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Abstract 

 De novo lipogenesis is tightly regulated by insulin and nutritional signals to maintain 

metabolic homeostasis; excessive lipogenesis induces lipotoxicity, leading to nonalcoholic fatty 

liver disease (NAFLD) and type 2 diabetes. Genetic lipogenic programs have been extensively 

investigated, but epigenetic regulation of lipogenesis is poorly understood. Here, we identified 

Slug as an important epigenetic regulator of lipogenesis. Hepatic Slug levels were markedly 

upregulated in mice by either feeding or insulin treatment. In primary hepatocytes, insulin 

stimulation increased Slug expression, stability, and interactions with epigenetic enzyme lysine-

specific demethylase-1 (Lsd1). Slug bound to the fatty acid synthase (Fasn) promoter where 

Slug-associated Lsd1 catalyzed H3K9 demethylation, thereby stimulating Fasn expression and 

lipogenesis. Ablation of Slug blunted insulin-stimulated lipogenesis; conversely, overexpression 

of Slug, but not a Lsd1 binding-defective Slug mutant, stimulated Fasn expression and 

lipogenesis. Lsd1 inhibitor treatment also blocked Slug-stimulated lipogenesis. Remarkably, 

hepatocyte-specific deletion of Slug inhibited the hepatic lipogenic program and protected 

against obesity-associated NAFLD, insulin resistance, and glucose intolerance in mice. 

Conversely, liver-restricted overexpression of Slug, but not the Lsd1 binding-defective Slug 

mutant, had the opposite effects. These results unveil an insulin/Slug/Lsd1/H3K9 demethylation 

lipogenic pathway that promotes NAFLD and type 2 diabetes. 
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Introduction 

Fatty acids serve both as a crucial metabolic fuel and as a core structure component of 

cell membranes to support life. Fatty acid synthase (Fasn) deficiency results in embryonic 

lethality (1), attesting the essential role of de novo lipogenesis. However, excessive lipogenesis 

leads to lipotoxicity, and causes (or worsens) devastating human diseases, including fatty liver 

disease (2, 3). Liver steatosis is a driving force for nonalcoholic fatty liver disease (NAFLD), 

alcoholic liver disease, insulin resistance, and type 2 diabetes (2-5). De novo lipogenesis is 

tightly regulated by metabolic hormone insulin, nutrients, and other metabolic signals. Insulin 

activates several lipogenic transcription factors (e.g. Srebp1c, Lxrα, USF-1, and E2F1) that 

stimulate expression of lipogenic enzymes Fasn, acetyl-CoA carboxylase 1 (Acc1) and ATP-

citrate lyase (Acl) (6-11). Recently, epigenetic modifications emerge as an important mechanism 

involved in reprogramming of metabolic pathways. For instance, lysine-specific demethylase-1 

(Lsd1) demethylates histone H3 lysine-4 (H3K4) on the Cyp7a1 promoter, thereby suppressing 

Cyp7a1 expression and bile acid synthesis (12). However, lipogenesis-regulating epigenetic 

factors remain poorly understood. 

Slug (also called Snai2 or Snail2) is a transcriptional regulator that contains an N-

terminal SNAG domain and a C-terminal DNA-binding domain. It binds via its DNA binding 

domain to E2 boxes (CAGGTG or CACCTG) in promoters and enhancers. Slug also binds via its 

SNAG domain to Lsd1, histone deacetylase 1 (HDAC1) and/or HDAC2, and recruits them to 

target promoters where these enzymes catalyze epigenetic modifications (13-15). HDAC1/2-

mediated histone deacetylation is known to repress gene expression. Lsd1-mediated H3K9 

demethylation activates target promoters, and Lsd1-catalzyed H3K4 demethylation has the 

opposite effects (14-17). Slug and its family member Snail1 are known to promote epithelial-to-

mesenchymal transition (EMT) and stem cell survival and/or proliferation (18-24). Notably, 

Snail1 emerges as a transcriptional regulator of nutrient metabolism. Adipocyte Snail1 

suppresses expression of adipose triacylglycerol lipase (Atgl), thereby inhibiting lipolysis and 

lipid trafficking (25). Hepatocyte Snail1 suppresses hepatic Fasn expression and lipogenesis 

(26). In cancer cells, Snail1 suppresses expression of fructose 1,6-bisphosphatase and 

mitochondrial proteins (27, 28). Unlike Snail1, the metabolic function of Slug is not defined. 
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Interestingly, global Slug knockout attenuates high fat diet (HFD)-induced obesity and insulin 

resistance (29); however, Slug target cells and metabolic pathways remain unknown. 

In this work, we generated and characterized hepatocyte-specific Slug knockout (SlugΔhep) 

mice and mice with liver-restricted overexpression of Slug. We identified Slug as a critical 

lipogenic transcription factor that promotes de novo lipogenesis by an epigenetic mechanism. 

We demonstrated that Slug-associated Lsd1 mediates lipogenesis by demethylating H3K9 on the 

Fasn promoter. Our results unveil an insulin/Slug/Lsd1/H3K9 demethylation lipogenic pathway 

that promotes NAFLD and type 2 diabetes. 

Results 

Hepatic Slug is elevated in NAFLD. To test if Slug is involved in metabolic regulation, we 

assessed liver Slug expression in response to fasting and feeding.  Liver Slug levels were lower 

in overnight-fasted relative to non-fasted states, and were markedly increased by refeeding 

(Figure 1A). Feeding increases insulin secretion, prompting us to test if insulin is responsible for 

Slug upregulation. Insulin injection substantially increased liver Slug protein levels in fasted 

mice (Figure 1B). Liver Slug mRNA levels were also increased by either refeeding or insulin 

injection (Figure 1C). To gain insight into insulin pathways involved in Slug expression, we 

inhibited PI 3-kinase and Akt in primary hepatocytes using Wortmannin and MK2066, 

respectively. Inhibition of PI 3-kinase or Akt abrogated the ability of insulin to upregulate Slug 

(Figure 1D), indicating that insulin stimulates Slug expression in a PI 3-kinase/Akt-dependent 

manner. We assessed Slug half-life using protein synthesis inhibitor cycloheximide (CHX). 

