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Abstract

INTRODUCTION: As many as 100 million people in the US have nonalcoholic fatty liver 

disease (NAFLD), characterized by increased liver lipid accumulation, which often leads to 
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hepatocyte injury and fibrosis, characteristics of nonalcoholic steatohepatitis (NASH). NASH in 

turn can progress to cirrhosis and hepatocellular carcinoma. There are currently no US Food and 

Drug Administration–approved therapies for NAFLD or NASH. NAFLD occurs when there is 

disequilibrium between the processes of hepatic lipid synthesis and consumption. The nutrient 

sensor mechanistic target of rapamycin complex 1 (mTORC1) regulates several of these pathways. 

mTORC1 is thus an attractive target to modulate lipid homeostasis in the liver. However, mTORC1 

also regulates numerous other cellular pathways, and blunting of mTORC1 modulation can lead to 

unexpected feedback loops and unwanted effects.

RATIONALE: We hypothesized that selective modulation of hepatic mTORC1 signaling could 

benefit liver lipid metabolism and prevent NAFLD. In non-liver cell types, the protein folliculin 

(FLCN) has been shown to confer substrate specificity to mTORC1. Deletion of FLCN 

inhibits mTORC1-mediated phosphorylation of the transcription factor E3/B (TFE3/B) family 

of transcription factors, without affecting mTORC1-driven phosphorylation of its canonical 

substrates ribosomal protein S6 kinase beta-1 (S6K1) and eukaryotic translation initiation factor 

4E–binding protein 1 (4E-BP1). Unphosphorylated TFE3 translocates to the nucleus and activates 

genes that promote lysosomal biogenesis, mitochondrial biogenesis, and oxidative metabolism. 

We reasoned that suppression of FLCN in the liver might promote fatty acid oxidation and lipid 

clearance without untoward effects of generalized mTORC1 inhibition.

RESULTS: Hepatocyte-specific genetic deletion of Flcn in adult mice selectively inhibited 

mTORC1-mediated cytoplasmic sequestration of TFE3, with little effect on other mTORC1 

targets, including S6K, 4E-BP1, and Lipin1. Hepatocyte loss of Flcn protected mice from 

both NAFLD and NASH and partially reversed these processes when already established. The 

protection against NAFLD and NASH required TFE3, which activated lipid clearance. Unleashed 

TFE3 additionally suppressed de novo lipogenesis. The latter was mediated in part by TFE3-

mediated induction of insulin-induced gene 2 (Insig2) to inhibit proteolytic activation of sterol 

regulatory element–binding protein-1c (SREBP-1c), a critical lipogenic transcription factor.

CONCLUSION: Our data establish FLCN as a critical regulator of lipid homeostasis in the 

liver. Flcn deletion affords selective inhibition of mTORC1, leading to nuclear translocation and 

activation of the transcription factor TFE3, which coordinates hepatic lipid metabolic pathways to 

protect against NAFLD and NASH in mice. Thus, our data reveal FLCN as a promising target for 

the treatment of NAFLD and NASH. The data also illuminate previously published and seemingly 

conflicting data, which likely reflected different effects on each arm of mTORC1 signaling. 

There have been numerous attempts by many to develop disease-specific treatments for NAFLD 

and NASH, thus far without success. A recurrent problem has been the many compensatory 

responses by the liver to targeting any one pathway; for example, inhibitors of acetyl–coenzyme 

A carboxylase led to compensatory activation of SREBP-1c and consequent hyperlipidemia. 

Targeting FLCN is thus particularly attractive, in that loss of FLCN simultaneously and favorably 

affects multiple aspects of hepatic lipid homeostasis, including promoting fatty acid oxidation and 

lysosomal biogenesis and inhibiting de novo lipogenesis.

