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SUMMARY

Liver fat accumulation precedes non-alcoholic stea-
tohepatitis, an increasing cause of end-stage liver
disease. Histone deacetylase 3 (HDAC3) is required
for hepatic triglyceride homeostasis, and sterol regu-
latory element binding protein (SREBP) regulates the
lipogenic response to feeding, but the crosstalk be-
tween these pathways is unknown. Here we show
that inactivation of SREBP by hepatic deletion of
SREBP cleavage activating protein (SCAP) abro-
gates the increase in lipogenesis caused by loss of
HDAC3, but fatty acid oxidation remains defective.
This combination leads to accumulation of lipid inter-
mediates and to an energy drain that collectively
cause oxidative stress, inflammation, liver damage,
and, ultimately, synthetic lethality. Remarkably, this
phenotype is prevented by ectopic expression of nu-
clear SREBP1c, revealing a surprising benefit of de
novo lipogenesis and triglyceride synthesis in pre-
venting lipotoxicity. These results demonstrate that
HDAC3 and SCAP control symbiotic pathways of
liver lipid metabolism that are critical for suppression
of lipotoxicity.

INTRODUCTION

Fatty acidmetabolism in the liver is fundamentally alignedwith the

energy statusof the organism.Under physiological conditions, the

liver orchestratesanabolic andcatabolic lipidmetabolismtomain-

tain energy homeostasis throughout the day (Gooley and Chua,

2014; Hems et al., 1975). The importance of this integrative func-

tion ismost evident inmetabolic disorders such as obesity, where

a surplus of energy leads to an excess of triglycerides (TAGs) that

escape adipose storage and ectopically accumulate in the liver

(hepatosteatosis), skeletal muscle, heart, or kidney (Kang et al.,

2015; Snel et al., 2012). While increased hepatic TAGs per se is

well tolerated, it can lead to lipotoxicity through incompletely
Cell Met
defined mechanisms that trigger the progression of diseases

such as diabetes and non-alcoholic steatohepatitis (NASH)

(Browning and Horton, 2004; Listenberger et al., 2003; Monetti

et al., 2007; Yamaguchi et al., 2007).

There is increasing evidence that fatty acid intermediates,

such as free fatty acids (FFAs), acylcarnitines, acyl-CoAs, and

ceramides, are mediators of lipotoxicity (Alkhouri et al., 2009;

Fon Tacer and Rozman, 2011; Neuschwander-Tetri, 2010a; Wil-

liams et al., 2013). Their intracellular levels are tightly regulated

by a balance of de novo lipogenesis (DNL) and TAG synthesis un-

der positive energy states, and fatty acid oxidation (FAO) in en-

ergy-deficient states. Whereas increased DNL is thought to be

a major contributor to non-alcoholic fatty liver disease (NAFLD)

progression, the role of FAO is less appreciated, but several

studies have implicated impaired FAO as a major contributor

to fatty liver formation and NASH (Kim et al., 2003; Sahebkar

et al., 2014). In fact, PPARa agonists such as fibrates have

shown promise in improving liver health by increasing FAO in

diabetics and NASH rodent models (Lam and Younossi, 2010;

Musso et al., 2016). In this context, both DNL and FAO may be

functionally redundant in their ability to eliminate lipotoxic lipid

intermediates (Cotter et al., 2014; Fromenty and Pessayre,

1995; Solinas et al., 2015; Yamaguchi et al., 2010).

There is a wealth of data showing that SREBP1a and SREBP1c

stimulate hepatic lipogenesis during feeding (Horton et al., 1998a,

2003). A third isoform, SREBP2, is primarily associated with

stimulation of cholesterogenic genes. However, all isoforms are

functionally redundant to a certain extent, especially when over-

expressed (Horton et al., 1998b; Shimano et al., 1996, 1997).

Full-length precursor SREBP1 (pSREBP1) is bound to the

endoplasmic reticulum (ER) and is activated by insulin-stimulated

proteolytic cleavage of its N terminus, which translocates to the

nucleus (nSREBP1) and functions as a potent lipogenic transcrip-

tion factor (TF). At the ER, pSREBP is constitutively bound by

SCAP, an adaptor protein that stabilizes pSREBP structure and

also facilitates their cleavage (Matsuda et al., 2001; Moon et al.,

2012). To unequivocally assess the function of SREBPs without

compensation by their redundant activities, Moon et al. utilized

SCAP liver knockout mice to essentially inactivate all three

SREBP isoforms. They found that liver-specific loss of SCAP

in high-fat diet (HFD)-fed and ob/ob mice inhibited hepatic
abolism 25, 863–874, December 13, 2016 ª 2016 Elsevier Inc. 863
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Figure 1. HDAC3 and SREBP1c Indepen-

dently Bind Near Lipogenic Genes to Regu-

late Their Transcription

(A) Heatmap of ChIP-seq peaks in mouse liver.

C57BL/6 mice (2–3 months old) were tail-vein

injected with either AAV8:GFP or AAV8:HA-

nSREBP1c and sacrificed 10 days later at ZT10.

All ChIPs were performed in parallel (n = 2–3 mice

per group; replicates are shown in heatmap). High-

confidence peaks were clustered into three

groups: commonpeakswhere HA-nSREBP1c and

HDAC3 peaks overlapped (purple), SREBP1c-

specific peaks (red), and HDAC3-specific peaks

(blue).

(B) Average binding profiles in 2 kb windows.

Black and brown lines represent HDAC3 peaks in

AAV8:GFP and AAV8:HA-nSREBP1c injected

mice, respectively. Green lines represent the HA-

nSREBP1c peaks.