Insulin considerably increased Slug protein stability in human HepG2 hepatocytes (Figure 1E-F). 

Baseline Slug ubiquitination was undetectable but dramatically increased in hepatocytes by 

proteasome inhibitor MG132 treatment (Figure 1G), indicating that Slug is rapidly ubiquitinated 

and degraded. In accordance with increasing Slug stability, insulin markedly decreased Slug 

ubiquitination (Figure 1G). Given that obesity is associated with hyperinsulinemia, we assessed 

hepatic Slug levels in mice with obesity and humans with nonalcoholic steatohepatitis (NASH). 

Liver mRNA and protein levels of Slug were significantly higher in mice with either HFD-

induced (relative to chow-fed) or genetic obesity (ob/ob relative to wild type) (Figure 1H-I). 

Importantly, hepatic SLUG expression was also significantly higher in NASH patients (Figure 

1J). In publically-available human liver datasets, liver expression of both SLUG and FASN is 
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upregulated in subjects with NASH (Supplemental Figure 1A). Collectively, these results 

demonstrate that hepatic Slug is rapidly upregulated by insulin and possibly other metabolic 

signals. 

Hepatocyte-specific deletion of Slug protects against liver steatosis. To study hepatic Slug in 

vivo, we generated hepatocyte-specific Slug knockout (SlugΔhep) mice using the Cre/loxp system. 

Loxp sites were inserted into the Slug allele flanking exons 1-2 (Slugf/f) (Supplemental Figure 

1B). Slugf/f mice were crossed with albumin-Cre drivers to produce SlugΔhep mice. We confirmed 

that Slug was ablated specifically in the liver but not other tissues (Supplemental Figure 1C). 

SlugΔhep mice were grossly normal on standard chow diet. We placed SlugΔhep and Slugf/f 

littermates on HFD. Body weight was slightly lower in male but not female SlugΔhep mice 

relative to sex-matched Slugf/f mice (Figure 2A). Remarkably, liver was significantly smaller in 

both male and female SlugΔhep mice relative to sex-matched Slugf/f littermates (Figure 2B). 

Hepatocyte lipid droplets, as assessed by staining liver sections with neutral lipid dye Nile red, 

were substantially smaller and less abundant in SlugΔhep mice (Figure 2C). Both liver and plasma 

triacylglycerol (TAG) levels were significantly lower in SlugΔhep relative to sex-matched Slugf/f 

littermates (Figure 2D-E). Of note, liver TAG content was comparable between SlugΔhep and 

Slugf/f mice on standard chow diet (Supplemental Figure 1D). To further confirm these findings 

in mice with genetic obesity, we generated Slugf/f;ob/ob mice by crossing Slugf/f with ob+/- mice. 

Slugf/f;ob/ob mice were transduced with Cre adenoviral vectors to ablate liver Slug (Figure 2F). 

Green fluorescent protein (GFP) adenoviral vectors were used as control. Body weight was 

comparable between the Cre and the GFP groups (Figure 2G). Hepatocyte lipid droplets were 

smaller and less abundant in Cre relative to GFP expressing mice (Figure 2H). Liver TAG levels 

were significantly lower in Cre-expressing relative to GFP-expressing Slugf/f;ob/ob mice (Figure 

2I).  Therefore, hepatic Slug (elevated in obesity) appears to be indispensable for liver steatosis 

development in obesity. 

Ablation of hepatic Slug attenuates HFD-induced insulin resistance and glucose 

intolerance. Liver steatosis is known to worsen insulin resistance, prompting us to assess insulin 

sensitivity in SlugΔhep mice. Mice were fed a HFD for 11 weeks to induce obesity. Overnight 

fasted insulin levels were significantly lower in SlugΔhep than in Slugf/f littermates (Figure 3A). In 

glucose (GTT), insulin (ITT), and pyruvate (PTT) tolerance tests, blood glucose levels and areas 
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under curves (AUC) were significantly lower in SlugΔhep relative to sex-matched Slugf/f mice 

(Figure 3B-D). To corroborate these studies, we examined insulin signaling. Insulin-stimulated 

phosphorylation of hepatic Akt (pThr308 and pSer473) was significantly higher in SlugΔhep than 

in Slugf/f littermates (Figure 3E-F), indicating that hepatic Slug deficiency improves insulin 

resistance. To further confirm these findings, we examined mice with adult-onset ablation of 

hepatic Slug, using Slugf/f;CreERT2+/- mice generated by crossing Slugf/f with albumin-CreERT2 

drivers. Adult Slugf/f;CreERT2+/- mice were injected with tamoxifen to specifically ablate hepatic 

Slug (Tam-Δhep). Slugf/f mice were similarly treated with tamoxifen (Tam-f/f) as control. Body 

weight and fat content were comparable between Tam-Δhep and Tam-f/f mice (Supplemental 

Figure 2A-B). Liver weight and TAG levels were significantly lower in Tam-Δhep than in Tam-

f/f mice, and lipid droplets were smaller and less abundant in Tam-Δhep mice (Supplemental 

Figure 2B-D). Overnight fasted insulin levels were significantly lower in Tam-Δhep relative to 

Tam-f/f mice (Figure 3G). Both glucose and insulin tolerances were also improved in Tam-Δhep 

mice (Figure 3H-I). Collectively, these data suggest that obesity-induced upregulation of hepatic 

Slug promotes liver steatosis and insulin resistance. 