Graphical Abstract
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Deletion of Flcn in the liver protects mice from NAFLD and NASH through selective 
suppression of mTORC1. Diets high in fat, carbohydrates, and cholesterol lead to NAFLD 

and NASH. When Flcn is simultaneously deleted, mTORC1 is selectively inhibited, preserving 

phosphorylation of canonical substrates S6K and 4E-BP1 while blocking phosphorylation of 

the transcription factor TFE3. Unphosphorylated TFE3 is released to the nucleus, where it 

activates lipid catabolism genes while suppressing de novo lipogenesis genes. [Image created 

using Biorender]

Abstract

Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) remain 

without effective therapies. The mechanistic target of rapamycin complex 1 (mTORC1) pathway is 

a potential therapeutic target, but conflicting interpretations have been proposed for how mTORC1 

controls lipid homeostasis. We show that selective inhibition of mTORC1 signaling in mice, 

through deletion of the RagC/D guanosine triphosphatase–activating protein folliculin (FLCN), 

promotes activation of transcription factor E3 (TFE3) in the liver without affecting other mTORC1 

targets and protects against NAFLD and NASH. Disease protection is mediated by TFE3, which 

both induces lipid consumption and suppresses anabolic lipogenesis. TFE3 inhibits lipogenesis by 

suppressing proteolytic processing and activation of sterol regulatory element–binding protein-1c 

(SREBP-1c) and by interacting with SREBP-1c on chromatin. Our data reconcile previously 

conflicting studies and identify selective inhibition of mTORC1 as a potential approach to treat 

NASH and NAFLD.

As many as 100 million people in the US have nonalcoholic fatty liver disease (NAFLD), 

characterized by increased liver lipid accumulation (1), which often leads to hepatocyte 
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injury and fibrosis, characteristics of nonalcoholic steatohepatitis (NASH) (2, 3). NASH can, 

in turn, progress to cirrhosis and hepatocellular carcinoma (1, 4). To date, there is no US 

Food and Drug Administration–approved therapy for NAFLD or NASH (4). NAFLD stems 

from a disequilibrium between hepatic lipid flux processes (5). Attempts at therapeutic 

modulation of any one of these processes often lead to feedback modulation of the others, 

limiting efficacy or causing unwanted side effects. Identifying therapeutic nodes that strike 

the proper balance has therefore been challenging.

The mechanistic target of rapamycin (mTOR) pathway is a critical nutrient-sensing pathway 

in many cell types, including hepatocytes (6). The mechanistic target of rapamycin complex 

1 (mTORC1), nucleated around the adaptor protein Raptor, activates anabolic pathways, 

such as lipid and protein synthesis, and inhibits catabolic pathways, such as autophagy and 

oxidative metabolism (6, 7). For this reason, mTORC1 has been studied as an attractive 

target to modulate lipid homeostasis in the liver, but its role in this process remains unclear, 

and studies point to seemingly opposing conclusions. Deletion of Raptor in hepatocytes 

suppresses de novo lipogenesis (DNL) through inhibition of the lipogenic transcription 

factor sterol regulatory element–binding protein-1c (SREBP-1c) and protected mice from 

liver steatosis (8). These results were consistent with an anabolic role of mTORC1 activity 

(8) and with the requirement of mTORC1 for activation of SREBP-1c by the protein kinase 

Akt (9). However, different studies reported that hepatocyte deletion of the TSC complex 

subunit 1 gene (Tsc1) (10, 11), and therefore activation of mTORC1, also protected mice 

from liver steatosis. Other groups have observed increased steatosis (12) and liver injury (13) 

in mice lacking Raptor in the liver. Thus, the role of mTORC1 in liver steatosis remains 

poorly understood.

Substrate specificity can be conferred to mTORC1 by the protein folliculin (FLCN) 

(14-16). Heterozygous loss-of-function mutations in the FLCN gene cause Birt-Hogg-Dubé 

syndrome, characterized by benign skin fibrofolliculomas, lung cysts, and, in a subset of 

patients, renal cell carcinoma caused by loss of heterozygosity (17). FLCN is a guanosine 

triphosphatase (GTPase)–activating protein (GAP) for the GTPases RagC and RagD, which, 

in their guanosine diphosphate–bound state, promote activation of mTORC1 (18). Deletion 

of Flcn in various cell types inhibits mTORC1-mediated phosphorylation of one set of 

targets, the transcription factor E3/B (TFE3/B) family of transcription factors, without 

affecting mTORC1-driven phosphorylation of its canonical substrates ribosomal protein 