(C) De novo motif analysis using 100 bp search

windows. The top six motifs are shown in each

group and ordered according to their percent

enrichment (%) in peaks for each assigned group.

See also Figure S1.
DNL and prevented hepatosteatosis, demonstrating a singularly

important role for SREBPs relative to other nutritionally stimulated

lipogenic factors such as carbohydrate response element binding

protein (ChREBP) (Moon et al., 2012).

HDAC3, a class I histone deacetylase, is a core component of

nuclear receptor corepressor complexes whose deletion in liver

results in hepatosteatosis due to increased lipogenesis and

decreased FAO (Sun et al., 2012). The mechanism involves

increased expression of lipogenic genes, many of which are tar-

gets of SREBP1. Here we sought to determine the relationship

between HDAC3 and SREBPs in the physiological transcrip-

tional regulation of hepatic lipid metabolism. Consistent with

complementary mechanisms of action, we found HDAC3 and

SREBP1c mainly bound to different sites in the liver genome,

andmice lacking hepatic HDAC3 and SCAP exhibited intermedi-

ate levels of TAG accumulation. Remarkably, in this setting both

DNL and FAO were defective, leading to accumulation of toxic

lipids and a rapid progression to liver failure and death. Expres-

sion of nuclear SREBP1c restored lipogenesis and rescued this

lethality despite massive TAG accumulation. These results

demonstrate that HDAC3 and SCAP control complementary

pathways of liver lipid metabolism that are required to prevent

lipotoxicity.

RESULTS

HDAC3 and SREBP1c Independently Bind Near
Lipogenic Genes to Regulate Their Transcription
HDAC3 and SREBP1 target many of the same lipogenic genes

(Horton et al., 1998a; Sun et al., 2012). As previously shown,

SREBP1 gene expression was not increased in mice lacking

HDAC3 (Figure S1A, available online) (Sun et al., 2012), and

levels of the processed, nuclear form of SREBP1 were indistin-

guishable from those of control mice (Figure S1B). Moreover,
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loss of HDAC3 induced Insig2, a negative regulator of SREBP

cleavage, and induced some, but not all, of the lipogenic gene

targets of SREBP1, including Acly, Acaca, and Srebp1a/c (Fig-

ure S1A). Thus, loss of HDAC3 promotes lipogenesis by a

mechanism independent of SREBP1 activation.

To further clarify the relationship between hepatic gene regu-

lation by HDAC3 and SREBP, we investigated their cistromes in

intact liver. A previous study had uncovered�400 SREBP1 bind-

ing sites (Gilardi et al., 2014), 15%–20% of which overlapped

with HDAC3 binding sites inmouse liver (Feng et al., 2011). Since

HDAC3 and SREBP have opposing effects on lipid metabolism,

this raised the question of whether SREBP might interfere with

HDAC3 binding. To test this, the active, nuclear form of

SREBP1c (nSREBP1c) was expressed with an HA epitope tag

in the livers of mice using adeno-associated virus serotype 8

and the hepatocyte-specific thyroxine-binding globulin pro-

moter (AAV8-Tbg) (Figure S1C) (Sun et al., 2012). As expected,

HA-nSREBP1c expression led to a striking increase in lipogenic

gene expression in mouse livers (Figure S1D).

Chromatin immunoprecipitation followed by deep sequencing

(ChIP-seq) was used to determine the cistromes of HA-

nSREBP1c and endogenous HDAC3 in livers of mice injected

with either AAV8:HA-nSREBP1c or AAV8:GFP (control). Using

highly stringent cutoffs, we identified over 7,700 HA-nSREBP1c

binding sites (Figure S1E), almost half of which bound in the

same vicinity as HDAC3 (Figure 1A; common sites). HDAC3

and nSREBP1c bound near many lipogenic genes, often at

multiple sites both together and separately, as at the Scd1

and Gpam loci (Figure S1F). Importantly, expression of HA-

nSREBP1c did not interfere with HDAC3 binding, indicating

that their regulatory elements are adjacent rather than overlap-

ping at common sites (Figures 1A and 1B). De novo motif

analysis revealed unique TF motif signatures demarcating the

common, SREBP1c-specific and HDAC3-specific groups as
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Figure 2. HDAC3 Partially Suppresses Fatty Liver Formation in SCAP Depleted Livers

(A) qRT-PCR analysis of livers from floxed mice fed a normal chow diet and harvested 10 days post-AAV8 injection (control, AAV8:GFP; LKO, AAV8:Cre). n = 4–5

mice per group.

(B)Western blot of HDAC3, SCAP, and full-length SREBP1 precursor in total liver lysates. Control mice are random littermate floxedmice injectedwith AAV8:GFP.

(C) Liver triglyceride (TAG) measurements from normal chow-fed mice described in (A).

(D) qRT-PCR analysis of lipogenic genes in livers from normal chow-fed mice described in (A).

(E) Hepatic TAGmeasurements frommice fed an HFD for 8 weeks total (AAV8 injection at 6 weeks). These mice were 8 weeks old at the start of the HFD. n = 4–5

mice per group.

(F and G) Representative H&E (F) and ORO (G) staining of livers from HFD-fed mice described in (E). Scale bar, 100 mm.

All error bars, SEM. Significance was determined by two-tailed Student’s t test (*p < 0.05). See also Figure S2.
well as a core set of lineage-determining TFmotifs (HNF4, CEBP,

and FOX [Forkhead]) shared by all groups (Figures 1C and S1G).

