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SUMMARY

Inhibiting lipogenesis prevents hepatic steatosis in rodents with insulin resistance. To determine if
reducing lipogenesis functions similarly in humans, we developed MK-4074, a liver-specific
inhibitor of acetyl-CoA carboxylase (ACC1) and (ACC2); enzymes that produce malonyl-CoA for
fatty acid synthesis. MK-4074 administered to subjects with hepatic steatosis for 1 month lowered
lipogenesis, increased ketones, and reduced liver triglycerides by 36%. Unexpectedly, MK-4074
increased plasma triglycerides by 200%. To further investigate, mice that lack ACC1 and ACC2 in
hepatocytes (ACC dLKO) were generated. Deletion of ACCs decreased polyunsaturated fatty acid
(PUFA) concentrations in liver due to reduced malonyl-CoA, which is required for elongation of
essential fatty acids. PUFA deficiency induced SREBP-1c, which increased GPAT1 expression and
VLDL secretion. PUFA supplementation or siRNA-mediated knockdown of GPAT1 normalized
plasma triglycerides. Thus, inhibiting lipogenesis in humans reduced hepatic steatosis, but
inhibiting ACC resulted in hypertriglyceridemia due to activation of SREBP-1c and increased
VLDL secretion.
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Graphical Abstract

Acetyl-CoA

Kim et al. describe an inhibitor of acetyl-CoA carboxylase (ACC) 1 and 2 that reduces liver
triglycerides in individuals with fatty livers, but increases plasma triglycerides. In mice lacking
ACCs, reduced malonyl-CoA levels suppress polyunsaturated fatty acid synthesis leading to
increased SREBP-1c and GPAT1 expression, increased VLDL secretion, and
hypertriglyceridemia.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) encompasses a continuum of liver abnormalities
that includes excess triglyceride (TG) accumulation (hepatic steatosis), ballooning
degeneration, inflammation, fibrosis, and cirrhosis (Browning and Horton, 2004). Hepatic
steatosis affects ~33% of adults in the U.S. and is strongly associated with obesity, insulin
resistance, and type 2 diabetes mellitus (Browning et al., 2004). Of those individuals with
hepatic steatosis, it is estimated that ~15-20% will progress to nonalcoholic steatohepatitis,
and ~10-15% of these individuals will progress to cirrhosis (Cohen et al., 2011). Despite the
large disease burden, the only available therapy for NAFLD is weight loss and possibly
vitamin E supplementation in select individuals (Chalasani et al., 2012). Pioglitazone has
also shown promising results and reduces liver TGs and fibrosis but is not currently
approved for the treatment of NAFLD (Bajaj et al., 2003; Belfort et al., 2006; Cusi et al.,
2016; Musso et al., 2017; Promrat et al., 2004; Sanyal et al., 2010).

The underlying pathogenesis of NAFLD is incompletely understood, but the elucidation of
the underlying metabolic alterations that lead to excess TGs in liver may result in therapeutic
opportunities for treatment. Studies in animal models and humans with NAFLD have
consistently demonstrated the presence of underlying insulin resistance (Browning et al.,
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2004). Therapies that improve insulin resistance also reduce liver TGs (Bajaj et al., 2003;
Belfort et al., 2006; Khan et al., 2002; Musso et al., 2010; Promrat et al., 2004; Sanyal et al.,
2010). The molecular consequences of hepatic insulin resistance have been only partially
defined, but one key abnormality is the paradoxical stimulation of hepatic de novo
lipogenesis (DNL) in rodent models of NAFLD (Moon et al., 2012; Shimomura et al.,
1999a). In mouse models of hepatic steatosis, hyperinsulinemia increases the expression of
SREBP-1c, a transcription factor that activates all genes encoding enzymes required for the
synthesis of fatty acids and the first enzyme in TG synthesis (Horton et al., 2002;
Shimomura et al., 1999b). The genetic ablation of Scap, a protein required for SREBP
activation, ameliorated hepatic steatosis and reduced plasma TGs in rodent models of insulin
resistance and hepatic steatosis (Moon et al., 2012). These studies demonstrated that
activation of the lipogenic pathway in liver is a key metabolic alteration required for the
development of hepatic steatosis in insulin resistant states and may contribute to the
associated hypertriglyceridemia frequently associated with NAFLD.

The relative importance of activation of DNL in humans with NAFLD has been debated
inasmuch as rodents have higher absolute rates of hepatic DNL compared to humans
(Aarsland et al., 1997; Shimomura et al., 1999a; Wolfe, 1998). In addition, Parks and
colleagues (Donnelly et al., 2005) have shown that ~60% of the TG that accumulated in liver
in humans with NAFLD is derived from adipose tissue, while only ~25% is derived from
DNL. Nevertheless, it has been established that humans with NAFLD have significantly
higher rates of hepatic DNL compared to lean individuals (Donnelly et al., 2005; Fabbrini et
al., 2008; Lambert et al., 2014), thus it is possible that inhibiting DNL might reduce hepatic
steatosis in humans as it did in rodents.

DNL is carried out in the cytosol by three enzymes, ATP citrate lyase, acetyl-CoA
carboxylase (ACC), and fatty acid synthase (FASN). ATP citrate lyase produces acetyl-CoA,
the substrate for acetyl-CoA carboxylase (ACC), which produces malonyl-CoA. Fatty acid
synthase, a multifunctional enzyme, utilizes acetyl-CoA and malonyl-CoA to ultimately
generate palmitate (C16:0). ACC is the first committed enzyme in the DNL pathway and
two isozymes, ACC1 and ACC2, exist in mammals (Thampy and Wakil, 1988a, b). The two
ACC isoforms have generally been regarded as having distinct physiological roles: ACC1, a
cytosolic enzyme is committed to the rate-limiting step in DNL; and ACC2, a mitochondrial
membrane associated enzyme that generates malonyl-CoA primarily to allosterically inhibit
of carnitine palmitolytransferase (CPT-1), which is responsible for long chain fatty acid
transport into mitochondria (Abu-Elheiga et al., 2000). Based on this biochemistry, it was
expected that combined ACC1 and ACC?2 inhibition would result in reduction of DNL and
enhanced fatty acid oxidation (FAO), leading to decreased TGs in liver.

Studies in mice support the proposed benefit of ACC inhibition if confined to liver inasmuch
as germline deletion of ACC1 resulted in embryonic lethality (Abu-Elheiga et al., 2005).
ACC1 liver-specific knockout mice were generated independently by Harada et al. (Harada
etal., 2007) and Mao et al. (Mao et al., 2006). Both groups showed that the ACC1 knockout
mice fed a high sucrose diet had reduced hepatic DNL compared to controls. ACC2
knockout mice have been produced by two independent groups but with conflicting results.
Mice with the germline deletion of ACC2 generated by Abu-Elheiga ef a/. (Abu-Elheiga et
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al., 2003) had higher rates of FAO in muscle and heart resulting in lower body fat (Abu-
Elheiga et al., 2003; Choi et al., 2007). In contrast, ACC2 knockout mice generated by Olson
et al. (Olson et al., 2010) had virtually no alteration in fat metabolism (Olson et al., 2010).
Nevertheless, the combined data from the ACC knockout mouse studies suggested that a
duel inhibitor of hepatic ACCs may lower liver TGs.

In the current studies, we present findings from pharmacological inhibition of ACCs
obtained by administration of MK-4074, a potent liver-targeted inhibitor of ACC1 and
ACC2. In cellular assays of cultured hepatocytes, preclinical animal models, and clinical
studies, the administration of MK-4074 inhibited DNL and enhanced hepatic FAO.
Importantly, MK-4074 significantly reduced hepatic TG content in preclinical studies. The
goal of the current investigations was to determine whether MK-4074 reduced hepatic fat
content in humans with hepatic steatosis. The data presented confirm that inhibition of ACC
does substantially improve hepatic steatosis, even after only one month of administration.
However, an unexpected finding within this exploratory study was that liver-targeted ACC
inhibition by MK-4074 was also associated with an unexpected rise in plasma TGs.