S6 kinase beta-1 (S6K1) and eukaryotic translation initiation factor 4E–binding protein 1 

(4E-BP1) (14-16). As a result, modulation of FLCN allows separation of these two pathways 

downstream of mTORC1 (Fig. 1, A and B). Unphosphorylated TFE3 translocates to the 

nucleus and activates genes that promote lysosomal biogenesis, mitochondrial biogenesis, 

and oxidative metabolism (15, 19-22). Thus, in adipose tissue, for example, FLCN deletion 

promotes beiging and thermogenesis (14, 23), without suppressing S6K-mediated anabolism 

or causing lipodystrophy (14).

We reasoned that suppression of FLCN in the liver might promote fatty acid oxidation and 

lipid clearance without untoward effects of generalized mTORC1 inhibition. We found that 

deletion of Flcn in hepatocytes promoted oxidative metabolism and lysosomal biogenesis. 

Unexpectedly, we also found that deletion of Flcn in hepatocytes suppressed SREBP-1c 
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activity and de novo lipogenesis through multiple mechanisms. In addition, activation 

of canonical mTORC1 signaling triggered a feedback loop that suppressed noncanonical 

FLCN-mTORC1 activity on TFE3, thereby in part explaining discordant findings reported in 

the literature. Ultimately, suppression of liver FLCN led to protection against, and reversal 

of, NAFLD and NASH.

Liver FLCN selectively promotes mTORC1-mediated cytoplasmic 

sequestration of TFE3, without affecting canonical mTORC1 signaling

Mice with liver-specific deletion of Flcn (LiFKO mice) were generated by infecting 

Flcnlox/lox mice with hepatotropic adeno-associated virus serotype 8 (AAV8) expressing Cre 

recombinase driven by the hepatocyte-specific thyroxine-binding globulin (TBG) promoter 

(Fig. 1C). FLCN content in LiFKO livers was decreased by more than 90% (Fig. 1D). TFE3 

protein was enriched in the nuclei of cells from livers lacking Flcn (Fig. 1E), as was a 

slower migrating form of TFE3, as previously observed with Flcn deletion in different cell 

types (15, 22). Similar experiments in mice lacking Raptor in hepatocytes (12) demonstrated 

comparable accumulation of nuclear TFE3 (Fig. 1F and fig. S1A). Thus, hepatic FLCN 

appears to activate mTORC1 and promote retention of TFE3 in the cytoplasm.

Phosphorylation of canonical mTORC1 targets, including S6 and 4E-BP1, was mostly 

unaffected in livers of LiFKO mice, whether fed normal chow (Fig. 1G) or a NAFLD-

inducing diet [the fructose, palmitate, and cholesterol (FPC) diet] (Fig. 1H). Phosphorylation 

of S6 was unchanged in mice fasted overnight and then refed normal chow (Fig. 1G), 

and only mildly decreased in mice fed an FPC diet (Fig. 1H). Phosphorylation of 4E-BP1 

was unchanged (Fig. 1H). Phosphorylation of Lipin1, an mTORC1 substrate reported to 

inhibit SREBP-1c in the liver (8), was also unaffected in LiFKO livers (Fig. 1I). Together, 

these data indicate that hepatic FLCN activates mTORC1 selectively to regulate TFE3 

localization, which is known to be regulated by mTORC1-mediated phosphorylation, with 

little impact on canonical mTORC1 substrates (Fig. 1, A and B).

FLCN binds to and inhibits or activates adenosine monophosphate–activated protein kinase 

(AMPK) in various cell types (24-26). We observed a small increase in phospho-AMPK 

(active AMPK) in livers from chow-fed LiFKO mice (fig. S1B) but no change in mice fed 

a NAFLD-inducing diet (fig. S1C). Phosphorylation of AMPK substrate acetyl–coenzyme A 

(acetyl-CoA) carboxylase (ACC) was unchanged in animals fed normal chow but increased 

in mice fed an FPC diet, whereas phosphorylation of unc-51–like autophagy kinase 1 

(ULK1) was largely unchanged in both conditions (fig. S1, B and C). Loss of FLCN thus 

appears to have variable but mild effects on AMPK signaling in the liver.