In the common peaks, motif analysis using a smaller search

window (30 bp) further unveiled unique TF motifs, reinforcing

the conclusion that HDAC3 and nSREBP1c bind to nearby but

different sites (Figure S1H). Taken together, these data reveal

that HDAC3 and nSREBP1c function in distinct regulatory path-

ways and bind independently near lipogenic genes in liver.

HDAC3 Partially Suppresses Fatty Liver Formation in
SCAP Depleted Livers
SREBP1 controls hepatic DNL and strongly activates TAG syn-

thesis (Horton et al., 2002). As such, its hepatic depletion by

SCAP liver knockout is sufficient to prevent hepatosteatosis

in genetic and diet-induced models of obesity (Moon et al.,
2012). Our finding that HDAC3 and SREBP1 control distinct

pathways of hepatic lipid metabolism prompted us to investigate

whether HDAC3 suppresses hepatosteatosis in SCAP-deficient

mice. We crossed Hdac3 floxed (Hdac3f/f) and Scap floxed

(Scapf/f) mice to generate double-floxed (Hdac3/Scapf/f) mice

in the C57BL/6 background. To delete both alleles conditionally

in adult mouse livers, we injected mice with AAV8 expressing

either GFP (AAV8:GFP; control) or Cre recombinase (AAV8:Cre;

LKO) under the control of the Tbg promoter to obtain hepato-

cyte-specific conditional knockouts.

The knockout efficiency of AAV8:Cre in Hdac3/Scapf/f mice

(DLKO) was comparable to the single knockout controls

(HDAC3 LKO and SCAP LKO) (Figures 2A and 2B). Loss of

SCAP also leads to reduced expression of SREBP isoforms

(Matsuda et al., 2001), which was reproduced in SCAP LKO
Cell Metabolism 25, 863–874, December 13, 2016 865



and DLKO mice (Figures 2B and S2A). All of the cohorts had

similar body weights (Figure S2B), while hepatic TAG amounts

were increased 3-fold in HDAC3 LKO and decreased by 25%

in SCAP LKO, as expected (Moon et al., 2012; Sun et al., 2012)

(Figure 2C). TAG levels were not significantly increased in

DLKO livers comparedwith controls, but theywere nearly double

those of SCAP LKO livers (Figure 2C), indicating that HDAC3

depletion supports TAG accumulation even in the absence of

SCAP. However, lipogenic genes that were upregulated in

HDAC3 LKO and were strongly repressed in SCAP LKO re-

mained repressed in DLKO mice (Figure 2D), demonstrating

the effects of SCAP/SREBP on DNL were dominant over those

of HDAC3.

The moderate increase in DLKO liver TAG despite low lipo-

genic gene expression suggested that DLKO livers might

become steatotic when the mice are exposed to an HFD, which

provides exogenous fatty acids and reduces the reliance on DNL

(Duarte et al., 2014; Leavens et al., 2009; Tripathy et al., 2010).

Indeed, while 8 weeks on HFD (AAV8 injections at week 6) had

no significant effect on body weight among the cohorts (Fig-

ure S2C), DLKO livers were steatotic, with more than a 5-fold in-

crease in TAG amounts compared to the levels in SCAP LKO

(Figure 2E). Histological staining revealed the intermediate accu-

mulation of lipid droplets (Figure 2F) and neutral lipids (Figure 2G)

in DLKO liver sections. The gene expression profiles were similar

between the normal chow-fed and HFD cohorts (Figure S2D),

demonstrating that DNL was also downregulated in HFD-fed

DLKOmice and indicating that they developed fatty liver through

alternative lipid metabolic pathways. Notably, Gpam expression

was slightly decreased in DLKO, which likely contributed to

lowering their levels of TAG accumulation (Figure S2E). Taken

together, our results indicate that the net effect of HDAC3 and

SCAP depletion results in appreciable accumulation of hepatic

TAG via pathways other than DNL.

Decreased FAO and Accumulation of Lipid
Intermediates in Livers Lacking HDAC3 and SCAP
Hepatic TAG levels are also influenced by uptake and oxidation

of fatty acids. Fatty acid uptake was unchanged in the DLKO

mice (Figure S3A). However, whereas HDAC3 LKO has been

shown to block FAO (Sun et al., 2012), we found that SCAP

LKO markedly increased FAO (Figure 3A). Importantly, the FAO

rate of the DLKO was reduced well below control levels,

revealing that the loss of HDAC3 dominantly controlled FAO in

DLKO livers. The specificity of the assay for FAO oxidation in

mitochondria was confirmed by treatment with CPT1 inhibitor

etomoxir, which blocked FAO flux (Figure 3A) and led to an ex-

pected increase in intracellular lipids (Figure S3A).

Metabolomics analysis of DLKO livers from mice on normal

chow diet revealed a striking increase in acylcarnitines and

FFAs, corroborating the reduced FAO flux (Figures 3B and

3C). Impaired FAO was also apparent from reduced serum

b-hydroxybutyrate upon fasting (Figure S3B). The accumulation

of FFAs in DLKO livers was likely favored by increased expres-

sion of lipolytic genes (Figure 3D) coupled with attenuation of

genes important for fatty acid incorporation into TAG (Figures

3E and S3C). Lipid intermediates including acylcarnitines

were not elevated in single LKO controls, likely resulting from

increased TAG synthesis in HDAC3 LKO and increased FAO
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in SCAP LKO mice (Figures S3D and S3E; Table S2). Thus, total

TAG was markedly reduced in DLKO relative to the HDAC3

LKO, with resultant buildup of acylcarnitines and FFAs. The

logjam in conversion to TAG in DLKO was also reflected by

accumulation of other lipid intermediates including lysophos-

phatidic acid and phosphatidic acid (Figures S3F and S3G).