Ablation of hepatic Slug suppresses the liver lipogenic program. We next sought to 

identify Slug target genes, using unbiased GeneChIP techniques.  SlugΔhep male mice were fed a 

HFD for 11 weeks, and livers were harvested for Affymetrix analysis. We identified 563 

upregulated genes and 710 downregulated genes (>1.25 folds). These genes are involved in 

many signaling and metabolic pathways (Figure 4A). Notably, expression of lipogenic genes 

(e.g. Fasn, Acc1, and Srebp1c) was substantially downregulated in SlugΔhep mice (Figure 4B-C). 

We confirmed these results by immunoblotting liver extracts. Hepatic Fasn, Acc1 and Srebp1c 

levels were markedly lower both in SlugΔhep relative to Slugf/f mice (Figure 4D) and in Tam-Δhep 

relative to Tam-f/f mice (Supplemental Figure 2E). The mRNA levels of Fasn, Acc1, Srebp1c, 

Acl, Elvol6 were lower in SlugΔhep mice (Figure 4E). Expression of lipid droplet proteins (e.g. 

Cidea, Cidec) was also significantly lower in SlugΔhep mice (Figure 4E). These results suggest 

that Slug stimulates lipogenic gene expression in the liver. In contrast, expression of the genes 

that regulate fatty acid uptake (CD36), fatty acid β oxidation (Cpt1α) and very low density 

lipoprotein secretion (Mttp) was comparable between SlugΔhep and Slugf/f mice (Figure 4B, 4E). 

Expression of hepatic Lxrα, Chrebp and Pparγ was also similar between SlugΔhep and Slugf/f mice 
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(Supplemental Figure 2F). Thus, hepatic Slug induces liver steatosis in obesity, presumably by 

stimulating de novo lipogenesis. 

Liver-specific overexpression of Slug but not ΔN30 promotes NAFLD and insulin 

resistance. To complement the loss of function approach, we tested if liver-restricted 

overexpression of Slug is sufficient to induce liver steatosis. Considering that the SNAG domain 

of Slug binds to various epigenetic enzymes, we speculated that this domain might be required 

for Slug stimulation of lipogenesis. We generated epigenetically-defective ΔN30 lacking amino 

acids 1-30. C57BL/6J mice were transduced with adeno-associated viral (AAV) vectors 

expressing Slug, ΔN30, or GFP (control), and fed a HFD. Liver expression of Slug and ΔN30 

was comparable (Figure 5A and Supplemental Figure 3A). Body weight was indistinguishable 

between AAV-GFP, AAV-Slug and AAV-ΔN30 transduced mice (Figure 5B). Strikingly, 

overexpression of Slug but not ΔN30 induced hepatomegaly and severe liver steatosis (Figure 

5C-D). Liver TAG levels were significantly higher in the AAV-Slug but not AAV-ΔN30 groups 

relative to the AAV-GFP group (Figure 5E). Consistently, both protein and mRNA levels of 

hepatic Fasn and Acc1 were considerably higher in Slug-overexpressing but not ΔN30-

overexpressing mice relative to GFP-expressing mice (Figure 5F and Supplemental Figure 3B). 

Plasma insulin levels were higher in AAV-Slug-transduced but not AAV-ΔN30-transduced mice 

relative to AAV-GFP-treated mice (Figure 5G). In GTT and ITT, AUCs were significantly 

higher in the AAV-Slug but not the AAV-ΔN30 groups relative to the GFP group (Figure 5G). 

Insulin-stimulated phosphorylation of Akt (pThr308, pSer473) was lower in the AAV-Slug 

group, but higher in the AAV-ΔN30 group, relative to the AAV-GFP group (Figure 5H and 

Supplemental Figure 3C). These results suggest that SNAG-associated epigenetic activities are 

indispensable for hepatic Slug to promote lipogenesis and insulin resistance. 

Slug/Lsd1 pathway epigenetically stimulates Fasn expression and lipogenesis. We 

next set out to identify SNAG-elicited epigenetic modifications responsible for Slug stimulation 

of lipogenesis. The SNAG domain is known to bind to Lsd1 (16, 30). We confirmed that Slug 

but not ΔN30 bound to Lsd1, using coimmunoprecipitation (Figure 6A and Supplemental Figure 

3D). Importantly, insulin further increased Slug association with Lsd1 (Figure 6B). 

Overexpression of Slug markedly increased expression of Fasn, Acc1, and Srebp1c as well as 

lipogenesis in primary hepatocytes (Figure 6C-E), further confirming that Slug directly 



8 
 

stimulates de novo lipogenesis. To examine the role of Slug-associated Lsd1, we treated primary 

hepatocytes with Lsd1 inhibitor GSK2879552 (GSK). GSK abrogated the ability of Slug to 

stimulate lipogenic gene expression and lipogenesis (Figure 6C-E). To verify that Lsd1 mediates 

Slug lipogenic action in vivo, we transduced C57BL/6J mice with Slug adenoviral vectors and 

then treated the mice with GSK. Slug overexpression markedly increased Fasn expression in the 

liver as expected, and GSK treatment significantly inhibited the ability of Slug to stimulate Fasn 

expression (Supplemental Figure 4A). The Fasn promoter contains 2 and 3 putative Slug-binding 

motifs in mice and humans, respectively. Overexpression of Slug but not Lsd1 binding-defective 

ΔN30 increased Fasn luciferase reporter activities (Figure 6F). Together, these observations 

suggest that Lsd1 mediates Slug stimulation of lipogenic gene expression. 