We next tested the impact of Tsc1 deletion on TFE3 nuclear localization. The TSC complex 

suppresses canonical mTORC1 activity (27). TFE3 was localized to the nucleus in livers 

depleted of Tsc1 (Fig. 1J), despite activation of canonical mTORC1 signaling (fig. S1D). 

We also observed selective stabilization of the slower migrating TFE3 band, a signature of 

FLCN suppression (Fig. 1J). Canonical mTORC1 signaling (e.g., through S6K) therefore 

appears to exert negative feedback on the FLCN:TFE3 axis of mTORC1 signaling, such 

that chronic activation of the canonical arm, achieved by Tsc1 deletion, might suppress 
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FLCN activity (Fig. 1, A and B). FLCN protein abundance was unchanged in livers 

lacking Tsc1 (Fig. 1J), indicating that inhibition of FLCN occurs after translation. Thus, 

activation of TFE3 in the liver can be achieved, seemingly paradoxically, by either inhibition 

of (noncanonical) mTORC1 or activation of (canonical) mTORC1. The presence of this 

feedback might explain the observations that both activation and inhibition of mTORC1 

protect against steatosis (8, 11). In this model (Fig. 1, A and B), loss of Flcn should protect 

against NAFLD, and that protection should be dependent on TFE3 activity.

Loss of FLCN in the liver protects against NAFLD

LiFKO mice fed standard rodent chow appeared grossly normal, gained body weight at 

similar rates to control mice (Fig. 2A), and exhibited normal liver histology, as shown 

by hematoxylin and eosin (H&E) staining (Fig. 2B, top, and fig. S2A). When fed an 

Amylin liver NASH (AMLN) diet—a NAFLD-inducing diet high in trans fat, fructose, and 

cholesterol (28)—control mice gained weight (Fig. 2C) and developed severe liver steatosis, 

as shown by H&E staining (Fig. 2B, bottom), liver triglyceride quantification (Fig. 2D), 

and blinded histological evaluation of H&E slides (Fig. 2E). In contrast, LiFKO mice were 

mostly protected from both body weight gain and liver steatosis (Fig. 2, B to E). LiFKO 

mice also revealed lower levels of plasma triglycerides (fig. S2B) and nonesterified fatty 

acids (fig. S2C) and were protected from diet-induced elevations in total cholesterol, both 

HDL and non-HDL (fig. S2, D to F). Similar protection from weight gain and steatosis was 

observed in mice fed a Gubra AMLN (GAN) diet, which is a modified AMLN diet without 

trans fat that has replaced the AMLN diet since the ban on trans fats (29) (fig. S2G). Loss of 

Flcn is thus protective against NAFLD in these models.

One possible explanation for the observed protection against steatosis in LiFKO mice 

was the protection against weight gain and concomitant reductions in plasma insulin and 

homeostatic model assessment for insulin resistance (HOMA-IR) (fig. S2, H to J). The 

mechanism for the protection against weight gain in LiFKO mice on an AMLN diet is not 

clear, as comprehensive lab animal monitoring system (CLAMS) studies with control and 

LiFKO mice fed a GAN diet revealed no significant differences in food consumption, water 

consumption, ambulatory or locomotor activity, or energy expenditure (fig. S3). We thus 

sought a diet where body weight gains were equivalent between genotypes. Control and 

LiFKO mice were subjected to an FPC diet regimen, consisting of high fat, sucrose, and 

cholesterol with reduced vitamin E and choline, in conjunction with fructose and glucose 

in the drinking water—often called the “Big Mac and Coke” diet (30). With this FPC 

regimen, in which diminished choline intake can suppress weight gain (30, 31), there were 

no significant differences in body weight between the genotypes (Fig. 2H and fig. S4A), 

despite an apparent mild reduction in energy expenditure (fig. S4B). Plasma triglycerides, 

nonesterified fatty acids, insulin, glucose, and HOMA-IR were also unaffected (fig. S4, C to 

G). However, as with the AMLN diet, LiFKO mice were almost entirely protected against 

