug levels (AUCo.gn= 47.6 pM*h). To
further understand this issue, several compounds were also
screened in mouse hepatocytes as well as mouse S9 fraction (a
liver fraction containing microsomal and cytosolic enzymes,
including AO, capable of phase 1 and 2 metabolism) to determine
if a better in vitro to in vivo correlation could be identified (see
Supplementary Data). Indeed, these measures did correlate much
better with in vivo results, further supporting the hypothesis. At
this stage, it was unclear if AO would be relevant in the human
system, and therefore removing this liability became an area of
focus.

Several compounds containing bicyclic heteroaromatic rings
were then synthesized, each lacking an oxidizable CH bond
adjacent to the nitrogen of the heterocycle (e.g. 22-24). Among
these, benzoxazole analog 22 was a compound with excellent
potency (FASN ICsy = 50 nM, PC3 proliferation 1Cso = 15 nM,
BT474 *C incorporation ICsy = 100 nM), low intrinsic clearance
(=7 pL/min/mg in human and mouse microsomes), and overall
excellent drug-like properties (LipE 5.9). When dosed at 5 mg/kg
PO in mice, this compound provided excellent oral exposure
(AUCq.gn= 28.7 uM*h). Unfortunately, this compound was not
well tolerated, with an MTD of less than 5 mg/ kg in mice (single
dose).



Table 2. Exploration of the Aryl substituent
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3In vitro enzymatic potency was measured using a CPM assay with full-length recombinant human FASN enzyme. Reported as mean of
at least two separate assay runs. "Anti-proliferative activity assessed in PC3 cells. Reported as mean of at least two separate assay runs.
‘The #C BT474 assay measured the potency of FASN inhibitors in blocking FASN activity as measured in BT474 cells. Reported as mean
of at least two separate assay runs. ‘Mouse liver microsome stability expressed as percent remaining after 30-minute incubation.
eKinetic solubility at pH=7.4. fCalculated logP value. &Lipophilic efficiency = plCso (FASN) — clogP.

To verify the binding mode and potentially aid in optimization
of this lead series, an X-ray crystal structure of 22 bound to a
WYME-WYKR-KR tridomain FASN construct was solved to 2.26 A
resolution (Figure 2). The compound binds to the active site of the
KR domain near the interface with the WYKR domain. A network
of key hydrogen bond interactions forms between the hydroxyl and

carbonyl of the hydroxycyclopropylamide and the KR domain
active site residues (Ser2021, GIn2031, Tyr2034). A pi interaction
is also observed between the cyclopropyl group and the
nicotinamide moiety of the NADPH cofactor, confirming the
importance of the cyclopropyl ring. The angle formed by the amide
bond between the piperazine and the phenyl places the phenyl and



benzoxazole ring system in a narrow hydrophobic channel. The
benzoxazole fills a flexible pocket at the interface of the KR and
WKR domains. The pocket is lined with a mixture of rigid
hydrophobic residues (Phe2019, Pro1264, Leu1265, Val2022) and
flexible basic residues (His1263, Argl462, Arg2026). The
residues present in this pocket explain the SAR preference for
heteroaromatic rings that could interact both hydrophobically and
through hydrogen bonding to the basic residues. The benzoxazole
in 22 fulfills these interactions including a through water
interaction to Gly2027.

NADPH

Figure 2. Co-crystal structure of 22 (2.26 A) bound to WME-WKR-
KR tridomain FASN construct (PDB code: 6NNA)

Table 3. Optimization of the Benzoxazole substituent

The initial promising potency and PK properties of 22, coupled
with the structural insights obtained from the crystal structure,
guided further optimization (Table 3). We sought to mitigate the
potential toxicity of the benzoxazole series by blocking the sites
para to the anilino nitrogen and phenolic oxygen, areas known to
form reactive metabolites.® Thus, 5- and 6-substituted
benzoxazoles were examined (e.g. 25-27, FT113). Introduction of
chloro- and fluoro-substitution had minimal effect on potency
and the overall physicochemical properties. However, some
decrease in solubility was observed for the chloro analogs. Fluoro
analogs 27 and FT113 were ultimately identified as the
compounds with the best balance of - potency and
physicochemical properties, and both were advanced to in vivo
studies.

The pharmacokinetic properties of fluoro-benzoxazoles 27 and
FT113 were assessed in mice. Upon oral dosing at 5 mg/kg in
female Balb/c nude mice, a stark contrast was observed. 5-
Fluorobenzoxazole analog 27 was not tolerated, displaying acute
toxicity after a single 5 mg/kg dose. In contrast, 6-
fluorobenzoxazole FT113 showed no acute toxicity and provided
excellent exposure when dosed orally at 5 mg/kg (AUCo.g, = 46
1M*h, see Table 4). These findings suggest blocking of the 6-
position is important to the prevention of potentially reactive
metabolites. The PK properties of FT113 were further profiled in
rats. Upon oral dosing at 5 mg/kg in male Sprague-Dawley rats,
FT113 displayed excellent exposure (AUCo..an = 440 uM*h, see
Table 4) and bioavailability (84%).
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3In vitro enzymatic potency was measured using a CPM assay with full-length recombinant human FASN enzyme. Reported as mean of
at least two separate assay runs. PAnti-proliferative activity assessed in PC3 cells. Reported as mean of at least two separate assay runs.
‘The #C BT474 assay measured the potency of FASN inhibitors in blocking FASN activity as measured in BT474 cells. Reported as mean
of at least two separate assay runs. YAnti-proliferative activity assessed in MV-411 cells. Reported as mean of at least two separate assay
runs. ¢Mouse liver microsome stability expressed as percent remaining after 30-minute incubation. fKinetic solubility at pH=7.4.