Taken together, loss of HDAC3 and SCAP caused impaired

FAO, DNL, and TAG synthesis, leading to an accumulation of

hepatic lipid intermediates (Figure 3F).

Lack of HDAC3 and SCAP Causes Hepatic Lipotoxicity,
Oxidative Stress, and Inflammation
Consistent with reduced FAO, hepatic energy reserves, esti-

mated from ATP/ADP and ATP/AMP levels, were decreased in

the DLKO livers (Figure 4A). Moreover, increased peroxidation

of the accumulated lipids was observed in DLKO livers (Fig-

ure 4B). Lipid peroxidation propagates reactive oxygen species

(ROS) (Guéraud et al., 2010), and consistent with this, RNA

sequencing (RNA-seq) analysis revealed that oxidative and in-

flammatory genes were highly induced in DLKO mice relative

to control, HDAC3 LKO, or SCAP LKO livers (Figures S4A and

S4B; Table S3). For example, as confirmed by qRT-PCR, hepatic

antioxidant genes governing cysteine transport (Slc7a11), gluta-

thione synthesis (Gsta1 and Gstm3), and sulfiredoxin (Srxn1)

were induced in the DLKO livers (Figure 4C). Hepatic inflamma-

tion is a recognized sequela of oxidative stress (Mittal et al.,

2014), and, indeed, markers of macrophage/monocytes (Cd68

and Cd14) and targets of NF-kB (Nqo1 and Lcn2) were induced

in the DKLO livers (Figures 4D and S4C), with no changes to ER

stress genes (Figure S4D). Accordingly, NF-kB was highly acti-

vated by phosphorylation in DLKO livers (Figures 4E and S4E).

In a subset of DLKO mice, the stress levels were such that

activation of pro-apoptotic factor JNK was also greatly induced

(Figure 4E). Flow cytometric analysis confirmed the infiltration

of inflammatory cells, including neutrophils, eosinophils, and

macrophages, into the livers of DLKO mice as compared with

control mice, while T and B cell numbers were similar between

these groups, indicating the development of an innate inflamma-

tory response in the absence of HDAC3 and SCAP (Figures 4F

and S4F).

Loss of Hepatic HDAC3 and SCAP Is Synthetic Lethal
The above findings in DLKO livers were observed within 15 days

of AAV8-Cre-driven depletion of HDAC3 and SCAP. Remark-

ably, all DLKO mice died within 3 weeks of the AAV8 injection

(Figure 5A). By contrast, the SCAP LKO remained viable for

months, while HDAC3 LKO mice eventually developed jaundice

and died 7–11 weeks post-AAV8 injection with liver tumors that

were absent in DLKO livers (data not shown).

The rapid onset of death in DLKO mice prompted us to

systematically compare the moribund mice (Figure 5A; cohort

‘‘Pre-y’’) with a cohort sacrificed at day 10 post-AAV8 injec-

tion (cohort ‘‘d10’’) to distinguish the primary and secondary

phenotypes associated with DLKO. Moribund DLKO mice

had generally unresponsive behavior (Figure S5A) and marked

weight loss (Figure 5B). In line with these results, moribund

DLKO mice exhibited a loss of adipose tissue (Figure 5C) and

a dramatic increase in serum non-esterified fatty acids (Fig-

ure 5D), suggesting an exaggerated fasting physiology. Indeed,
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Figure 3. Decreased FAO and Accumulation of Lipid Intermediates in Livers Lacking HDAC3 and SCAP

(A) FAO measured in primary hepatocytes. Control cells are from random littermate floxed mice injected with AAV8:GFP. SCAP LKO and DLKO cells are from

SCAPf/f and HDAC3f/f/SCAPf/f mice, respectively, injected with AAV8:Cre. Cells were incubated with 3H-palmitate for 120 min with vehicle (water) or 100 mM

etomoxir (an inhibitor of carnitine palmitoyltransferase-1 and FAO). 3H-labeled water (3H2O) was measured by scintillation counting. dpm, disintegrations per

minute; 3H-palmitate > 3H2O, 3H-palmitate conversion to 3H2O. n = 6 wells (combined from 3 mice) per group. Significance was determined by one-way ANOVA

with Tukey’s correction (*p < 0.05 for comparison between experimental and control cells).

(B and C) Hepatic acylcarnitine (B) and free fatty acid (FFA) (C) content measured by LC-MS. Average ion counts of each metabolite across all conditions are

shown. n = 4 mice per group. Significance was determined by two-tailed Student’s t test followed by false discovery rate (FDR) correction (*p < 0.05). Ion counts

are available in Table S1.

(D and E) qRT-PCR analysis of lipid catabolic genes (D) and fatty acid esterification genes (E) in livers. n = 4–5 mice per group. Significance was determined by

two-tailed Student’s t test (*p < 0.05).

(F) Fatty acid metabolism pathway in DLKO mice. #Acyl-CoA levels were not measured.

All error bars, SEM. Control, AAV8:GFP injected; LKO, AAV8:Cre injected. See also Figure S3.
moribund DLKO mice abruptly ceased feeding activity (Fig-

ure S5B), and this was reflected by biomarkers of starvation,

including elevated hepatic Fgf21 gene expression (Figure S5C)

as well as marked decreases in blood glucose, serum insulin,

and liver glycogen (Figures S5D–S5F).