NAFLD induced by the FPC regimen (Fig. 2, G to J). The beneficial effects of Flcn deletion 

on the liver thus appear to be independent of body weight.
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NAFLD protection through loss of FLCN requires TFE3

Loss of Flcn induces TFE3 translocation to the nucleus (Fig. 1E). Notably, codeletion of 

Flcn and Tfe3 [double knockout (DKO) mice] completely prevented the protection against 

NAFLD seen with Flcn deletion alone, in both the AMLN and FPC diets (Fig. 2, B, D, 

E, G, I, and J). Tfe3 deletion alone had little impact compared with control mice (Fig. 2, 

I to J). In the AMLN diet cohort, deletion of Tfe3 also reversed the reductions in body 

weight seen with Flcn deletion (Fig. 2C), whereas no impact on body weight was seen in the 

FPC diet cohort (Fig. 2H). The protection against NAFLD in Flcn liver-null mice therefore 

requires TFE3. Together, these data demonstrate that loss of liver Flcn strongly protects 

against the development of NAFLD, in at least two NAFLD-inducing dietary conditions; 

that the protection is independent of effects on body weight; and that the protection is 

mediated by TFE3, most likely through TFE3 dephosphorylation, nuclear translocation, and 

transcriptional activation of an antisteatotic program.

Loss of FLCN in the liver activates pathways of lipid catabolism

In many cell types, TFE3 activates the expression of genes that drive lysosomal biogenesis 

(15, 32), an important step in the breakdown of lipids through lipophagy (33), and 

the expression of PGC-1α and PGC-1β (14), drivers of mitochondrial biogenesis, fatty 

acid oxidation, electron transport chain, and tricarboxylic acid (TCA) cycle genes. RNA 

sequencing (RNA-seq) analysis (Fig. 3, A to C) and protein immunoblotting (Fig. 3D) 

showed that both of these TFE3-mediated gene programs were activated in livers from 

LiFKO mice, whether fed normal chow or a NAFLD-inducing diet. Moreover, the induction 

of both programs was abrogated in DKO livers (Fig. 3, B and D), demonstrating their 

dependence on TFE3. PGC-1α mRNA (Ppargc1a) abundance was increased in LiFKO 

livers in a TFE3-dependent manner (Fig. 3E), and TFE3 occupancy on the chromatin at 

Ppargc1a, as well as lysosomal genes [e.g., cathepsin z (Ctsz)], was increased in LiFKO 

livers, coinciding with PolII occupancy and epigenetic markers of transcriptionally active 

chromatin (Fig. 3F). In line with these data, fatty acid oxidation, measured by conversion 

of radiolabeled palmitate to water, was increased in hepatocytes isolated from LiFKO mice 

(Fig. 3G). Gluconeogenic targets of PGC-1α (34) did not show increased expression in Flcn 
KO livers (fig. S5A), indicating that deletion of Flcn activates PGC-1α–driven oxidation 

programs specifically, without adversely affecting gluconeogenesis. Consistent with this 

observation, glucose sensitivity was unchanged in mice fed a long-term AMLN diet (fig. 

S5B) or a short-term GAN diet (fig. S5C) and, if anything, improved in LiFKO mice fed 

normal chow (fig. S5B). Together, these data indicate that Flcn deletion, by releasing TFE3 

to the nucleus, allows TFE3 to activate a coordinated program of lipid catabolism, thereby 

potentially limiting liver steatosis. However, the overall increase in systemic fatty acid 

oxidation seemed limited, as measured by β-hydroxybutyrate levels in plasma (fig. S6A) and 

whole-body respiratory exchange ratio values (fig. S6B). In light of the strong protection 

against NAFLD observed in LiFKO mice, these observations suggested that loss of Flcn 
might promote other antisteatotic programs.
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Loss of FLCN in the liver suppresses de novo lipogenesis

We had expected that Flcn deletion would promote lysosomal and mitochondrial biogenesis. 