We attempted to elucidate Lsd1-catalized epigenetic modifications on the Fasn promoter, 

using chromatin immunoprecipitation (ChIP)-qPCR. H3K9 mono-methylation (H3K9me1) and 

di-methylation (H3K9me2) levels were significantly higher in SlugΔhep relative to Slugf/f mice 

(Figure 6G).  Conversely, liver-specific overexpression of Slug substantially decreased Fasn 

promoter H3K9me1 and H3K9me2 levels (Figure 6H). Deletion of the SNAG domain 

completely abolished the ability of ΔN30 to decrease Fasn promoter H3K9 methylation levels in 

mice (Figure 6H). In contrast, H3K4 di-methylation (H3K4m2) levels were similar between 

SlugΔhep and Slugf/f mice (Figure 6G). To corroborate these studies, we transduced C57BL/6J 

mice with Slug adenoviral vectors and treated them with Lsd1 inhibitor GSK2879552. Slug 

overexpression decreased Fasn promoter H3K9me1 levels as expected, and GSK2879552 

treatment dramatically suppressed the ability of Slug to decrease Fasn promoter H3K9me1 levels 

(Figure 6I). Collectively, these results suggest that Slug-bound Lsd1 catalyzes H3K9 

demethylation, thereby stimulating Fasn expression. 

Slug deficiency decreased Srepb1c expression (Figure 4D-E), prompting us to test if 

Srepb1c acts downstream to mediate Slug lipogenic action. We silenced Srepb1c in primary 

hepatocytes using shRNA adenoviral vectors as described previously (31). Srebp1c expression 

was dramatically suppressed by Srebp1c shRNA adenoviral vectors compared to scramble 

adenoviral vectors (Supplemental Figure 4B). Slug overexpression increased de novo lipogenesis 

in both scramble and shRNA adenoviral vector-transduced hepatocytes, but lipogenesis rates 

were lower in Srebp1c-silenced hepatocytes (Supplemental Figure 4C). These data suggest that 



9 
 

Slug stimulates lipogenesis by both Srebp1c-dependent and Srebp1c-independent mechanisms. 

Aside from the Fasn promoter, we also observed that Slug occupied on Srebp1c and Acc1 

promoters (Supplemental Figure 4D), suggesting that Slug likely activates expression of multiple 

lipogenic genes. 

Slug/Lsd1 pathway mediates insulin stimulation of lipogenesis. Considering that 

insulin increases Slug expression and Slug binding to Lsd1, we tested if Lsd1-elicited H3K9 

demethylation mediates insulin stimulation of lipogenesis. We confirmed that Slug physically 

bound to the Fasn promoter in primary hepatocytes, using ChIP assays (Figure 7A). Importantly, 

insulin further increased Slug occupancy on the Fasn promoter (Figure 7B). Strikingly, deletion 

of Slug markedly attenuated the ability of insulin to stimulate Fasn expression in hepatocytes 

prepared from SlugΔhep mice (Figure 7C-D). Accordingly, ablation of Slug decreased both 

baseline and insulin-stimulated lipogenesis (Figure 7E). Conversely, overexpression of Slug 

markedly increased de novo lipogenesis under both basal and insulin-stimulated conditions 

(Figure 7F). To examine the role of Slug-bound Lsd1, we pretreated primary hepatocytes with 

Lsd1 inhibitor GSK2879552 prior to insulin stimulation. Remarkably, Lsd1 inhibition, like Slug 

ablation, abolished the ability of insulin to stimulate de novo lipogenesis (Figure 7G). Based on 

these findings, we propose an epigenetic lipogenesis model (Figure 7H). Insulin stimulates Slug 

expression, Slug interaction with Lsd1, and recruitment of Slug/Lsd1 complexes to lipogenic 

promoters/enhancers. Lsd1 in turn catalyzes H3K9 demethylations, thereby stimulating 

expression of lipogenic genes and subsequent lipogenesis. 

Discussion 

In this study, we have identified Slug as an important lipogenic transcription factor. We 

found that Slug binds to the promoters of lipogenic genes Fasn, Acc1, and Srebp1c. In primary 

hepatocytes, overexpression of Slug suppressed Fasn, Acc1, and Srebp1c expression and de novo 

lipogenesis, and ablation of Slug had the opposite effects. In vivo, hepatocyte-specific ablation of 

Slug decreased expression of hepatic Fasn, Acc1, and Srebp1c and dramatically attenuated 

obesity-associated liver steatosis in SlugΔhep mice. SlugΔhep mice were resistant to HFD-induced 

insulin resistance and glucose intolerance, presumably owing to protection against liver steatosis. 

Conversely, liver-restricted overexpression of Slug markedly worsened HFD-induced liver 

steatosis and insulin resistance. Insulin potently upregulated Slug levels by increasing both Slug 
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expression and stability, and also stimulated binding of Slug to the Fasn promoter. Ablation of 

Slug markedly decreased insulin-stimulated lipogenesis. These results reveal an insulin/Slug 

lipogenic pathway. Importantly, hepatic Slug levels were aberrantly higher in mice and humans 

with obesity and NAFLD. Taken together, these findings suggest that the insulin/Slug lipogenic 

pathway contributes to NAFLD and liver steatosis-related metabolic disease. 