Hepatic steatosis is commonly associated the metabolic syndrome and elevated plasma TGs
(Chalasani et al., 2012; Grundy et al., 2004). Reductions in hepatic steatosis achieved by
dietary restriction and weight loss have been associated with corresponding reductions in
plasma TGs (Cohen et al., 2011). Based on previous rodent studies in which Scap was
inhibited, the a priori expectation was that if the pharmacological inhibition of ACC reduced
hepatic TGs, it would also lead to a lowering or at least neutral effect on plasma TGs. The
unexpected finding that the reduction of hepatic steatosis by ACC inhibition was associated
with a clinically as well as statistically significant rise in plasma TGs, led to the undertaking
of a “bedside to bench” investigation to determine the underlying mechanism responsible for
this seemingly paradoxical effect.

Identification and Characterization of MK-4074, a Liver-targeted Small Molecule Inhibitor of
ACC1 and ACC2

High throughput screening for drug candidates and then subsequent medicinal chemistry
efforts on initial leads yielded MK-4074, which is a potent and specific human ACC1/2 dual
inhibitor (Figure 1A). MK-4074 strongly inhibited both ACC1 and 2 with IC50 values of
approximately 3 nM. MK-4074 is highly liver-specific because it is a substrate of organic
anion transport proteins (OATP) transporters that are present only in hepatocytes and
excretion of MK-4074 from hepatocytes into bile is dependent on the MRP2 efflux
transporter. These factors, together with low cell penetrance, imbued MK-4074 with liver
targeting. Tissue distribution studies of [14C] MK-4074 in mice indicated that MK-4074-
related radioactivity was highly localized to liver after oral administration with an estimated
liver/plasma ratio of ~33-37 at 1 and 4 hours following dosing (Figure S1).

In male KKAy mice, a mouse model of obesity, type Il diabetes and fatty liver, a single oral
dose of MK-4074 (0.3 to 3 mg/kg) significantly decreased DNL in a dose-dependent manner
with an 1Dgq value of 0.9 mg/kg 1 hour post administration (Figure 1B). In a time-course
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study, MK-4074 at 30 mg/kg P.O. reduced hepatic DNL by 83%, 70%, and 51% at 4, 8, and
12 hours post dose, respectively (Figure 1C). Single oral doses of MK-4074 at 30 and 100
mg/kg significantly increased plasma total ketones, a surrogate biomarker for hepatic FAQ,
by 1.5~3-fold for up to 8 hours (Figure 1D).

In an independent diet-induced model of hepatic steatosis, male C57BL/6J mice were fed a
high fat/high sucrose (HF/HS) diet for 7 weeks and administered MK-4074 or vehicle orally
at 10 and 30 mg/kg/day for 4 weeks prior to study. Mice fed chow and given the dosing
vehicle during the same period were compared to these groups as controls. The hepatic TG
content in vehicle-treated mice on the HF/HS diet increased 11-fold compared to mice on
chow. The HF/HS diet-induced increase in TG content was significantly reduced by 46%
and 36% in mice given MK-4074 at 10 and 30 mg/kg/day Q.D., respectively (Figure 1E and
1F).

Phase 1 Studies with MK-4074 in Healthy Subjects

Based on the success of the initial animal studies, Phase 1 studies in humans were conducted
in healthy individuals. As detailed in Experimental Procedures, research subjects had DNL
induced by oral administration of fructose loading and the rate of DNL was estimated using
a stable isotope labeling method, as described (Hudgins et al., 2000). MK-4074 administered
as a single dose of 140 mg, or as a divided dose (70 mg b.i.d.) to healthy young male
subjects resulted in inhibition of fractional DNL by approximately 96% and 91%,
respectively, relative to placebo (Figure 2A). Multiple-dose administration of MK-4074, 140
mg for 7 days resulted in maximal DNL inhibition, suggesting that maximal or near
maximal inhibition of ACC1 resulted at the evaluated doses. Fructose loading stimulates
DNL, which leads to suppressed levels of plasma ketones. To examine the potential effect of
MK-4074 on hepatic FAO, separate studies were carried out in the fasted and fed state.
Single-dose administration of MK-4074 (200 mg) to healthy subjects resulted in ~2.5-fold
increase in acetoacetate and p-hydroxybutyrate relative to placebo in the fasted state and
smaller but significant increases were measured in the fed state (Figure 2B).

Administration of MK-4074 to Subjects with Hepatic Steatosis

The Phase 1 data confirmed that MK-4074 inhibited ACC1 and ACC2 in humans, and
prompted a small study to assess the effect of 4 weeks treatment with MK-4074 on hepatic
steatosis. Thirty male or female patients between the ages of 18 and 60 (Table S1 and S2)
were randomized to: 1) twice daily 200 mg dose of MK-4074; 2) once daily 30 mg doses of
pioglitazone; or 3) placebo for 4 weeks. A pioglitazone arm was included as a comparator
since it has previously been shown to reduce liver TGs and fibrosis (Bajaj et al., 2003;
Belfort et al., 2006; Cusi et al., 2016; Musso et al., 2017; Promrat et al., 2004; Sanyal et al.,
2010). Hepatic fat content was assessed using magnetic resonance imaging (MRI) prior to
first administration and following 4 weeks of treatment. Compared with baseline
measurements, MK-4074 decreased hepatic fat by 36%, pioglitazone decreased hepatic fat
by 18% and subjects on placebo had an 8.6% increase in hepatic fat (Figure 3A, Table S3).
The difference in hepatic fat reduction between MK-4074 and pioglitazone was statistically
significant, as was the difference between MK-4074 and placebo.
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Unexpectedly, plasma TGs were significantly increased in those administered MK-4704
relative to pre-dose baseline, an effect not observed in either the placebo or pioglitazone
arms (Figure 3B). Four weeks of treatment with MK-4074 increased the mean plasma TGs
concentrations by approximately 2-fold (average baseline 170 mg/dL and at the end of 4
weeks treatment 325 mg/dl). Additional analyses of lipoproteins carried out in the MK-4074
treated subjects revealed significant increases in TGs in VLDL, LDL, and HDL, whereas no
changes were detected in the lipoproteins from pioglitazone or placebo treated subjects
(Figure 3C).

Generation of ACC1 and ACC2 Liver-specific Knockout Mice to Investigate the Mechanism
of Hypertriglyceridemia Induced by ACC Inhibition

A mouse line with floxed ACC1 allele was generated by inserting the bacterial neomycin
resistance gene (neo) flanked by loxP sites between exon 26 and 27 of the mouse Acc, and
an additional loxP site was inserted between exon 21 and 22. The construct was designed to
generate successive stop codons following deletion. The floxed ACC2 mouse line was
obtained from Jackson labs (01342, B6N;129S- Acact™L-1Lowlj3)  ACC1 and ACC2
hepatocyte-specific double knockout mice (ACC dLKO) were generated by breeding lines of
floxed ACC1 allele and ACC2 allele mice with albumin-CRE transgenic mice (Moon et al.,
2012).

To confirm ACCs were deleted, liver tissue lysates were prepared from wild type,
hepatocyte-specific ACC1 knockout (ACC1 LKO), hepatocyte-specific ACC2 knockout
(ACC2 LKO), and ACC dLKO mice. Immunoblots were performed using anti-mouse ACC1
and anti-mouse ACC?2 rabbit polyclonal antibodies that were generated using N-terminal
polypeptides of ACC1 and ACC2. As shown in Figure S2A, no ACC1 or ACC2 protein was
detected in livers of ACC1 LKO and ACC2 LKO, respectively. Similarly, neither ACC
protein was detected in livers of ACC dLKO mice.