However, RNA-seq and subsequent quantitative polymerase chain reaction (qPCR) and 

Western blotting revealed that it also caused suppression in LiFKO livers, in both normal 

chow and NAFLD-inducing diet conditions, of a broad program of de novo lipogenesis 

gene and protein expression, including adenosine triphosphate citrate lyase (Acly), fatty acid 

synthase (Fasn), acyl-CoA synthetase short chain family member 2 (Acss2), stearoyl-CoA 

desaturase-1 (Scd1), sterol regulatory element–binding transcription factor 1 (Srebf1), and 

specifically the Srebp1c isoform of Srebf1, which encodes for SREBP-1c, the predominant 

driver of de novo lipogenesis in the liver (Fig. 4, A to D, and fig. S7A). Most of these 

observed gene and protein expression changes were reversed in DKO livers, and Tfe3 
deletion alone had little impact compared with control mice (Fig. 4, A to D, and fig. S7A). 

We conclude that loss of Flcn in the liver broadly suppresses the de novo lipogenesis gene 

program and appears to do so in a manner dependent on TFE3.

To measure DNL directly, we force-fed mice 13C-fructose, a rich source of carbons for de 

novo lipogenesis in the liver, and quantified 13C incorporation into liver fatty acids. De novo 

lipogenesis was decreased by about one-half in LiFKO mice fed a short-term AMLN diet, 

in the absence of changes in body weight (Fig. 4E). DKO animals had de novo lipogenesis 

slightly greater than that of LiFKO alone, but the effect was not statistically significant 

(Fig. 4E). Similar results were observed in mice injected with deuterium oxide, followed by 

measuring incorporation of 2H into liver fatty acids, an alternate method of measuring de 

novo lipogenesis (Fig. 4F). Mild suppression of DNL was also evident in LiFKO mice fed 

normal chow (fig. S7B). Together, these data demonstrate that the FLCN:mTORC1:TFE3 

axis in the liver both induces a catabolic (lysosomal and oxidative) gene program and 

simultaneously suppresses anabolic de novo lipogenesis.

TFE3 acts downstream of LXR to suppress de novo lipogenesis

Transcription of de novo lipogenesis genes is largely mediated by the transcription factor 

SREBP-1c (35). SREBP-1c activity is regulated at both the protein and mRNA levels. Thus, 

TFE3 might suppress de novo lipogenesis genes by inhibiting the SREBP-1c pathway at 

one or more points of regulation. The transcription factor liver X receptor (LXR) promotes 

transcription of SREBP-1c (35). We therefore tested whether TFE3 suppressed LXR. RNA-

seq data revealed that some LXR target genes were suppressed in LiFKO livers but others 

were not (fig. S8A). The expression of liver X receptor alpha (LXR alpha; Lxra) and LXR 

beta (Lxrb) was unchanged in LiFKO livers from mice under various dietary conditions (fig. 

S8B). We next treated LiFKO mice with the LXR agonist T0901317 (T09) in conjunction 

with long-term FPC diet (fig. S8, C and D). T09 significantly exacerbated liver steatosis 

in control mice (36) (fig. S8E). Deletion of liver Flcn, however, suppressed liver steatosis, 

reversing the increase in liver triglyceride content promoted by T09 (fig. S8E). Analyses 

of liver de novo lipogenesis genes and other LXR target gene expression revealed similar 

patterns, whereby de novo lipogenesis genes were uniformly suppressed in LiFKO mice 

even in the presence of LXR agonism (fig. S8F). These data demonstrate that loss of Flcn 
and activation of TFE3 act downstream of LXR to suppress DNL.

Gosis et al. Page 8

Science. Author manuscript; available in PMC 2023 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TFE3 suppresses SREBP-1c proteolytic processing and activation

We tested whether Flcn deletion inhibited SREBP-1c posttranslational regulation. 

SREBP-1c exists as an inactive precursor (pSREBP-1c) in the endoplasmic reticulum 

(ER) and is proteolytically cleaved to liberate its basic helix–loop–helix leucine zipper 

(bHLH-Zip) domain (nSREBP-1c) to translocate to the nucleus and transcriptionally activate 

target genes, including de novo lipogenesis genes (37). The proteins insulin-induced gene 

1 (INSIG1) and 2 (INSIG2) suppress processing of pSREBP-1c (38). To assay SREBP-1c 

processing, we killed control and LiFKO mice at night during feeding, when SREBP-1c 

proteolytic processing is active (39, 40). After 9 days of FPC diet, chosen to model an 

early steatotic state with no differences in body weight (Fig. 5A), we observed an increased 

abundance of the liver-specific Insig2a isoform (11, 41) of Insig2, as well as INSIG2 

protein, in the livers of LiFKO mice (Fig. 5, B and C). The accumulation of Insig2 
mRNA and of INSIG2 protein required TFE3, as it was absent in the DKO mice (Fig. 