Because the AAV8-Tbg Cre delivery system is highly specific

to hepatocytes (Sun et al., 2012), we reasoned that liver failure

was the likely cause of death. The near-comatose state of mori-
bund DLKOmice fulfilled the criteria for hepatic encephalopathy

(Figure S5A) (Hori et al., 2011), and serum ALT levels sky-

rocketed, consistent with massive liver damage (Figure 5E).

Increased severity of hepatitis just before death was manifest

by increased expression of the macrophage marker Cd68 (Fig-

ure S5G), as well as the marked inflammatory infiltrates seen

by hematoxylin and eosin (H&E) staining, which also revealed

damaged hepatocytes (Figure 5F). Of note, there was no
Cell Metabolism 25, 863–874, December 13, 2016 867
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Figure 4. Lack of HDAC3 and SCAP Causes Hepatic Lipotoxicity, Oxidative Stress, and Inflammation

(A) Relative ATP/ADP and ATP/AMP ratios in DLKO livers as measured by LC-MS. n = 4 mice per group.

(B) Liver thiobarbituric acid reactive substances (TBARS) assay showing levels of malondialdehyde (MDA) formation in 24 hr fasted mice. n = 7–9 mice per group.

(C and D) qRT-PCR analysis of antioxidant genes (C) and inflammation genes (D) identified by RNA-seq. n = 4–5 mice per group.

(E) Western blot of total liver lysates. #Subset of DLKO mice in which the pro-apoptotic factor JNK was activated by phosphorylation.

(F) Number of immune cells from control (n = 4) or DLKO (n = 3) mice, as determined by flow cytometry and total cell number. Control and DLKO mice were

sacrificed 15 days post-AAV8 injections.

All error bars, SEM. Control, AAV8:GFP injected; LKO, AAV8:Cre injected. Significance was determined by two-tailed Student’s t test (*p < 0.05). See also

Figure S4.
evidence of cholestasis, ruling out a major role for abnormal bile

acid or sterol metabolism in this phenotype. Thus, the severe

liver damage that results in the demise of DLKO mice develops

from lipotoxicity-induced inflammation and hepatocyte cell

death stemming from molecular changes that were already

apparent in d10 mice.

Glucose Treatment Only Briefly Extends Viability of
DLKO Mice
Given the hypoglycemia of DLKO mice, which likely resulted

from a combination of their liver failure and starvation, we tested

whether supplementation of their drinking water with 10%

glucose would extend their life. Glucose treatment did prolong

the viability of DLKO mice, but only by �5.5 days before all

mice in the cohort (n = 4) succumbed (Figure S6A), with a similar

gross liver morphology as untreated DLKOmice. Although it was

possible that glucose stimulation of ChREBP-induced lipogen-

esis contributed to the increased viability (Benhamed et al.,

2012), we did not detect an increase in the expression of Fasn

or other DNL factors in this cohort (Figure S6B). Thus, the partial

rescue with glucose suggested that energy deficiency contrib-

uted to the progression of the disease but was not the main

driver of the pathophysiology of DLKO mice.
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Restoration of DNL and TAG Synthesis Prevents
Lipotoxicity-Induced Liver Damage
We next considered whether lipotoxicity is the major contributor

to liver damage and death in DLKO mice. To address this issue,

we utilized the AAV8:HA-nSREBP1c gene delivery system to

ectopically express HA-nSREBP1c in DLKO mice. Western

blot analysis showed efficient expression of HA-nSREBP1c

protein in DLKO livers (Figure S6C). Consistent with the ChIP-

seq results, expression of HA-nSREBP1c in DLKO mice led to

a robust increase in expression of genes involved in DNL and

TAG synthesis, with a modest increase in cholesterogenic

gene expression (Figure 6A), resulting in a more than 3-fold in-

crease in hepatic TAG content (Figure 6B). H&E staining revealed

an increase in steatotic hepatocytes and, remarkably, a loss of

immune cell infiltrates in DLKO+nSREBP1c mice (Figure 6C). In

addition, the gene expression profile of DLKO+nSREBP1c

mice showed a marked improvement in the inflammatory and

antioxidant stress response pathways (Figure 6D), although we

did not see enrichment of nSREBP1c binding at most of these in-

flammatory and antioxidant genes, suggesting that nSREBP1c

indirectly improves these deleterious pathways in DLKO mice.

Most impressively, nSREBP1c expression completely prevented

death in DLKO mice (Figure 6E).
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Figure 5. Loss of Hepatic HDAC3 and SCAP Is Synthetic Lethal

(A) Kaplan-Meier survival curve of indicated LKOmice. n = 4 mice per group. Day 10 cohort (d10) mice were harvested 10 days post-AAV8 injection. n = 4–5 mice

per group. Moribund cohort (Pre-y) DLKO mice were monitored daily and were sacrificed when they presented with weight loss, inactivity, and non-respon-

siveness. Livers from control floxed mice in this cohort were harvested �15 days post-AAV8:GFP injection. n = 3–6 mice per group.

(B) Body mass of mice from d10 and Pre-y mice.

(C) Mass of epididymal white adipose tissue of Pre-y mice.

(D) Levels of serum non-esterified fatty acids (NEFAs) in d10 and Pre-y mice.

(E) Levels of serum alanine transaminase (ALT) in d10 and Pre-y mice.

(F) H&E staining of representative livers from d10 and Pre-ymice. Green arrowheads indicate immune cell infiltrates. Yellow arrowheads indicate damaged tissue.

Scale bar, 100 mm.