We next confirmed that deletion of ACCs in hepatocytes reduced overall rates of fatty acid
synthesis in liver. First, /n7 vivo rates of hepatic fatty acid synthesis were measured after
injecting mice with 3H,0. Using this technique, rates of fatty acid synthesis were reduced by
80% (Figure S2B). The absolute rate of fatty acid synthesis in these studies was not zero
because the study includes whole liver, which includes cells other than hepatocytes and
tritium will label elongated fatty acids derived from the diet or made in the peripheral
tissues. Similarly, the deletion of ACC1 and ACC2 reduced malonyl-CoA levels by ~80% in
liver (Figure S2C). The residual malonyl-CoA measured was likely from non-hepatocytes
present in the whole liver homogenates. To confirm that the deletion of ACCs resulted in no
fatty acid synthesis in hepatocytes, we measured fatty acid synthesis using [3H]acetate as the
tracer in primary hepatocytes derived from ACC1 LKO, ACC2 LKO, and ACC dLKO mice.
Synthesis rates were then calculated by measuring the amount of fatty acids with 3H
incorporation at 3 hours. The deletion of both ACCs resulted in rates of newly synthesized
fatty acids incorporated into TGs and phospholipids that were below the limits of detection
in the primary hepatocytes (Figure S2D). Ketone bodies (total ketones and 3-
hydroxybutyrate) were measured in plasma as a surrogate of FAO. Total ketones and 3-
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hydroxybutyrate concentrations were 2.5-fold higher in plasma from ACC dLKO mice
compared to that from wild type mice (Figure S2E).

Consistent with previous reports, liver TG concentrations were reduced by 40% in ACC
dLKO mice fed chow (Figure 4A) (Harada et al., 2007; Mao et al., 2006). We also fed mice
a western diet for one month or a high fat diet for four months to determine if ACC
inhibition was sufficient to ameliorate the hepatic steatosis that results from these dietary
manipulations. Feeding wild type mice the western diet increased their liver TGs to ~95
mg/g and feeding the high fat diet increased liver TGs to ~80 mg/g. However, liver TGs in
ACC dLKO mice fed either diet remained less than 10 mg/g, the amount present in livers of
wild type mice fed chow (Figure 4B, 4C).

We also tested whether the deletion of ACCs was sufficient to prevent the development of
hepatic steatosis in ob/ob mice, an extreme mouse model of obesity, insulin resistance, and
fatty liver. Deletion of ACCs from ob/0b mice did not result in a change in body weight.
However, as shown in Figure 4D, deletion of ACCs from ob/0b mice completely prevented
the development of hepatic steatosis and liver TGs remained at ~10 mg/g. Loss of lipids and
smaller lipid droplets in hepatocytes as a result of deleting ACCs was also confirmed by
histological examination (Figure S3).

As was found in the human studies with MK-4074 and despite the normalization of liver
TGs in ACC dLKO mice under multiple conditions that induce hepatic steatosis, plasma
TGs levels were paradoxically increased under all conditions studied. Plasma TG levels
were markedly elevated in ACC dLKO mice fed chow, western, or high fat diets (Figure 4E—
4G). Similarly, plasma TGs from ob6/0b mice that lack ACCs were 3-fold higher than ob/0b
controls (Figure 4H). Plasma lipoproteins from wild type and ACC dLKO mice fed chow
were separated by FPLC and TG concentrations were measured. As shown in Figure 41, the
TG measured in plasma was carried in VLDL-sized particles.

To define the molecular mechanism responsible for the development of
hypertriglyceridemia, we used microarrays to identified genes with altered expression in
livers ACC dLKO mice. These studies revealed that the mRNA levels of genes regulated by
SREBP-1c were all significantly increased in ACC dLKO livers (data not shown); therefore,
SREBP-1 protein levels were measured in livers from wild type and ACC dLKO mice. As
shown in Figure 5A, the amount of transcriptionally active nuclear form and membrane
bound precursor SREBP-1 protein levels were significantly increased in livers of ACC
dLKO mice. SREBP-1c activation was also found in ACC dLKO mice fed a high fat diet
(Figure S3C), a diet that more closely recapitulates steatosis in humans. We then confirmed
the results from the microarray by measuring the mRNA levels of known SREBP-1c
regulated genes by quantitative PCR in livers from wild type and ACC dLKO mice (Figure
5B). Srebp-Icis transcriptionally activated by itself through a feed-forward mechanism
(Horton et al., 2002). Consistent with the increase in SREBP-1 protein, the mRNA levels
encoding SREBP-1c was increased ~1.8-fold. Similarly, the mRNAs levels for all
SREBP-1c-regulated genes in the DNL pathway were increased 5- to 35-fold. The mRNA
levels of an additional SREBP-regulated gene, PNPLA3, were increased ~25-to 60-fold.
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Polymorphisms in PNPLA3 have been associated with hepatic steatosis, NASH, and
cirrhosis in humans (Cohen et al., 2011).

We have shown previously that SREBP-1 is tonically suppressed by polyunsaturated fatty
acids (PUFAs) endogenously synthesized from essential fatty acids in liver (Moon et al.,
2009). One possibility for the aberrant activation of SREBP-1 was a relative reduction in
PUFAs that could result from a deficiency of malonyl-CoA in the ACC dLKO mouse livers.
Carbons derived from malonyl-CoA are required for the elongation of essential fatty acids
linoleic (C18:2, n-6) and linolenic (C18;3, n-3) to form PUFAs (Moon and Horton, 2003).
To test the possibility that ACC dLKO mice are deficient in PUFAs, we quantified the fatty
acid composition in livers of wild type and ACC dLKO mice using gas chromatography. As
shown in Figure 6A, the amount of palmitate (C16:0) and stearate (C18:0) were significantly
lower in livers of ACC dLKO mice likely as a result of the lower rates of DNL. The major
PUFAs present in wild type livers are arachidonic acid (ARA) (C20:4, n-6) and
docosahexaenoic acid (DHA) (C22:6, n-3) and both potently suppress SREBP-1c¢ (Moon et
al., 2009). The concentrations of ARA and DHA were reduced by 30% and 73%,
respectively in livers from by ACC dLKO mice.

To determine whether the relative deficiency in PUFAS was responsible for the enhanced
activation of SREBP-1, we fed ACC dLKO mice a diet supplemented with ARA and DHA
to restore these PUFASs to levels measured in wild type mouse liver. This was accomplished
by supplementing chow with 1% ARA and 0.4% DHA for 10 days. As shown in Figure 6A,
supplementation of ARA and DHA restored the levels of these PUFASs to levels that were
not significantly different than those measured in livers from wild type mice fed chow. ARA
and DHA restoration was sufficient to reduce nuclear SREBP-1 protein to levels that were
only slightly higher than that measured in wild type mice fed chow (Figure 6B). Similarly,
the MRNA levels of SREBP-1c and its regulated genes were reduced to levels only slightly
higher than that measured in livers of wild type mice fed chow (Figure 6C). It is likely that
complete normalization of SREBP-1 and target gene levels was not obtained because not all
PUFAs that were lower in the ACC dLKO livers could be re-supplemented. We next
determined whether the reduction in SREBP-1 and its regulated genes altered the
hypertriglyceridemia found in the plasma of ACC dLKO mice. As shown in Figure 6D,
plasma TG concentrations in ACC dLKO mice were normalized by PUFA supplementation
with no resulting increase in liver TGs (Figure 6E).

The above results suggested that SREBP-1 activation was required for the
hypertriglyceridemia found in ACC dLKO mice. To further explore the underlying
mechanism responsible for the hypertriglyceridemia, we first measured rates of TG secretion
in wild type and ACC dLKO mice after injection of Triton WR 1339. As shown in Figure
7A, rates of TG secretion from ACC dLKO mice were 30% higher than that measured in
wild type mice.