5, B and C). Chromatin immunoprecipitation sequencing (ChIP-seq) experiments showed 

chromatin occupancy by TFE3 in the Insig2 regulatory region, which was further increased 

in livers from LiFKO mice, consistent with direct regulation of Insig2 mRNA expression 

by TFE3 (Fig. 5D). In line with the established role of INSIG2 in suppressing SREBP-1c 

processing, abundance of the fully processed nSREBP-1c form (designated “N” in Fig. 5C) 

was decreased in LiFKO livers, reflecting the large amounts of INSIG2 protein (Fig. 5C). 

The suppression of nSREBP-1c was less in DKO livers (Fig. 5C). Thus, FLCN appears to 

suppress expression of de novo lipogenesis genes in large part by suppressing proteolytic 

processing and activation of SREBP-1c (Fig. 5E).

To test this notion directly, we introduced, using AAV8 delivery, hemagglutinin (HA)–

tagged constitutively processed nSREBP-1c to control and LiFKO mice (Fig. 5F). After 9 

days, mice displayed similar body weights (Fig. 5G) and equal amounts of HA-nSREBP-1c 

protein in the liver (Fig. 5H). AAV8-nSREBP-1c nearly quadrupled triglyceride content in 

control mice (Fig. 5I) and increased transcription of de novo lipogenesis genes (Fig. 5J) 

(42). Hepatic triglycerides were elevated to a nearly equal extent in LiFKO and control mice 

infected with AAV8-nSREBP-1c (Fig. 5I), indicating that loss of FLCN did not suppress de 

novo lipogenesis in the presence of constitutive nuclear nSREBP-1c. Taken together, these 

data are consistent with loss of liver FLCN leading to TFE3 activation, increased expression 

of INSIG2, and suppression of SREBP-1c processing and activation, ultimately leading to 

suppression of de novo lipogenesis and hepatic steatosis.

TFE3 synergistically occupies chromatin in close proximity to SREBP-1c 

genome-wide

Although loss of Flcn did not suppress nSREBP-1c–induced accumulation of hepatic 

triglycerides (Fig. 5I), it did still mildly suppress expression of nSREBP-1c–induced DNL 

genes (Fig. 5J). This suggested that, in addition to inhibition of SREBP-1c processing 

through expression of INSIG2, TFE3 may also have a direct effect on processed, nuclear 

SREBP-1c. We therefore used ChIP-seq experiments to test whether TFE3 and SREBP-1c 

occupied similar, or the same, sites on chromatin. TFE3-bound chromatin regions were 
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enriched for the TFE family motif, and pathway analyses revealed enrichment of “vesicle-

mediated transport” and “membrane trafficking” (fig. S9), consistent with the known roles 

of the TFE family (32, 43). The pathways of “metabolism” and “metabolism of lipids and 

lipoproteins” were consistently the two most enriched pathways among the TFE3 cistromes 

(fig. S9). Sites known to be occupied by SREBP-1c (42) overlapped with TFE3 binding, 

which was increased in the absence of FLCN, in mice fed normal chow or an FPC diet 

(fig. S10A). We conclude that TFE3 binds genome-wide at genes of lipid homeostasis, 

that binding is increased by loss of FLCN, and that these TFE3 binding sites overlap with 

SREBP-1c binding sites.