All error bars, SEM. Control, AAV8:GFP injected; LKO, AAV8:Cre injected. Significance was determined by two-tailed Student’s t test (*p < 0.05). See also

Figure S5.
We next addressed the mechanism by which nSREBP1c

expression prevented lipotoxicity in mice lacking SCAP and

HDAC3. As expected from the gene expression data, hepatic

DNL was upregulated in DLKO+nSREBP1c mice (Figure 6F),

while, despite the increased fatty acid uptake, FAO remained

attenuated in their hepatocytes (Figure S6D). Lipidomics anal-

ysis of a second cohort with no changes in body mass (Fig-

ure S6E) and similar gene expression profile (Figures S6F

and S6G) revealed a dramatic reduction in lipotoxic acylcarni-

tines (Figure 6G) and ceramides (Figure S6H). Furthermore,

HA-nSREBP1c expression reduced monoacylglycerol (MAG)

levels in DLKO mice, consistent with decreased lipolysis,

increased fatty acid esterification, and elevated TAG levels

(Figure 6H). FFA levels, generally increased in DLKO mice, re-

mained elevated in DLKO+nSREBP1c mice, with an increase
in monounsaturated FFAs, which are products of DNL and

favorable substrates for TAG synthesis (Figure S6I). Together,

these data show that SREBP1c-mediated induction of DNL

and fatty acid esterification prevents hepatic lipotoxicity in

DLKO mice.

DISCUSSION

Our work has uncovered complementary and critical roles for

HDAC3 and SCAP in the control of hepatic fatty acid meta-

bolism. Their combined depletion led to a loss of lipogenesis

and impaired FAO, resulting in an accumulation of extrahe-

patic-derived lipid intermediates (Figure 6I). The acute onset of

liver damage and death in DLKO mice underscores the inherent

toxicity of intermediate lipid species, and our data suggest that
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Figure 6. Restoration of DNL and TAG Synthesis Prevents Lipotoxicity-Induced Liver Damage

(A) qRT-PCR analysis of liver gene expression from control (HDAC3f/f/SCAPf/f injected with AAV8:GFP + AAV8:Null), DLKO (HDAC3f/f/SCAPf/f injected with

AAV8:Cre + AAV8:Null), and DLKO+nSREBP1c (HDAC3f/f/SCAPf/f injected with AAV8:Cre + AAV8:HA-nSREBP1c) mice sacrificed 10 days post-AAV8 injection.

n = 5 mice per group.

(B) Hepatic TAG measurements in mice described in (A).

(C) H&E staining of representative livers from control, DLKO, and DLKO+nSREBP1c mice from (A). Green arrowhead points to a density of immune cell infiltrates

that are lacking in control and DLKO+nSREBP1c livers. Scale bar, 100 mm.

(D) qRT-PCR analysis of liver antioxidant and inflammatory gene expression from the mice described in (A).

(E) Kaplan-Meier survival curve of DLKO and DLKO+nSREBP1c mice. n = 4 mice per group.

(F) Hepatic DNL rate in vivo measured by tracing hepatic 2H-palmitate synthesis from deuterated water during a 6 hr interval. n = 4 mice per group.

(G andH) Hepatic levels of acylcarnitines (G) and other lipids (H) asmeasured by LC-MS. Average ion counts of eachmetabolite across all conditions are shown in

(G). Biological replicates are depicted in each row and each column represents a specific lipid metabolite in (H). The heatmap highlights relative changes for each

(legend continued on next page)
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their elimination by FAO or sequestration by TAG synthesis is

cytoprotective.

Lipotoxicity is increasingly recognized as a major pathophys-

iological driver of liver injury because it can interfere with

hormonal signaling, disrupt cellular bioenergetics, and cause

inflammation (Neuschwander-Tetri, 2010b). The mechanisms

that transform inert hepatosteatosis into a lipotoxic state are

largely unknown. A popular explanation invokes a successive

progression, whereby a backlog of toxic lipid intermediates trig-

gers oxidative stress and inflammation (Day and James, 1998).

The source of oxidative stress in lipotoxic states remains con-

troversial, although mitochondrial dysfunction leading to lipid

peroxidation has been suggested (Koliaki et al., 2015; Sunny

et al., 2011; Zhang et al., 2007). Most likely, multiple hits accu-

mulate over the course of years, and still only a portion of NAFLD

patients progress to NASH (Arrese et al., 2016).

Our DLKO model shares many of the same hallmarks of

NASH development, with a notable distinction that DLKO

mice died reproducibly and acutely within 3 weeks of the con-

ditional knockout. Despite the abbreviated disease progres-

sion, DLKO livers contained increased levels of oxidative stress

and intermediate fatty acids in combination with impaired mito-

chondrial FAO. In line with human studies, lesions in DLKO led

to NF-kB and JNK activation, which mediate lipotoxicity-

induced inflammation and cell death (Cazanave et al., 2009).

The innate inflammation in DLKO livers parallels that of human

NASH (Arrese et al., 2016), and our data suggest that altered

hepatic lipid profiles may be an early and potent driver of inflam-

mation in NAFLD. Furthermore, DLKO mice developed severe

liver damage with increased serum ALT levels, another hallmark

of advanced NAFLD. It is important to note the acute onset of

death in DLKO mice likely thwarted the development of overt

hepatic fibrosis, which is a product of chronic liver injury in

NAFLD.