The TG secretion studies suggested that increased VLDL production was likely responsible
for the hypertriglyceridemia associated with ACC inhibition. This was an unexpected
finding given the marked suppression of DNL. However, previous studies have shown that a
large proportion of TGs present in VLDL are derived from fatty acids derived from the
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periphery (Donnelly et al., 2005). GPAT1 catalyzes the first committed step in TG synthesis
in liver (Gonzalez-Baro et al., 2007) and the expression of GPAT1 was significantly
increased as a result of SREBP-1c activation in ACC dLKO mice. GPAT1 could use fatty
acids derived from the periphery to form TGs for incorporation into VLDL. To determine
whether activation of GPAT1 was required for the development of hypertriglyceridemia in
ACC dLKO mice, we used siRNA to reduce the expression of GPAT1 to the level measured
in wild type mouse livers. A dose-response study was first carried out to establish the
amount of siRNA required to suppress GPAT1 mRNA levels to that present in wild type
mouse livers (data not shown). As shown in Figure 7B, injection of 7.5 mg/kg of GPAT1
SiRNA to ACC dLKO mice reduced hepatic GPAT1 mRNA levels to that measured in livers
from wild type mice. Normalization of GPAT1 expression in liver was sufficient to
completely ameliorate the hypertriglyceridemia found in ACC dLKO mice (Figure 7C). The
lowering of plasma TGs in in ACC dLKO administered the GPAT1 siRNA was not
associated with an increase in liver TGs (Figure 7D) but was associated with increased
plasma ketones (data not shown), suggesting that the FAs that were no longer secreted were
oxidized.

DISCUSSION

Using a high throughput screen for inhibitors of ACC, we identified MK-4074, a potent and
liver-specific inhibitor of human ACC1 and ACC2. MK-4074 administered to mice and
humans markedly reduced DNL and increased surrogate measures of FAO. The
administration of MK-4074 to humans with hepatic steatosis reduced liver fat on average by
36%. The reduction in liver fat was greater than that achieved by the administration of
pioglitazone and for the first time demonstrated that lowering DNL through the inhibition of
ACC effectively reduces liver TGs in humans. Unfortunately, while there was a reduction in
liver TG content, plasma TGs were significantly increased in those individuals who received
MK-4074. Studies in ACC knockout mice demonstrated the increase in plasma TGs was
secondary to a relative reduction in PUFAs, which resulted in increased SREBP-1c
activation, elevated GPAT1 expression, and increased VLDL production from liver.

High rates of lipogenesis are associated with the development of hepatic steatosis in mice
and humans (Cohen et al., 2011). Whether lowering DNL in humans could effectively
reduce hepatic steatosis in humans had not been previously demonstrated. Here, reducing
lipogenesis by inhibiting ACC led to a significant reduction in liver TGs. The positive
impact on liver TGs is likely a combined effect of reducing malonyl-CoA production
through inhibiting ACC, which not only reduces DNL but also leads to an increase in FAO
by increasing CPT1 activity.

To date, the most promising drug to potentially treat NAFLD has been pioglitazone. Several
studies have demonstrated a significant reduction in liver fat following the administration of
pioglitazone (Bajaj et al., 2003; Belfort et al., 2006; Cusi et al., 2016; Musso et al., 2017,
Promrat et al., 2004; Sanyal et al., 2010). Pioglitazone increases insulin sensitivity, which
reduces activation of SREBP-1c and subsequently lowers rates of lipogenesis in liver
(Araujo et al., 2016; Bell et al., 2012). Reduction in hepatic fat following pioglitazone
therapy appears to be associated with histologic improvement in patients with NASH.
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Whether the reduction in liver fat associated with ACC inhibition would similarly improve
histologic evidence of NASH has not yet been investigated.

The unexpected observation from the human clinical trial associated with administration of
MK-4074 was increased plasma TGs. One individual’s plasma TGs rose to over 800 mg/dl
(Figure 3B). We confirmed that the hypertriglyceridemia associated with MK-4074 was not
an unexpected off-target effect of MK-4074 but that the hypertriglyceridemia was a direct
consequence of the target engagement through studies in the ACC liver-specific knockout
mice. The ACC knockout mice also developed marked hypertriglyceridemia when fed chow
or challenged with a western or high fat diet. The underlying mechanism responsible for the
hypertriglyceridemia in ACC dLKO mice was due to loss of malonyl-CoA, which is
required to elongate essential fatty acids to form PUFAs (Figure 6A). We previously
confirmed through the deletion of ELOVLS5 that blocking endogenous synthesis of PUFAs
from essential fatty acids leads to higher levels of SREBP-1c and fatty livers in mice (Moon
et al., 2009). In ACC-deficient livers, activation of SREBP-1c induced the expression of
GPAT1, which led to increased secretion of VLDL from liver. The increased SREBP-1c
levels and hypertriglyceridemia were completely reversed in the ACC dLKO livers by
restoring PUFAs levels by dietary supplementation (Figure 6). Similarly, plasma TGs were
returned to normal levels in the ACC dLKO mice by lowering the expression of GPAT1 in
liver to levels found in wild type mice (Figure 7).

The importance of GPAT1 activation and subsequent channeling of fatty acids into TGs for
VLDL secretion is supported from previous studies in Scap deficient rodents. Inhibition of
Scap, an escort protein required for the activation of SREBPs, completely prevented the
development of hepatic steatosis in mice and hamsters but reduced VLDL secretion from
liver resulting in lower plasma TGs (Moon et al., 2012). In contrast to inhibiting ACC,
lowering lipogenesis through the inhibition of Scap lowered GPAT1 expression as a result of
the loss of SREBP-1c. The mechanism by which GPAT1 activation in the absence of ACC
activity channels fatty acids from the periphery into TGs destined for incorporation into
VLDL for secretion from liver will require additional studies.

A second potentially significant consequence of ACC inhibition for the treatment of NAFLD
is another consequence of SREBP-1c activation. SREBP-1c is the only known activator of
PNPLAS3 (Huang et al., 2010) and levels of PNPLA3 expression were increased ~20- to 60-
fold in ACC dLKO livers. PNPLAS3 belongs to a family of lipases and is located on lipid
droplets in liver (He et al., 2010; Romeo et al., 2008). A polymorphism in PNPLA3Z s
associated with the development of hepatic steatosis, NASH, cirrhosis, and hepatocellular
carcinoma in humans (Cohen et al., 2011). This polymorphism is common and found in
~49% of Hispanics, ~23% of Caucasians, and ~18% of African Americans (Romeo et al.,
2008). While the mechanism by which the PNPLA3Z polymorphism leads to NAFLD is not
understood, studies by Hobbs and colleagues demonstrated that high levels of the mutant
PNPLAZ3 protein are necessary for hepatic steatosis to develop in mice (Li et al., 2012;
Smagris et al., 2015). If this finding translates to humans, the activation of PNPLA3that
results from ACC inhibition could ultimately be detrimental even if DNL and liver TGs are
lowered in those individuals who harbor the PNPLAS3 polymorphism.
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Inhibition of DNL has also been accomplished through the inhibition or deletion of FASN.
In contrast to both ACC and Scap inhibition, liver-specific inactivation of FASN in mice
resulted in increased liver TGs (Chakravarthy et al., 2005). Semenkovich and colleagues
subsequently showed that the deletion of FASN results in the loss of an endogenous PPARa
ligand, which reduces PPARa activity and the expression of PPARa -regulated genes
involved in FAO (Chakravarthy et al., 2009). A similar loss of a PPARa ligand might be
expected in the ACC dLKO mice since flux through FASN was also inhibited. Indeed, we
found the expression of PPARa-regulated genes, mitochondrial HMG-CoA synthase,
ApoA5, ANGPL4, and CPT1a were also reduced in ACC dLKO livers as was CPT1a
protein (Figure S4A, B, C). However, unlike what was reported in livers that lack FASN,
ACC dLKO mice and humans administered MK-4074 had enhanced FAQ. The principal
difference in hepatic FAO between the FASN and ACC inhibition is that FASN knockout
livers accumulate malonyl-CoA, which limits CPT1 activity; whereas ACC dLKO livers
have low malonyl-CoA concentrations, which enhances CPT1 activity facilitating the entry
of fatty acids into the mitochondria for oxidation. Administration of a synthetic PPARa
ligand (WY 14643) to mice increased plasma ketone bodies 2-fold in wild type mice, but
they increased ~8-fold in ACC dLKO mice (Figure S4D). Administration of WY 14643 also
reduced plasma TGs in ACC dLKO mice to levels measured in wild type mice (Figure S4E).
This suggests that the TGs normally destined for incorporation into VVLDL for secretion
were oxidized once PPARa activity was restored in ACC dLKO mice, even though GPAT1
MRNA levels in ACC dLKO mice remained elevated (data not shown). As described above,
how the channeling of fatty acids between oxidation and secretion is regulated is not known
but the localization of GPAT1 to the mitochondrial membrane opens the possibility that
GPAT1 cooperates/interacts with CPT1 to regulate this channeling.