We confirmed that Slug binds to Lsd1 via its SNAG domain. Interestingly, insulin 

stimulation further increased Slug-Lsd1 interactions. Remarkably, in primary hepatocytes, Lsd1 

inhibitor treatment abrogated the ability of Slug to stimulate expression of lipogenic genes and 

de novo lipogenesis. Similarly, Lsd1 inhibitor treatment also decreased the ability of Slug to 

stimulate liver Fasn expression in mice. In HFD-fed mice, deletion of the SNAG domain (ΔN30) 

abolished the ability of Slug to stimulate expression of lipogenic genes, liver steatosis, and 

insulin resistance. Lsd1 is able to activate target promoters through catalyzing H3K9 

deacetylation. We found that liver Fasn promoter H3K9me1 and H3K9me2 levels were 

significantly higher in SlugΔhep mice relative to Slugf/f mice, and were significantly lower in Slug-

overexpressing mice (restricted to the liver) relative to GFP-overexpressing mice. Strikingly, 

deletion of Lsd1-binding SNAG domain (ΔN30) abrogated the ability of Slug to decrease liver 

Fasn promoter H3K9me1 and H3K9me2 levels. Likewise, Lsd1 inhibitor treatment also blocked 

the ability of Slug to decrease liver Fasn promoter H3K9me1 levels. Based on these findings, we 

proposed a Slug epigenetic model of de novo lipogenesis (Figure 7H). Slug recruits, via its 

SNAG domain, Lsd1 to Fasn and other lipogenic gene promoters where Lsd1 catalyzes H3K9 

demethylation, thereby epigenetically increasing expression of lipogenic genes and lipogenesis.  

Insulin potently stimulates the Slug epigenetic pathway which mediates, at least in part, insulin-

stimulated lipogenesis. It is worth mentioning that many cytokines and cellular stressors, 

including TNFα, IL6, hypoxia, and oxidative stress that are elevated in obesity, also stimulate 

Slug expression (32-36). We are tempted to propose that Slug serves as an epigenetic integrator 

of these obesogenic factors to orchestrate pathogenic lipogenesis, leading to NAFLD and related 

metabolic disease. 

We previously reported that Snail1 suppresses de novo lipogenesis in hepatocytes (26). 

Snail1 elicits repressive deacetylation of both H3K9 and H3K27, but not demethylation of 

H3K9, on the Fasn promoter (26). Clearly, Slug and Snail1 have the opposing actions on de 
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novo lipogenesis. Slug and Snail1 likely recruit distinct epigenetic enzymes to lipogenic 

promoters, resulting in functionally-opposite histone modifications. Therefore, hepatic 

lipogenesis is likely to be governed by a Slug/Snail1 epigenetic balance. Hepatic Slug/Snail1 

imbalance may contribute to aberrant lipogenesis and NAFLD. Of note, multiple transcription 

factors (e.g. Srebp1c, Lxrα, USF-1, and E2F1) have been identified to be involved in de novo 

lipogenesis (6-11). We postulate that Slug-triggered epigenetic modifications confer permissive 

chromatin conformations on which other transcription factors act to stimulate expression of 

lipogenic genes. This hypothesis warrants additional investigations in the future. 

In conclusion, we unravel an insulin/Slug/Lsd1/H3K9 demethylation lipogenic pathway. 

This epigenetic pathway is aberrantly activated in the liver under obesity condition, and 

promotes NAFLD and insulin resistance. The Slug/Lsd1 pathway may serve a potential 

therapeutic target for the treatments of NAFLD and type 2 diabetes. 

Methods 

Generation of SlugΔhep mice: Snai2 genomic DNA was prepared from 129X1/SvJ mice 

using PCR, confirmed by DNA-sequencing, and used to prepare target vectors (Supplemental 

Figure 1B). Slug target vectors were introduced, by electroporation, into 129/Sv ES cells that 

were subsequently selected by G418 and FIAU. Slug targeting (Slugf-Neo) was verified by PCR 

and DNA sequencing analyses. Slugf-Neo ES cells were injected into C57BL/6J blastocysts to 

generate Slugf-Neo mice. The Neo cassette was removed to generate Slugf/+ mice by crossing Slugf-

Neo mice with TgACT-FLPe mice (Jackson Laboratory) (37). Slugf/+ mice were backcrossed with 

C57BL/6J mice over 6 generations (remove the Flp gene) and crossed with albumin-Cre drivers 

to produce SlugΔhep (Slugf/f;Cre+/-) mice. Slugf/f mice were crossed with albumin-CreERT2 drivers 

to generate Slugf/f;CreER+/- mice. Adult Slugf/f;CreER+/- mice were intraperitoneally injected 

with tamoxifen (Cayman Chemical, Ann Arbor, MI) (0.5 mg/mouse, twice 2 days apart) to ablate 

Slug specifically in hepatocytes. Slugf/f mice were crossed with ob+/- mice to generate 

Slugf/f;ob/ob mice. Adult Slugf/f;ob/ob mice were transduced with AAV-TBG-Cre (Penn Vector 

Core, University of Pennsylvania School of Medicine) or AAV-TBG-GFP (control) (1011 viral 

particles/mouse) via tail vein injection to ablate hepatocyte Slug. Mice were housed on a 12-h 

light-dark cycle in the Unit for Laboratory Animal Medicine at the University of Michigan 
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(ULAM) and fed ad libitum either a chow diet (9% fat in calories; TestDiet, St. Louis, MO) or a 

HFD (60% fat in calories; Research Diets, New Brunswick, NJ). 

Human samples: Human liver samples were provided by the Liver Tissue Cell 

Distribution System at the University of Minnesota (Minneapolis, Minnesota, USA) and were 

described previously (38, 39). Both males and females were included. Individuals with an 

alcohol-drinking history (2 to 3 drinks/day) or liver cancer were excluded. The average ages for 

normal individuals and NASH patients were ~56 and ~53, respectively. 

Liver-specific overexpression of Slug and Lsd1 inhibitor treatment.  Murine Slug or 

ΔN30 was inserted into AAV-CAG vectors. C57BL/6J males (8 weeks) were transduced with 

AAV-CAG-GFP, AAV-CAG-Slug, or AAV-CAG-ΔN30 vectors (1011 viral particles/mouse) via 

tail vein injection. After 1 week of recover, they were placed on a HFD for 8-11 weeks. 