Within this context, our work supports the notion that lipogen-

esis can have opposing roles depending on the severity of

hepatosteatosis (Solinas et al., 2015). Early in the course of hep-

atosteatosis, lipogenesis may actually prevent lipotoxicity by

sequestering deleterious lipid intermediates into TAG. However,

as the disease progresses, the capacity to store TAG becomes

saturated, leading to accumulation of toxic lipids (Moore,

2012). Importantly, FAO flux can synergize with lipogenesis to re-

move fatty acid intermediates. Thus, although mitochondrial

FAO may itself contribute to oxidative stress in NAFLD (Sunny

et al., 2011), we show here that impaired FAO is also deleterious

to the health of the liver, consistent with observations in human

NASH (Koliaki et al., 2015). Furthermore, in addition to lipogen-

esis, abnormal fatty acid uptake, oxidation, and secretion can

also contribute to fatty liver formation (Donnelly et al., 2005;

Lambert et al., 2014; Sunny et al., 2011). Our finding that

HDAC3 physiologically suppresses hepatosteatosis in SCAP

LKO mice highlights this point and suggests that loss of
lipidmetabolite with respect to its average ion counts in all three conditions. FFA, f

n = 4–5 mice per group. These mice were sacrificed 12 days after AAV8 injection

(I) Summary of lipid metabolism in HDAC3 LKO, SCAP LKO, and DLKO livers.

All error bars, SEM. Significance was determined by one-way ANOVA followed by

comparison between control and experimental mice). (G and H) Significance of lip

(*p < 0.05). See also Figure S6.
HDAC3 activity may worsen lipotoxicity not only by promoting

lipogenesis, but also by impairing FAO.

The DLKOmice showed that SREBP is dominant over HDAC3

with respect to the expression of genes involved in DNL, while

HDAC3 plays a greater role in FAO regulation. From a physiolog-

ical standpoint, HDAC3 and SCAP are mutually reinforcing,

where HDAC3 likely supports SREBP by suppressing lipogen-

esis and stimulating FAO during inactive periods. During the

active phase when mice are eating, HDAC3 is less bound to

chromatin (Feng et al., 2011; Sun et al., 2012), supporting an in-

crease in lipogenic gene expression and reducing FAO.

Together, our research identifies HDAC3/SCAP as partners in

suppressing lipotoxicity.
EXPERIMENTAL PROCEDURES

Mice

Hdac3 floxed mice on a C57BL/6 background described previously (Feng

et al., 2011) were backcrossed to the C57BL/6J genetic background for

at least three to four generations. Scap floxed mice previously generated

(Matsuda et al., 2001) were backcrossed to the C57BL/6J genetic back-

ground for at least seven to eight generations (T.F. Osborne). Analysis at

Jackson Laboratory reported that the C57BL/6 Scap and Hdac3 floxed

mice were 100% and 84%–91% 6J, respectively. Hdac3 and Scap floxed

mice were crossed to generate homozygous double-floxed Hdac3/Scap

(Hdac3f/f/Scapf/f) mice. Analysis at Jackson Laboratory indicated that the

Hdac3f/f/Scapf/f mice were 88% 6J. All mice were housed under a 12 hr

light and 12 hr dark cycle (lights on at 7 a.m. [zeitgeber time 0, ZT0] and

lights off at 7 p.m. [ZT12]). Unless otherwise stated, we used adult male

mice (8 weeks old) with ad lib access to normal chow (5010 diet, LabDiet)

that were sacrificed 10 days post-AAV8 injections at ZT10. AAV8 express-

ing either GFP (control) or Cre were tail-vein injected at 1.5 3 1011 genome

copies (GC) per mouse. For HA-nSREBP1c expression, C57BL/6 mice were

injected with 1.5 3 1011 GC AAV8:GFP (control) or 1.5 3 1011 GC AAV8:HA-

nSREBP1c. For HA-nSREBP1c expression in DLKO, mice were co-injected

with either 1.5 3 1011 GC AAV8:Cre and 1.0 3 1011 GC AAV8:HA-

nSREBP1c, or 1.5 3 1011 GC AAV8:GFP + 1.0 3 1011 GC AAV8:Null for

control. All genes delivered by AAV8 in this study were under the control

of the thyroxine-binding globulin (Tbg) promoter. For fasting studies, mice

were restricted access to food starting at ZT10 and sacrificed 24 hr later.

HFD containing 60% kcal from fat was purchased from Research Diets

Inc. (D12492). All animal care and use procedures followed the guidelines

of the Institutional Animal Care and Use Committee of the University of

Pennsylvania in accordance with the guidelines of the NIH.

Western Blot and Gene Expression Analysis

Tissues were lysed in radioimmunoprecipitation assay (RIPA) buffer supple-

mented with phosphatase and protease inhibitors using a tissuelyser and steel

beads (QIAGEN), and were resolved in 4%–12% Bis-Tris NUPAGE gradient

gels with MOPS running buffer (Thermo Fisher Scientific). Proteins were trans-

ferred onto polyvinylidene difluoride membranes and blotted with the indi-

cated antibodies. Nuclear fractionation to determine nSREBP1 levels in

HDAC3 LKO livers were performed as previously described (Wan et al.,

2011). qRT-PCR primer sequences are available in Table S5. For qRT-PCR,

all data were normalized to 36b4 expression. Additional details on western

blots and gene expression procedures are found in Supplemental Experi-

mental Procedures.
ree fatty acid; MAG, monoacylglycerols; DAG, diacylglycerol; TAG, triglyceride.

s. Ion counts and lipid identifications are available in Table S4.