Previous reports suggested that plasma TG levels are increased following ACC inhibition.
The germline deletion of ACC2 resulted in increased plasma TGs (Abu-Elheiga et al., 2001).
It was suggested in this report that the increased serum TGs were due to the mobilization of
TGs from peripheral organs due to the lack of malonyl-CoA, although no mechanistic
studies were reported. However, a recent study by Harriman ef a/. (Harriman et al., 2016)
reported the effects of ACC inhibition in rats using ND-630, an allosteric inhibitor of ACC
dimerization. Consistent with the studies reported in this report, they found that ACC
inhibition in DIO and Zucker diabetic rats significantly reduced liver TG content but also
increased insulin sensitivity. In contrast to our studies in mice and humans, they found
plasma TGs decreased after administration of the ACC inhibitor. The reason for the
discrepancy is not clear at this time. It is possible the rat responds differently to ACC
inhibition than mice and humans, that inhibition of ACC in peripheral tissues as well as liver
results in changes that increase plasma VVLDL clearance or catabolism, or that the ND-630
does not inhibit ACC activity to the same degree as MK-4074. Additional studies will be
required to resolve this important issue.

The results reported here show for the first time that the inhibition of ACC in humans can
significantly reduce liver TGs and that alternative strategies to reduce lipogenesis that also
enhance FAO might be beneficial for the treatment of NAFLD. Unfortunately, we found
liver inhibition of ACC resulted in a relative deficiency of PUFAs, which led to the
activation of SREBP-1c, elevated GPAT1 expression, and hypertriglyceridemia. It may be
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that not all individuals with NAFLD who are administered an ACC inhibitor will manifest
significant hypertriglyceridemia and the degree of hypertriglyceridemia may be modulated
by the amount of PUFAs ingested or the individuals propensity to develop
hypertriglyceridemia; however, the resulting activation of SREBP-1c, which also induced
PNPLA3 expression could also be detrimental to those who carry the PNPLA3
polymorphism associated with NAFLD and cirrhosis. Combined, the findings of elevated
plasma TGs and elevated PNPLA3 expression likely precludes the use of a liver-specific
ACC inhibitors for the treatment of NAFLD. Although, the demonstration that inhibiting
DNL lowers hepatic fat in humans does support continued efforts to develop alternative
strategies to lower DNL for the treatment of NAFLD. One such approach could be through
the inhibition of Scap in liver, which reduces DNL but also reduces the expression of GPAT1
and PNPLAS3.

STAR METHOD

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Jay Horton (jay.horton@utsouthwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All experiments performed at Tsukuba Research Institute involving animals were
carried out in strict accordance with institutional guidelines governing the use of laboratory
animals in research and were reviewed and approved by Institutional Animal Care and Use
Committee (APS numbers 07J0040, 06J0048, 06J0091, and 07J0060) at Banyu
Pharmaceutical Co., Ltd (Tsukuba, Japan). Mice were housed at 23 °C and under a 12-hour
light cycle (7AM on, 7PM off). All animal experiments in UT Southwestern were performed
with approval of the Institutional Animal Care and Research Advisory Committee
(#2015-101135). Mice were housed at 72°F and under a 12-hour light cycle light cycle
(6AM on, 6PM off).

Mouse Studies with MK-4074—Studies were performed in male KKAy mice or
C57BL/6J mice (from CLEA Japan, Inc.). KKAy mice were fed a chow diet (CE-2, CLEA
Japan Inc.) while C57BL/6J mice were fed a high fat diet (45% fat, Research Diets D12451)
for 3 weeks prior to study. Mice were treated for 7 days with vehicle (distilled water, 0.2
mL/mouse) before MK-4074 administration to acclimate mice to oral dosing. Animals were
drug naive at the time of study. Mice were housed individually. Male KKAy mice (n=10-11/
group) were administered a single oral dose of MK-4074 (0.3 to 3 mg/kg) prior to liver slice
studies. Male KKAy mice (n=5/group) were administered a single oral dose of MK-4074 (3
to 30 mg/kg) prior to measurement of liver DNL rates. Male KKAy mice (n=8/group) were
administered a single oral dose of MK-4074 (10 to 100 mg/kg) and plasma ketone bodies
were measured at the indicated times. Male C57BL/6J mice (n=5, veh; n=10, MK-4074)
were fed chow or a high fat/high sucrose (HF/HS) diet for 7 weeks and vehicle or MK-4074
was administered orally (10 or 30 mg/kg/day) for 4 weeks prior to study.
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Ex Vivo Determinations of DNL in Mice—Male KKAy mice described above were
used to evaluate PD effects of MK-4074. To measure ex vivo hepatic DNL, MK-4074 was
orally administered to KKAy mice, and liver slices prepared immediately after dissection at
indicated time points and incubated in DMEM with 0.5 mM 14C-acetate for 60 min at 37°C.
The lipid fraction was extracted from the liver slices with CHCl3-methanol mixture (2:1) and
saponified. The radioactivity in the saponified lipid fraction was measured using a
scintillation counter.

ACC1 and ACC2 Liver-specific Knockout Mice—ACC1 floxed alleles were generated
by inserting the bacterial neomycin resistance gene (neo) flanked by loxP sites between
exons 26 and 27 of the mouse Accl gene, and an additional loxP site was inserted between
exon 21 and 22 (Figure S2). Acc2”" mice were purchased from Jackson labs. ACC1 and
ACC?2 liver-specific double knockout mice was generated by crossing Acc1?fand Acc27f
mice with albumin-CRE transgenic mice (ACC dLKO). To obtain ACC dLKO mice in ob/0b
background, ACC dLKO mice were bred with lep+/ob heterozygous mice (Jackson
Laboratory, No. 000632) to generate ACC dLKO;lep+/ob mice, which were crossed to
produce ob/06;,ACC dLKO mice. All mice were housed in colony cages with a 12 hour
light/12 hour dark cycle and fed ad /ibitum Harlan Teklad Rodent Diet 2018 prior to study.

Studies were performed using 6 male wild type and 6 ACC dLKO mice fed chow ad lib, 6
male wild type and 6 ACC dLKO mice fed a western diet ad lib for 1 month, and 6 male
wild type and 6 ACC dLKO mice fed a high fat diet ad lib for 4 months. Additional studies
were performed in 6 male ob/0b and 6 ob/06,ACC dLKO mice fed chow ad lib.

Dietary PUFA Supplementation in Mice—Purified arachidonic acid (ARA) and
docosahexaenoic acid (DHA) were purchased from Nu-Chek prep. For diet studies, each
was mixed into a powdered chow diet as arachidonic acid (1% w/w) and docosahexaenoic
acid (0.4% w/w). Wild type and ACC dLKO (n=6 per group) male mice were fed chow or
chow supplemented with 1% (wt/wt) ARA and 0.4% (wt/wt) DHA. The diet was fed to mice
for 10 days and diet synchronization performed (12 hour fast/12 hour refeeding) for the last
3 days. Mice were euthanized at the end of dark cycle of the third day of diet training. High
fat and high sucrose, western, and high fat diets were purchased from Research Diets (Cat.
No. D12451, D12079B, and D12492, respectively).

In Vivo VLDL Secretion—Wild type and ACC dLKO male mice (6 mice per group) were
fasted for 2 hours and 500 mg/kg Triton WR 1339 was injected to mouse intravenously.
After injection, blood was drawn at 0 minutes, 30 minutes, 1 hour, and 2 hours and TGs
were measured in plasma.