C57BL/6J males (9-10 weeks) were transduced with Slug or GFP adenoviral vectors via tail 

veins. Five days later, mice were treated with Lsd1 inhibitor GSK2879552 (10 mg/kg body 

weight, daily) for additional 5 days. Livers were harvested for ChIP and immunoblotting assays. 

Glucose (GTT) insulin (ITT), and pyruvate (PTT) tolerance tests: GTT: mice were 

fasted overnight, and intraperitoneally injected with glucose (1 g/kg body weight). ITT: mice 

were fasted for 4 h and intraperitoneally injected with human insulin (0.75 units/kg body 

weight). PTT: mice were fasted for 6 h and intraperitoneally injected with pyruvate (1 g/kg body 

weight). Blood samples were collected from tail veins 0, 15, 30, 60, and 120 min after injection 

and used to measure blood glucose levels. Plasma insulin levels were measured using mouse 

insulin ELISA kits (CRYSTAL CHEM, Downers Grove, IL). 

Nile red staining and TAG levels:  Liver frozen sections were fixed in 4% 

paraformaldehyde for 20 min, stained with Nile red (1 µg/ml in PBS) for ~30 min, and visualized 

using fluorescent microscopy (40).  Liver samples were homogenized in 1% acetic acid. Lipids 

were extracted using 80% chloroform/Methanol (2:1). Organic fractions were dried in a chemical 

hood, resuspended in a KOH (3 M)/ethanol solution, incubated at 70 ℃ for 1 h, and mixed with 

MgCl2 (0.75 M). Aqueous fractions were used to measure TAG levels using Free Glycerol 

Reagent (Sigma) (25). 
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Fasn luciferase reporter assays. The rattus Fasn promoter (from -225 to +45) was 

prepared by PCR (forward primer: 5’-AGTGCCTCTCATGTATGCTTAA-3’, and reverse 

primer: 5’-TCCCGCAGTCTCGATACCTTGG-3’) and inserted into pGL3 vectors. HepG2 cells 

were grown in DMEM containing 5 mM glucose and 10% calf serum at 5% CO2 and 37 0C, and 

transiently co-transfected with Fasn luciferase reporter plasmids using polyethylenimine (Sigma-

Aldrich, St. Louis, MO) (41). Luciferase activities were measured in 72 h after transfection using 

a kit (Progema, Madison, WI) and normalized to β-gal internal control. 

De novo lipogenesis and shRNA knockdown. Primary hepatocytes were isolated using 

liver perfusion with type II collagenase (Worthington Biochem, Lakewood, NJ) (42), and were 

grown in William’s E Medium (Sigma-Aldrich, St. Louis, MO) supplemented with 2% FBS, 100 

units/ml penicillin, and 100 g/ml streptomycin. Hepatocytes were transduced with Slug or GFP 

adenoviral vectors as described previously (43), and treated with GSK2879552 (1 μM) for 24 h. 

Do novo lipogenesis was assessed using [3H]-acetate and normalized to total protein levels as 

described previously (44). Primary hepatocytes were isolated from SlugΔhep and Slugf/f mice at 8-

10 weeks of age, deprived of serum overnight in the presence of 5 mM glucose, and stimulated 

with 50 nM insulin for 12 h. Lipogenesis were measured as described above. Primary 

hepatocytes were isolated from overnight-fasted C57BL/6J males, grown in William’s E 

Medium pretreated with GSK2879552 (4 μM) for 4 h, and subsequently stimulated with insulin 

(50 nM) in the presence of GSK2879552. Lipogenesis was measured 4 h later. Primary 

hepatocytes were transduced with Srebp1c shRNA (GTCTTCTATCAATGACAAGA) 

adenoviral vectors (scramble RNA vectors as control) to silence Srebp1c as described previously 

(31). Concomitantly, hepatocytes were also transduced with Slug or β-gal adenoviral vectors, 

and subjected to lipogenesis or immunoblotting assays 2 days later. 

Immunoblotting, immunoprecipitation, and protein stability:  Tissues or cells were 

homogenized in a lysis buffer (50 mM Tris HCl, pH 7.5, 1.0% NP-40, 150 mM NaCl, 2 mM 

EGTA, 1 mM Na3VO4, 100 mM NaF, 10 mM Na4P2O7, 1 mM PMSF, 10 mg/ml aprotinin, and 

10 mg/ml leupeptin). Tissue or cell extracts were immunoprecipitated and/or immunoblotted 

with the indicated antibodies. Primary hepatocytes were transduced with Slug adenoviral vectors.  

Forty hour later, the cells were derived of serum overnight and treated with cycloheximide (100 

μg/ml) in the presence of either insulin (100 nM) or PBS (control) for 0-8 h. Cell extracts were 
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immunoblotted with antibodies against Slug or α-tubulin. Slug protein was quantified and 

normalized to α-tubulin levels. Slug abundance was presented as a ratio to its baseline levels 

prior to cycloheximide treatment and plotted against cycloheximide treatment duration. In some 

figures, proteins were blotted in parallel gels because their molecular weights or their abundance 

were drastically different. Antibody information was listed in Supplemental Table 1. 

Quantitative real time RT-PCR (qPCR): Total RNAs were extracted using TRIzol 

reagent (Invitrogen life technologies, Carlsbad, CA). The first-strand cDNAs were synthesized 

using random primers and M-MLV reverse transcriptase (Promega, Madison, WI). qPCR was 

performed using Radiant™ SYBR Green 2X Lo-ROX qPCR Kits (Alkali Scientific, Pompano 

Beach, FL) and StepOnePlus RT PCR Systems (Life Technologies Corporation, NY, USA). 

qPCR primers were listed in Supplemental Table 2. 

Chromatin immunoprecipitation (ChIP): ChIP assays were described previously (25). 