gCalculated logP value. Lipophilic efficiency = pICso (FASN) — clogP.

Table 4. Pharmacokinetic Profile of FT113 after oral dosing

Species Dose tmax Crmax AUCp.sn  Bioavailability
(mg/kg)  (h) (uM)  (uM*h) (%F)
Mouse? 5 2 8.4 46 95
Species Dose tmax Crmax AUCg24n  Bioavailability
(mg/kg)  (h) (uM)  (uM*h) (%F)
Ratb 5 3 33 440 84

aDosed p.o. in female Balb/c nude mice (n=6). Dosing formulation:
PEG400/Ethanol (9:1). "Dosed p.o. in male Sprague Dawley rats (n=3).
Dosing formulation: PEG400/Ethanol (9:1).

We investigated the in vivo potency of compound FT113 in
mouse models subcutaneously xenografted with human cancer
cell line MV-411. When the tumor size reached 130-140 mm3, the
xenografted mice were randomized based on tumor size into four
groups (N=4 mice/group) and received vehicle (9:1 (v/v)
PEG400/ethanol), or 5, 25, or 50 mg/kg of FT113 twice daily for



16 days. At 4 hour post last dose, the mice were euthanized and
the malonyl-CoA (FASN substrate) in xenograft tumor samples
was measured by LC-MS. FT113 treatment showed dose-
dependent increase of malonyl-CoA concentration in tumors in
treated vs. vehicle groups, indicating FASN inhibition in the tumor
tissue (Figure 3). In addition, treatment with 25 and 50 mg/kg of
FT113 achieved 32 % and 50% tumor growth inhibition,
respectively, vs. the vehicle group after 16-day treatment (data
not shown), suggesting that FASN inhibitors could hold promise
for activity against cancer and, as such, merit further study.

* k%

1000 7 T
1

_I_
100 J_

MalCoA Levelin MV-411 Tumor
(ng/g tumor)

Figure 3. MalonylCoA levels in MV-411 mouse xenograft model.
Athymic nude mice (n=4) were treated b.i.d. with FT113 for 16
days at the indicated doses. Tumors were collected 4 h post last
dose and MalonyICoA levels were measured by LC-MS. Error bars
represent +/- SEM. P values of * indicates p < 0.05; *** indicates
p <0.0005, as determined by one-way ANOVA vs. vehicle control.

FT113 was synthesized from readily available starting
materials according to the concise route-illustrated in Scheme 1.
Condensation of methyl 4-(chlorocarbonyl)benzoate (28) with 2-
amino-5-fluorophenol (29) in the presence of methane sulfonic
acid provided 2-arylbenzoxazole'30.in 66% yield. Saponification
with lithium hydroxide yielded. carboxylic acid 31, which was
reacted with tert-butyl piperazine-1-carboxylate under standard
amide coupling conditions to afford piperazine amide 32 in 56%
overall yield. Removal of the Boc-protecting group with
hydrochloric acid provided piperazine 33 as its hydrochloride salt
in near quantitative yield. Subsequent treatment of 33 with 1-
hydroxycyclopropane-1-carboxylic acid under amide coupling
conditions afforded the desired product FT113 in 47% yield.

In summary, we have described the discovery of a novel series
of piperazines as potent FASN inhibitors. Systematic SAR
exploration allowed for the rapid identification of the optimal
groups necessary for efficient binding. This led to the discovery
of compound FT113, which had the best balance of potency and
in vitro and in vivo PK/PD properties, enabling its use as a tool to
develop POC in models of DNL driven disease. Upon daily
dosing, compound FT113 demonstrates significant increases in
malonylCoA concentrations as well as tumor growth inhibition.
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Scheme 1. Synthesis of 2-arylisoindoline-4-carboxamides. Reagents
and conditions: (a) methanesulfonic acid, 1,4-dioxane, 100 °C, 24 h,
66%; (b) LiOH, 14-dioxane, H20, rt, 5 h, 100%; (c) tert-
butylpiperazine-1-carboxylate, EDC-HCI, HOBt, NMM, DMF, 4 h,
56 %; (d) HCI, Et.0, 18 h, 98%; (e) 1-hydroxycyclopropane-1-
carboxylic acid, EDC-HCI, HOBt, NaOH EtOH, 24 h, 47 %.
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