GPAT1 Knockdown—(E) Sequence of siGPAT1: 5’-
CACAAUAGACGUUUCUUAUCU-3’ (sense) and 5°-
AGAUAAGAAACGUCUAUUGUGCC-3’ (antisense). For /n vivo experiments, SiRNA
oligos were formulated in lipid nanoparticles (LNP) (Frank-Kamenetsky et al., 2008).
GPAT1 siRNA nanoparticles were obtained from Alnylam and were formulated as
previously described (Moon et al., 2012). Saline or siRNA nanoparticles directed against
GPAT1 (7.5 mg/kg) was administered to wild type and ACC dLKO mice (6 male mice per
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group) by subcutaneous injection. Mice were sacrificed 2 weeks after injection and livers
were harvested and total RNA extracted for quantitative RT-PCR.

Measurements of Fatty Acid Synthesis in Mice—For /n vivo studies, wild type and
ACC dLKO male mice (10 mice per group) were injected intraperitoneally with [3H] H,0O
(50 mCi in 0.2 ml of saline) and 3H incorporation into newly synthesized fatty acids were

measured as described (Shimano et al., 1996).

Human Models

DNL in Humans Given MK-4074: Healthy subjects (n=11) were administered a single
dose (140 mg), or divided doses (70 mg b.i.d.) of MK-4074 for 7 days and fructose-
stimulated DNL assay was measured with stable isotope (1:3C-acetate) as described below.

DNL was determined by incorporation of sodium [1-13C] acetate, a stable isotopic tracer,
into palmitate moiety in circulating very low density lipoprotein (VLDL)-TG. The stable
isotopic tracer was intravenously infused (9—10 mg/min/man) for 19 hours and fructose was
orally given to subjects every 30 min (~10 mg/kg/min fat-free mass) for the next 9.5 hours to
increase baseline DNL. Blood samples were obtained hourly post start of fructose
challenge. 13C-labeled palmitate in VLDL fraction was isolated from blood samples and
measured by LC/MS. The fraction of VLDL palmitate synthesized through the DNL
pathway (fractional DNL) was calculated by using mass-isotopomer distribution analysis
MIDA and the fractional contribution from DNL to the VLDL fatty acids calculated based
on the precursor-product relationship (Hellerstein, 1999; Hellerstein and Neese, 1992;
Hellerstein et al., 1996).

Plasma Ketones in Humans Given MK-4074—A single dose of MK-4074 (200 mg)
was administered to healthy subjects (n=12) after an overnight (8-hour) fast. Pre-dose ketone
bodies were obtained, followed immediately by MK-4074 dosing. Ketone bodies were then
measured under fasted state (fasted) at 2, 3, 4, 5, 6, 7, and 8 hours after MK-4074 dosing. To
determine ketone bodies under fed state (Fed), all subjects were given a breakfast at 1.5
hours after MK-4074 dosing and ketone bodies measured at 3, 4, 5, 6, 7, and 8 hours after
MK-4074 dosing.

ACC Inhibition in Humans with NAFLD—A double-blind, randomized, placebo- and
active-controlled parallel group study was designed to evaluate the effect of multiple-dose
administration of MK-4074 (or matching placebo) compared to pioglitazone (or matching
placebo), on changes in hepatic fat in subjects with elevated hepatic fat content. Thirty one
subjects were randomized to each of 3 treatment groups and thirty subjects completed the
trial: 1) twice daily 200 mg doses of MK-4074; 2) once daily 30 mg doses of pioglitazone;
or 3) placebo for 4 weeks according to a computer generated allocation schedule. One
subject withdrew from treatment with pioglitazone. Hepatic fat content was assessed using
magnetic resonance imaging (MRI) prior to first dose administration and following 4 weeks
of treatment. Thirty male subjects or female subjects (of non-childbearing potential)
between the ages of 18 and 60, and with a BMI =32.0 kg/m? were recruited for this study.
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Additional inclusion criteria include stable weight (by history) for at least 4 weeks prior to
the study and that subjects had a baseline hepatic fat content =10% (as assessed by MRI).

Subjects were pre-screened by hepatic ultrasound, and only those subjects with a rating of
'moderate’ or 'severe' steatosis on ultrasound were further evaluated by hepatic MRI.
Subjects with a serum ALT greater than the upper limit of normal range but less than 3-fold
higher than the upper limit of normal range were considered to be eligible provided that
there was no known liver disease other than fatty liver or non-alcoholic steatohepatitis
(NASH) (e.qg., cirrhosis, viral hepatitis, autoimmune hepatitis, drug or alcohol-induced
hepatitis, hemochromatosis, hepatocellular carcinoma). Subjects who had an ALT or AST =
3x the upper limit of normal range (as defined by the local laboratory) at the prestudy
(screening) visit were excluded. Subjects with a fasting plasma TGs level >600 mg/dL at
screening were also excluded. The exploratory trial was registered as NCT01431521, “Study

of Changes in Hepatic Fat Following Administration of MK-4074 and Pioglitazone

Hydrochloride (MK-4074-008).” The trial was IRB approved and informed consent was
obtained prior to enrollment. The study did include men and women but the sample size of

each was too small to determine if there is a gender related response.

Table showing baseline characteristics of those enrolled in the trial.

Drug MK-4074 P,:;Tff_a%;ir Pioglitazone Ppilé’gﬁ?;g%g Total
Overall Participants Analyzed 10 5 11 5 31
[Number]
Age [Years] Mean (Standard Deviation) 35.1(5.8) 48.0 (7.6) 43.7 (12.1) 47.8 (10.6) 42.3(10.5)
Female 0 (0.0%) 1(20.0%) 2 (18.2%) 4(80.0%) | 7(22.6%)
Male 10 (100.0%) | 4 (80.0%) 9 (81.8%) 1(20.0%) | 24 (77.4%)
The following is a detailed list of inclusion and exclusion criteria for the trial.
Inclusion Criteria
. Females must be of non-childbearing potential
. Body mass index (BMI) =32.0 kg/m?
. In good health based on medical history, physical examination, vital sign
measurements, and laboratory safety tests
. No clinically significant abnormality on electrocardiogram
. Has documented hepatic fat content >10% within 6 months of enroliment
. Maintained stable weight (by history) for at least 4 weeks
. Agrees not to initiate a weight loss program and agrees to maintain consistent
dietary habits and exercise routines for the duration of the study
. Has a rating of 'moderate’ or 'severe' steatosis on ultrasound at the prestudy

(screening) visit
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Exclusion Criteria

. Change in weight greater than 4% between prestudy visit and randomization into
the study
. History of any illness that, in the opinion of the study investigator, might

confound the results of the study or poses an additional risk to the participant
. Liver disease other than fatty liver or non-alcoholic steatohepatitis (NASH)

. Alanine aminotransferase (ALT) or aspartate aminotransferase (AST) >3x the
upper limit of normal range

. Serum triglyceride level >600 mg/dL
. History of stroke, chronic seizures, or major neurological disorder

. History of clinically significant endocrine, gastrointestinal, cardiovascular
(including congestive heart failure), hematological, hepatic, immunological,
renal, respiratory, or genitourinary abnormalities or diseases

. Had abdominal surgery, gastric bypass, bowel resection, recent liver biopsy, or
any other procedure within a minimum of 4 weeks

. History of neoplastic disease
. Claustrophobia or other contraindication to magnetic resonance imaging (MRI)
. Have not washed off agents associated with changes in hepatic fat or used for

treatment of Nonalcoholic fatty liver disease (NAFLD) or NASH for a minimum
of 3 months prior

. Consumes excessive amounts of alcohol, coffee, tea, cola, or other caffeinated
beverages
. Had major surgery, donated or lost 1 unit of blood (approximately 500 mL) or

participated in another investigational study within 4 weeks

. Significant multiple and/or severe allergies

. Intolerance or hypersensitivity to pioglitazone hydrochloride or any inactive
ingredients

. Regular user of any illicit drugs or has a history of drug (including alcohol)
abuse.

Additional details of the study can be found at https://clinicaltrials.gov/ct2/show/results/
NCT01431521?sect=X4301256#othr.