Briefly, liver samples were treated with 1% formaldehyde for 10 min to crosslink DNA-protein 

complexes. Genomic DNA was extracted, and sheared to 200-500 bp fragments using a sonicator 

(Model Q800R, QSONICA). DNA-protein complexes were immunoprecipitated with the 

indicated antibodies. Crosslink was reversed by heating at 65 0C for 4 h. DNA was recovered 

using commercial kits or chemical purifications and used for PCR or qPCR analysis. Fasn 

promoter primers flanking the putative Snail1-binding motifs were listed in Supplemental Table 

2. ChIP antibody information was listed in Supplemental Table 1. 

Affymetrix microarray analysis. SlugΔhep and Slugf/f males were fed a HFD for 11 

weeks. Variable transcripts were analyzed using The KEGG pathway analysis and DAVID 

Bioinformatics Resources version 6.8 (https://david.ncifcrf.gov). 

Statistical analysis: Differences between two groups were analyzed by 2-tailed Student’s 

t test. Comparisons between more than 3 groups were analyzed by 1-way ANOVA/Sidak posttest 

(GraphPad Prism 7). Longitudinal data (GTT, ITT, and PTT) were analyzed by 2-way 

ANOVA/Bonferroni posttest (GraphPad Prism 7).  A P value less than 0.05 was considered 

significant. 

Study Approval. Animal experiments were conducted following the protocols approved 

by the University of Michigan Institutional Animal Care and Use Committee (IACUC). 
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Data availability. All source data are presented in Methods and Supplemental 