Holm-Sidak correction (A and B) or Tukey’s correction (B and F) (*p < 0.05 for

idomics data was determined by one-way ANOVA followed by FDR correction
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DNA Constructs and Adeno-Associated Virus

The nSREBP1c transgene gene expressing amino acids 2–427 of mouse

SREBP1c was directly cloned from total mouse liver RNA using primers de-

signed for Gibson cloning technology (NEB). These primers also included

the sequence for an N-terminal HA/Flag tag. HA-nSREBP1c[2-427] cDNA

was cloned into the pENN-AAV8-Tbg vector (provided by the UPenn Viral

Vector Core) and confirmed by sequencing. The Viral Vector Core at Penn

Diabetes Research Center generated the AAV8:Tbg-GFP, AAV8:Tbg-Cre,

AAV8:Tbg Null, and AAV8:Tbg-HA-nSREBP1c viruses.

ChIP-Seq and Analysis

All ChIPs were performed in parallel as described before (Feng et al., 2011)

with a few minor changes. Briefly, mouse livers were dounce homogenized

in 1% formaldehyde/PBS solution and incubated for 20 min while rotating at

room temperature. Crosslinking was quenched with 1/20 volume of 2.5 M

glycine solution for 5 min and the pellets were washed with PBS twice. Pellets

were resuspended in ChIP buffer (50mMHEPES [pH 7.5], 155mMNaCl, 1.1%

Triton X-100, 0.11% sodium deoxylcholate, 0.1% SDS, 1 mM EDTA, and pro-

tease inhibitors) and sonicated. Around 30 mg liver was used per ChIP with

either 10 mg anti-HDAC3 antibody (ab7030, Abcam) or 25 mL bead volume of

anti-HA conjugated agarose (A2095, Sigma-Aldrich). Proteins were immuno-

precipitated in ChIP buffer, and crosslinks were reversed overnight at 65�C
in SDS buffer (50 mM Tris-HCl [pH 8], 10 mM EDTA, and 1% SDS). DNA

was isolated using phenol/chloroform/isoamyl alcohol extractions. Additional

details are found in Supplemental Experimental Procedures.

Metabolic Profiling, Histology, and Flow Cytometry

For TAG measurement, livers were homogenized in lysis buffer (140 mM

NaCl, 50 mM Tris [pH 7.4], and 1% Triton X-100) using a tissuelyser with

steal beads (QIAGEN). TAG concentration was then measured using the

LiquiColor Triglyceride kit following the manufacturer’s protocol (StanBio).

Liver TBARS (Cayman Chemical) and glycogen (Biovision Inc.), and serum

NEFA (Wako Chemicals USA, Inc.), ALT (Biovision Inc.), insulin (Crystal

Chem), and BHB (Stanbio) were measured using commercial kits following

manufacturer’s protocol. Blood glucose concentrations were measured

with a glucometer (OneTouch) by sampling from the tail. For H&E staining,

tissues were harvested and immediately fixed overnight in 10% buffered

formalin, dehydrated with 70% ethanol, and embedded. For Oil Red O

staining, fixed tissues were snap frozen in HistoPrep media (Fisher Scienti-

fic) and sectioned. The sections were stained with 0.5% Oil Red O in pro-

pylene glycerol overnight and then with hematoxylin for 5 s. Histological

procedures were performed by the Penn Digestive Disease Center

Morphology Core. A blinded board-certified veterinary pathologist exam-

ined the H&E slides. Details for flow cytometry are found in Supplemental

Experimental Procedures.

Metabolomics

Analysis of water-soluble metabolites and lipids from mouse livers was per-

formed by liquid chromatography-mass spectrometry (LC-MS). Frozen liver

samples were divided into two portions, for the analysis of water-soluble me-

tabolites and lipids, respectively. About 30 mg of frozen tissue samples were

weighed and then pulverized in a CryoMill machine (Retsch) with stainless

ball at liquid nitrogen temperature. Additional details are found in Supple-

mental Experimental Procedures.

FAO and Uptake in Hepatocytes

Primary hepatocytes were isolated as before (Titchenell et al., 2015) and plated

in M199 media (Thermo Fisher Scientific) supplemented with 10% FBS, 0.1%

BSA, 100 nM thyroid hormone (T3), 500 nM dexamethasone, 1 nM insulin, and

1.1 g sodium bicarbonate/500 mL. After the cells attached, the media were re-

placed with complete DMEM + 100 nM dexamethasone and incubated over-

night. The cells were washed two times with DMEM and serum starved in

DMEM for 2 hr with or without 100 mMetomoxir. Then the cells were incubated

with 125 mM 3H-palmitate conjugated on BSA and 1 mM carnitine for an addi-

tional 2 hr with or without 100 mM etomoxir. The media was delipidated and
3H20 was measured by scintillation counting. For uptake measurements, the

attached cells were washed two times with PBS and the lipids were extracted

using the Folch method and measured in a scintillation counter.
872 Cell Metabolism 25, 863–874, December 13, 2016
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Levels of newly made palmitate in liver were determined as previously

described (Titchenell et al., 2016). Briefly, ad lib fed mice were injected intra-

peritoneally with deuterated water (20 mL per gram of body weight) and sacri-

ficed 6 hr later at ZT10. Lipids were extracted from the liver and analyzed using

gas chromatography-mass spectrometry.

Statistical Analysis

We used an unpaired, two-tailed Student’s t test when two conditions were

compared. For three conditions, we used a one-way ANOVA followed by the

indicated corrections. Statistical tests were performed using R, MS Excel, or

Graphpad Prism 7.0 software. Error bars represent SEM in all figures. p <

0.05 was considered significant in all cases.

ACCESSION NUMBERS

The GEO accession number for all sequencing data is GEO: GSE85929.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and five tables and can be found with this article online at http://

dx.doi.org/10.1016/j.cmet.2016.10.012.
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