Hepatic Fat Imaging—MRI using the 3 point Dixon method was recently qualified for
use in the proof of concept study and the methods and findings have been previously
described (Mashhood et al., 2013). Briefly, the 3-point Dixon or LIPOQuant MRI methods
were both determined to be highly reproducible, accurate and suitable for multicenter trials
to assess hepatic fat fraction; however, the 3-point Dixon method is preferred because it is
simpler to implement and this approach was employed in the current study. The between-
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subject CV for the 3-point Dixon method from the pilot study (ibid) was estimated to be
32%. To evaluate changes in fat fraction due to treatment with MK-4074 or pioglitazone
compared to placebo, a parallel group study will be employed. The sample sizes per group
required to have 80% power to detect treatment effects of 20%, 30%, 40%, and 50%, with an
a=0.05 1-sided test are 37, 19, 12, and 9, respectively, assuming a between-subject CV of
32% as was observed for the 3-point Dixon method.

Measurements of Fatty Acid Synthesis in Hepatocytes—Primary hepatocytes from
wild type, ACC1 LKO, ACC2 LKO, and ACC dLKO mouse livers were prepared as
described (Matsuda et al., 2001). Each group of primary hepatocytes was prepared from 3
mice and plated in 6-well dishes. Dishes were set up in triplicate. [3H]acetate was added to
medium and cells were harvested after 3 hours of incubation. Lipids were extracted from
cells using chloroform/methanol (2:1). TG and phospholipid fractions were separated using
an aminopropyl column from Biotage. The rates of fatty acid synthesis was measured in the
TG and phospholipid fractions by determining [2H]acetate incorporation.

METHOD DETAILS

Biochemical and Cellular Assays—Recombinant ACC protein was purified from
FM3A or Sf9 cells expressing recombinant ACC by chelating chromatography or from liver
by Softlink avidin resin chromatography. Purified ACC protein was incubated with
MK-4074 in assay buffer containing 5 mM ATP, 250 uM acetyl-CoA, 4.1 mM NaHCOs,
0.086 MM NaH14COs, 20 mM potassium citrate, 20 mM MgCI2, 2 mM DTT, 0.5 mg/mL
BSA and 50 mM Hepes-Na (pH 7.5) for 40 min at 37°C. For cellular assays of DNL and
FAQ, cells were pre-incubated with MK-4074 for 1 hour. Then the cells were incubated for
additional 1-3 hours with either 65 ~ 260 pM 14C-labeled acetate or 0.018 pM 3H-labeled
palmitate for DNL or FAO assay, respectively. After incubation, intracellular 14C-labeled
lipids and released 3H-labeled fatty acids were extracted and measured for DNL and FAO,
respectively.

Metabolite Measurements—Plasma from mouse blood was prepared by centrifuging
whole blood in an EDTA tube (Microvette, Sarstedt) at 10,000 x g for 5 min. Plasma TG and
cholesterol concentrations were measured using an infinity kit from ThermoFisher. Plasma
ketone bodies and NEFA concentrations were measured using assays from Wako
Diagnostics. Liver TGs and cholesterol concentrations were measured as described
(Engelking et al., 2004). Plasma lipoproteins were separated by FPLC; cholesterol and TGs
were measured as described (Horton et al., 1999).

Malonyl-CoA Measurements—The extraction of short-chain acyl-CoAs from liver were
prepared as previously described (Minkler et al., 2006) with slight modifications.
Approximately 50 mg of freeze-clamp frozen livers samples from wild type (8 male mice)
and ACC dLKO (9 male mice) were harvested and homogenized in 500 ul ice-cold 10%
trichloroacetic acid and immediately spiked with labeled [13Cg]malonyl-CoA internal
standard. Samples were centrifuged at 4°C for 10 minutes and 150 pL supernatant was
loaded on an Oasis HLB lcc-30mg solid-phase extraction column. The column was washed
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with water and methanol. The eluent was lyophilized and dissolved in 50 UL of mobile phase
of which 1pl was subjected to LC/MS/MS analyses.

Analysis was performed on an API 3200 triple quadrupole LC/MS/MS mass spectrometer
(Applied Biosystems/Sciex Instruments) in positive electrospray ionization mode. The mass
spectrometer was equipped with a Shimadzu LC-20AD liquid chromatograph (LC) and a
SIL-20ACHT auto sampler. Chromatography was performed on a reverse-phase C18 column
(Waters xBridge, 150 x 2.1 mm, 3 um) with a mobile phase consisting of water/methanol
(95:5, viv) and 4mM dibutylamine acetate (eluent A), and water/acetonitrile (25:75, v/v)
(eluent B). Multi-reaction monitoring (MRM) was carried out for the detection of the short-
chain acyl-CoAs in standard solutions and biological samples. Malonyl-CoA was
quantitated by comparison of the individual ion peak area with that of the internal standard.
The analytical data were processed by Analyst Software (version 1.6.2).

Quantitative Real-time PCR—Total RNA was extracted using RNA stat-60 and the
RNA was treated with DNase with DNA-free kit. cDNA was synthesized using TagMan
Reverse Transcription Reagent kit. Quantitative PCR was performed as described (Liang et
al., 2002). The Key Resources Table contains a complete list of the oligos used.

ACC1 and ACC2 Antibodies—For the generation of the mouse ACC1 rabbit polyclonal
antibody, a cDNA encoding the N-terminal 95 amino acids from mouse ACC1 was cloned
into a pGEX 4T-1 vector and the recombinant protein was expressed in £.coli. The purified
GST-fusion protein was injected into rabbits as described (Shimano et al., 1996). For the
mouse ACC?2 rabbit polyclonal antibody, a cDNA encoding the N-terminal 200 amino acids
of mouse ACC2 was cloned into pGEX 4T-1. After its expression in £.coliand purification
using Ni-NTA resin, the purified protein was injected into rabbit as described (Shimano et
al., 1996).

Liver Immunoblot Analysis—Livers samples (~100 mg) from frozen tissue of the
indicated study were homogenized using 1 ml of buffer A (40 mM HEPES pH 7.5, 250 mM
Sucrose, 1 mM EDTA, and a protease inhibitor cocktail from Thermo). Whole lysate was
centrifuged at 1000 x g for 10 min to sediment the nuclear fraction and the supernatant was
centrifuged again at 100,000 x g for 30 min to separate the cytosol and crude ER membrane
fractions. ER membrane fractions were solubilized using 20 mM Tris pH 6.8, 1% SDS, and
50 mM NaCl. Isolated nuclear fractions were resuspended in 20 mM HEPES pH 7.5, 450
mM NacCl, with protease inhibitors to extract nuclear proteins. Equal aliquots of protein
from each liver were pooled (total, 20 pg for membranes and 30 pg for nuclear extracts) and
subjected to 8% SDS-PAGE and immunoblot analyses as described previously (Engelking et
al., 2004; Matsuda et al., 2001; Shimano et al., 1997).

Fatty Acid Composition Measurements—NMouse liver was extracted with

chloroform:methanol (2:1) and dried under nitrogen gas. Fatty acid compaosition was
measured using gas chromatography as described previously (Moon et al., 2009).
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Histology—L.iver tissue sections were fixed in 10% (v/v) neutral buffered saline. Paraffin
embedding, sectioning as well as hematoxylin and eosin (H&E), Oil Red O (ORO) staining
was performed by the University of Texas Southwestern Molecular Pathology Core.