Inflammation. 
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Figure 1. Hepatic Slug is upregulated by insulin and is elevated in NAFLD. (A) C57BL/6J males 
were overnight-fasted and then refed for 3 h. Liver nuclear extracts were immunoblotted with the 
indicated antibodies. (B) C57BL/6J males were fasted overnight and treated with insulin (1U/kg body 
weight for 4 h). Liver nuclear extracts were immunoblotted with indicated antibodies.  Slug levels were 
normalized to lamin A/C levels (n=3 per group). (C) Liver Slug mRNA abundance (normalized to 36B4 
levels; n=3 per group). (D) Primary hepatocytes were pretreated with wortmannin (100 nM) or MK2066 
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(100 nM) for 0.5 h prior to insulin stimulation (100 nM for 2 h). Nuclear extracts and cell extracts were 
immunoblotted with the indicated antibodies. (E-F) Primary hepatocytes were transduced with Slug 
adenoviral vectors, treated with insulin in the presence or absence of cycloheximide. Nuclear Slug levels 
were normalized to lamin A/C (n=3 per group). (G) Primary hepatocytes were transduced with Slug 
adenoviral vectors for 12 h, and then stimulated with insulin (100 nM for 1h) in the presence or absence 
of MG132 (5 μM). Cell extracts were immunoprecipitated with antibody against Slug and immunoblotted 
with the indicated antibodies. (H) Liver Slug mRNA levels (normalized to 36B4 levels). Chow: n=5, HFD 
(for 10 weeks): n=5, ob/ob (14 weeks of age): n=5). (I) Liver nuclear extracts were prepared from WT and 
ob/ob mice at 14 weeks of age or from WT mice fed a chow diet or HFD for 10 weeks, and immunoblotted 
with antibodies against Slug and lamin A/C. (J) Liver SLUG mRNA levels in NASH patients (n=11) and 
normal subjects (Con) (n=10) (normalized to GAPDH). Proteins were resolved in parallel gels. Data are 
presented as mean ± SEM. *p<0.05, 2-tailed Student’s t test (B, C, J) or 1-way ANOVA/Sidak posttest 
(H). 
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Figure 2. Hepatocyte-specific deletion of Slug protects against liver steatosis in obesity. (A-E) 
SlugΔhep and Slugf/f mice were fed a HFD for 11 weeks. (A) Growth curves (n=11 per group). (B) Liver size 
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and weight. Male: n=9 per group; female: n=10 per group. (C) Reprehensive liver sections (n=3-9 mice 
per group). (D) Liver TAG levels (normalized to liver weight). Male: n=9 per group; female: n=6 per group. 
(E) Overnight fasting plasma TAG levels in male (n=9 per group). (F-J) Slugf/f;ob/ob males were 
transduced with GFP or Cre adenoviral vectors for 3 weeks. (F) Liver extracts were immunoblotted with 
antibodies against Slug and α-tubulin. (G) Growth curves (n=6 per group). (H) Representative liver 
sections (3 pairs). (I) Liver TAG levels (normalized to liver weight). GFP: n=6; Cre: n=5. Data are 
presented as mean ± SEM. *p<0.05, 2-tailed Student’s t test. 
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Figure 3. Ablation of hepatic Slug ameliorates diet-induced insulin resistance and glucose 
intolerance. (A-E) SlugΔhep and Slugf/f mice were fed a HFD for 8-11 weeks. (A) Overnight-fasted plasma 
insulin levels (male: n=8 per group; female: n=6 per group). (B-D) GTT, ITT and PTT. Male: n=11 per 
group; female: n=11 per group. AUC: area under curves. (E-F) Mice were fasted overnight and stimulated 
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with insulin (1 unit/kg body weight for 5 min). Liver extracts were immunoblotted with antibodies against 
phospho-Akt or Akt. Phospho-Akt levels were normalized to total Akt levels (n=3). (G-I) Tam-f/f and Tam-
Δhep males were fed a HFD for 10 weeks. (G) Overnight-fasted plasma insulin levels (n=6 per group). (H-
I) GTT and ITT. Tam-f/f: n=12, Tam-Δhep: n=9. Data are presented as mean ± SEM. *p<0.05, 2-tailed 
Student’s t test (A, B AUC, C AUC, D AUC, F, G, H AUC, I AUC, J) and 2-way ANOVA/Bonferroni 
posttest (B curves, C curves, D curves, H curves, I curves). 
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Figure 4. Ablation of hepatic Slug suppresses the hepatic lipogenic program. SlugΔhep and Slugf/f 
males were fed a HFD for 11 weeks. (A-C) Affymatrix analysis (n=6 per group). (A) Gene ontology 
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analysis. (B) Volcano plots. (C) Heatmaps. (D) Liver extracts were immunoblotted with the indicated 
antibodies. Arrow indicates the mature form of Srepb1c. (E) Liver mRNA abundance (normalized to 34B4 
levels). Slugf/f: n=7, SlugΔhep: n=9. Data are presented as mean ± SEM. *p<0.05, 2-tailed Student’s t test. 
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Figure 5. Liver-specific overexpression of Slug but not ΔN30 promotes liver steatosis and insulin 
resistance. C57BL/6J males were transduced with AAV-CAG-GFP, AAV-CAG-Slug, or AAV-CAG-ΔN30 
vectors, and fed a HFD for 11 weeks. (A) Liver Slug mRNA levels (normalized to 36B4 levels, n=4-5 per 
group). (B) Growth curves (n=10 per group). (C-D) Representative livers and liver sections (n=3 mice per 
group). (E) Liver TAG levels (normalized to liver weight). N=6 per group. (F) Liver extracts were 
immunoblotted with the indicated antibodies. Fasn and Acc1 levels were normalized to α-tubulin levels. 
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(G) Overnight-fasted plasma insulin levels (n=6 per group), GTT, and ITT (n=10, per group) in 8-9 weeks 
post AAV transduction. (H) Mice were fasted overnight and stimulated with insulin (1 unit/kg body weight 
for 5 min). Liver extracts were immunoblotted with antibodies against phospho-Akt (pThr308, pSer473) 
and Akt. Data are presented as mean ± SEM. *p<0.05, 1-way ANOVA/Sidak posttest. 
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Figure 6. Slug/Lsd1/H3K9 demethylation pathway stimulates lipogenesis. (A) 
Coimmunoprecipitation of Slug with Lsd1 in HEK293 cells. (B) Primary hepatocytes were stimulated with 
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insulin (100 nM for 1 h). Cell extracts were immunoprecipitated with anti-Slug antibody and 
immunoblotted with antibodies against Lsd1 and Slug. (C-E) Primary hepatocytes were transduced with 
Slug or β-gal adenoviral vectors and treated with GSK2879552 (1 μM) or DMSO for 24 h. (C) Lipogenesis 
rates (normalized to protein levels) (n=3 per group). (D) Cell extracts were immunoblotted with the 
indicated antibodies. Fasn and Acc1 levels were normalized to α-tubulin levels (n=3). (E) Fasn, Acc1, and 
Srebp1c mRNA abundance (normalized to 36B4 levels) (n=3 per group). (F) HEK293 cells were 
transfected with AAV-CAG-Slug or AAV-CAG-ΔN30 vectors. Cell extracts were immunoblotted with 
antibodies against Slug and α-tubulin. Fasn luciferase reporter activity (normalized to β-gal internal 
control) in HepG2 cells (n=3). (G) SlugΔhep (n=3) and Slugf/f (n=3) males were fed a HFD for 11 weeks. 
Fasn promoter H3K9 and H3K4 methylation levels were measured in the liver by ChIP-qPCR. (H) Liver 
Fasn promoter H3K9 and H3K4 methylation levels (n=4 per group). C57BL/6J males were transduced 
with AAV-CAG-GFP, AAV-CAG-Slug, or AAV-CAG-ΔN30 vectors, and fed a HFD for 11 weeks. (I) 
C57BL/6J mice were transduced with GFP or Slug adenoviral vectors and treated with GSK2879552. 
Fasn promoter H3K9me1 levels were assessed in the liver using ChIP (exclusion criteria: >3xSD). Data 
are presented as mean ± SEM. *p<0.05, 2-tailed Student’s t test (G) or 1-way ANOVA/Sidak posttest (C, 
D, E, F, I). 
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Figure 7. Insulin stimulated lipogenesis via Slug/Lsd1 epigenetic pathway. (A-B) Primary 
hepatocytes were transduced with Slug or β-gal adenoviral vectors, and stimulated with insulin (100 nM 
for 2 h). Slug occupancy on the Fasn promoter was assessed by ChIP-qPCR and normalized to inputs 
(n=3 per group). (C-E) Primary hepatocytes were stimulated with insulin (50 nM) for 3 h (C) or 12 h (D 
and E). (C) Fasn mRNA abundance (normalized to 36B4 levels) (n=3 per group). (D) Cell extracts were 
immunoblotted with the indicated antibodies. Fasn levels were normalized to α-tubulin levels. (E) 
Lipogenesis rates (n=3 per group). (F) Lipogenesis (normalized to protein levels, n=3 per group). Primary 
hepatocytes were transduced with Slug or β-gal adenoviral vectors and stimulated with insulin (50 nM for 
12 h). (G) Lipogenesis (n=3 per group). Primary hepatocytes were pretreated with GSK2879552 (4 μM) or 
DMSO and stimulated with insulin (50 nM for 5 h). (H) Insulin stimulates Slug expression, Slug-Lsd1 
interactions, and recruitment of Slug/Lsd1 to the Fasn promoter where Lsd1 demethylates H3K9, thereby 
activating Fasn expression and de novo lipogenesis. Cytokines and metabolic stressors similarly activate 
the Slug/Lsd1 lipogenic pathway. Data are presented as mean ± SEM. *p<0.05, 1-way ANOVA/Sidak 
posttest. 
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