QUANTIFICATION AND STATISTICAL ANALYSIS

The effect of multiple doses of MK-4074 and pioglitazone on the pharmacodynamic (PD)
endpoints with respect to placebo was assessed using a constrained longitudinal data
analysis (cLDA) method proposed by Liang and Zeger (Liang and Zeger, 2000). This model
assumes a common mean across treatment groups at baseline and a different mean for each
treatment at each of the post-baseline time points. In this model, the response vector
consisted of baseline and percent change (or change where applicable) from baseline at each
post-baseline time point. For primary analysis the model described above was utilized for
assessing the effect of MK-4074 on percent change in hepatic fat fraction from baseline with
respect to placebo. Percent change in hepatic fat fraction from baseline was calculated for
each of the nine liver regions separately and then these were averaged to calculate overall
percent change from baseline for each subject. Baseline is defined as the mean of the hepatic
fat fractions measured over all nine regions on day -1 for each subject. For the analysis the
placebo groups were combined across treatments (2 and 4) as listed previously. Ninety
percent (90%) confidence interval (Cl) for the percent change in hepatic fat fraction from
baseline in least-square means difference (MK-4074-placebo) was calculated at week 4. If
the upper limit of this CI were to be <0.00 then it would be concluded that multiple-dose
administration of MK-4074 caused a significant reduction in hepatic fat, thus supporting the
primary hypothesis. Statistical analysis used in animal and primary hepatocyte studies can
be found in the figure legends.
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Highlights

Inhibition of ACC in liver reduces lipogenesis and increases fatty acid
oxidation

In humans with fatty livers, ACC inhibition reduces liver triglycerides

Deletion of ACCs depletes malonyl-CoA, reducing polyunsaturated fatty acid
synthesis

Resulting activation of SREBP-1c increases GPAT1 leading to
hypertriglyceridemia
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Figure 1. Liver Targeting ACC1 and ACC2 Inhibitor MK-4074
(A) Chemical structure of MK-4074.

(B) Male KKAy mice (n=10-11/group) were administered a single oral dose of MK-4074
(0.3 to 3 mg/kg) and DNL rates was measured from the liver slices as described in
Experimental Procedures.

(C) Male KKAy mice (n=5/group) were administered a single oral dose of MK-4074 (3 to
30 mg/kg) and liver DNL rates were measured.

(D) Male KKAy mice (n=8/group) were administered a single oral dose of MK-4074 (10 to
100 mg/kg) and plasma ketone bodies were measured at the indicated times.
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(E) Male C57BL/6J mice (n=5, veh; n=10, MK-4074) were fed chow or a high fat/high
sucrose (HF/HS) diet for 7 weeks and vehicle or MK-4074 was administered orally (10 or
30 mg/kg/day) for 4 weeks. At the end of 4 weeks, mice were euthanized and liver weights
obtained.

(F) Liver TG concentrations from mice described in (E).

Statistical analysis was performed with Williams test except for Figure 1E, which used a
two-tailed Student’s t test (* denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001).
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Figure 2. Phase 1 Clinical Pharmacology
(A) Healthy subjects (n=11) were administered a single dose (140 mg), or divided doses (70

mg b.i.d.) of MK-4074 for 7 days and fructose-stimulated DNL assay was measured with
stable isotope (13C-acetate) as described in Experimental Procedures.

(B) A single dose of MK-4074 (200 mg) was administered to healthy subjects (n=12) after
an overnight (8-hour) fast. Pre-dose ketone bodies were obtained, followed immediately by
MK-4074 dosing. Ketone bodies were then measured under fasted state (Fasted) at 2, 3, 4, 5,
6, 7, and 8 hours after MK-4074 dosing. To determine ketone bodies under fed state (Fed),
all subjects were given a breakfast at 1.5 hours after MK-4074 dosing and ketone bodies
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measured at 3, 4, 5, 6, 7, and 8 hours after MK-4074 dosing. The least square geometric
mean change from pre-dose in acetoacetate and B-hydroxybutyrate plasma concentrations
were plotted.
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Figure 3. MK-4074 Decreased Hepatic TGs but Increased Plasma TGs in Humans
(A) Thirty male or female patients between the ages of 18 and 60 (Table S2) were

randomized to: 1) twice daily 200 mg dose of MK-4074; 2) once daily pioglitazone (30 mg);
or 3) placebo for 4 weeks. Hepatic TG content was assessed using magnetic resonance
imaging (MRYI) prior to first administration and following 4 weeks of treatment. T
Statistically lower than placebo, 1 statistically lower than pioglitazone. Statistic methods are
described in Experimental Procedures and Table S3.

(B) Plasma TG concentrations from subjects described in (A).

(C) Plasma was obtained from subjects described in (A), lipoproteins were size-fractionated
by FPLC, and TG content measured as described in Experimental Procedures.
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Figure 4. Liver TGs are Reduced in ACC dLKO Mice, but Plasma TGs are Elevated in ACC

dLKO Mice

(A) Liver TG concentrations from 6 male wild type and 6 ACC dLKO mice fed chow ad lib.
(B) Liver TG concentrations from 6 male wild type and 6 ACC dLKO mice fed a western

diet ad lib for 1 month.

(C) Liver TG concentrations from 6 male wild type and 6 ACC dLKO mice fed a high fat

diet ad lib for 4 months.

(D) Liver TG concentrations from 6 male ob/oband 6 ob/ob,ACC dLKO mice fed chow ad

lib.

(E) Plasma TGs from mice in (A).
(F) Plasma TGs from mice in (B).
(G) Plasma TGs from mice in (C).
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(H) Plasma TGs from mice in (D).

(I) FPLC of plasma lipoproteins of wild type and ACC dLKO mice fed chow described in
(A). Pooled plasma (500 pl) was size-fractionated using a superose 6 column and TG
concentrations were measured in each fraction as described in Experimental Procedures.
Statistical analysis was performed using the two-tailed Student’s t test (* denotes p<0.05, **
denotes p<0.01, and *** denotes p<0.001).
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Figure 5. SREBP-1c Levels are Increased in ACC dLKO Mouse Livers
(A) Aliquots of livers (100 pg) from the mice described in Figure 4A were homogenized and

nuclear and post-nuclear fractions were prepared as described in Experimental Procedures.
Pooled nuclear and post-nuclear fractions (30 ug) were subjected to SDS-PAGE and
immunoblot analysis was carried out using an anti-SREBP-1 rabbit monoclonal antibody.
(B) Liver RNA was prepared from the mice described in Figure 4A and quantitative PCR
was performed as described in Experimental Procedures.

Statistical analysis was performed with the two-tailed Student’s t test (* denotes p<0.05, **
denotes p<0.01, and *** denotes p<0.001).
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Figure 6. Dietary PUFA Supplementation Normalizes SREBP-1c in ACC dLKO Mouse Livers
(A) Wild type and ACC dLKO (n=6 per group) male mice were fed chow or chow

supplemented with 1% (wt/wt) ARA and 0.4% (wt/wt) DHA. Livers were harvested and
lipids were extracted and fatty acids analyzed using gas chromatography as described in
Experimental Procedures.

(B) Nuclear and post nuclear fractions were prepared from each liver of mice in (A) and
equal aliquots pooled (30 pg), subjected to SDS-PAGE, and immunoblot analysis carried out
as described in Figure 5.
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(C) Total RNA was prepared from each mouse liver in (A) and subjected to quantitative PCR
as described in Experimental Procedures (Black represents chow fed group; red represents
chow supplemented with ARA and DHA)

(D) Plasma TGs from mice in (A) were measured as described in Experimental Procedures.
(E) Liver TGs from mice in (A) were measured as described in Experimental Procedures.
Statistical analysis was performed with the two-tailed Student’s t test.
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Figure 7. Liver TG Secretion from Livers of ACC dLKO Mice is Increased and Knockdown of

GPAT1 Expression Normalizes Plasma TGs

(A) Wild type and ACC dLKO male mice (6 mice per group) were fasted for 2 hours and
Triton WR 1339 was injected to mouse intravenously. After injection, blood was collected at
0 minutes, 30 minutes, 1 hour, and 2 hours and TGs were measured in plasma.

(B) Saline or siRNA nanoparticles directed against GPAT1 (7.5 mg/kg) was administered to
wild type and ACC dLKO mice (6 male mice per group) by subcutaneous injection. Mice
were sacrificed 2 weeks after injection and total RNA was extracted from each liver and
GPAT1 mRNA was quantified using quantitative RT-PCR as described in Experimental

Procedures.
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(C) Plasma TGs were measured as described in Experimental Procedures.
(D) Liver TGs were measured as described in Experimental Procedures.
Statistical analysis was performed with the two-tailed Student’s t test (* denotes p<0.05).
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