TFE3, like SREBP-1c, is a bHLH-Zip transcription factor that binds to DNA containing 

E-box motifs (44, 45). This raised the possibility that TFE3 and SREBP-1c may compete 

for access to chromatin. However, binding by HA-nSREBP-1c to its cognate chromatin sites 

was no different between control and LiFKO mice (fig. S10B), indicating that there is no 

competitive removal of SREBP-1c from chromatin by TFE3. In the converse experiment, 

genome-wide TFE3 binding in these same livers increased in the presence of exogenous 

nSREBP-1c (fig. S10C). Unbiased motif analyses of TFE3 binding sites that increased 

in the presence of AAV8-HA-nSREBP-1c identified the SREBP-responsive element as 

enriched (fig. S10D). Thus, expression of nSREBP-1c promotes binding of TFE3 at, or near, 

SREBP-1c binding sites. Closer evaluation of TFE3 occupancy specifically at sites near de 

novo lipogenesis gene transcription start sites revealed a pattern, seen only in the absence 

of FLCN, whereby TFE3 bound chromatin closely downstream of SREBP-1c binding (fig. 

S10, E and F).

These data indicate that loss of FLCN induces changes in both TFE3 binding pattern and 

binding intensity and that TFE3 binding localizes near SREBP-1c binding genome-wide. 

However, these factors do not compete with each other for binding to chromatin; instead, the 

presence of SREBP-1c synergistically promotes binding of TFE3.

Loss of FLCN in mouse liver prevents and reverses NASH

NAFLD can progress to NASH, a predictor of poor clinical outcomes in humans (46). 

The choline-deficient amino acid–defined and high fat (CDAA-HF) diet is a rapid NASH-

inducing diet that recapitulates some aspects of human physiology (47, 48). Unlike mice 

on other NASH-inducing diets, mice on the CDAA-HF diet do not lose weight (Fig. 6A). 

Control mice fed the CDAA-HF diet showed liver steatosis and NASH, as demonstrated by 

tripling of Sirius Red staining for fibrosis (Fig. 6, B and C); greater than 30-fold increase in 

collagen type I alpha 1 (Col1a1) gene expression (Fig. 6D), a marker for NASH (49); and 

increased expression of a range of genes involved in fibrosis and inflammation (Fig. 6E). In 

contrast, LiFKO mice were largely protected from NASH, as seen in H&E and Sirius Red 

staining (Fig. 6, B and C), suppression of many genetic markers of fibrosis (Fig. 6, D and 

E), and suppressed steatosis and fibrosis measured through blinded histological evaluation 

(fig. S11). Deletion of TFE3 in DKO mice largely abrogated the protection afforded by 

FLCN deletion in LiFKO mice, demonstrating the critical role of TFE3 in protection against 

NASH, as with NAFLD (Fig. 6, D and E). Fibrosis levels remained low in histological 

evaluations even in the absence of TFE3 (Fig. 6C and fig. S11), indicating that FLCN also 
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regulates other pathways to protect against NASH. Similar reductions of NASH markers 

were observed in LiFKO mice fed either the AMLN diet (fig. S12, A and C) or FPC diet 

(fig. S12, B and D), although the induction of NASH in control mice fed these diets was 

milder than that seen with the CDAA-HF diet. Thus, loss of liver FLCN protects against the 

development of NASH and NAFLD in multiple mouse models.

A therapy intended to treat NASH and NAFLD would benefit from modifying established 

disease, in addition to preventing it. We therefore provided Flcnlox/lox mice with the CDAA-

HF diet for 4 weeks to induce NASH (Fig. 6F) and then infected the mice with AAV8-GFP 

(green fluorescent protein) or AAV8-Cre to yield control and LiFKO mice, respectively, 

followed by another 4 weeks of CDAA-HF diet (Fig. 6F). There was no difference in body 

weights at either the 4- or 8-week time points (Fig. 6G). After 8 weeks, deletion of Flcn 
led to significant reversal of NASH and NAFLD when compared with both the 4-week 

pre-deletion mice and the 8-week control mice, as evidenced by reduced steatosis on H&E 

(Fig. 6F); reduced Col1a1 expression (Fig. 6H); reduced expression of other measured genes 

of inflammation and fibrosis (Fig. 6I); reduced hepatic triglyceride accumulation (Fig. 6J); 

and reduced NAFLD activity scores, steatosis levels, and inflammation levels evaluated 

through blinded histological evaluation (fig. S11). Sirius Red staining and fibrosis scores 

were not reversed by Flcn deletion, perhaps reflecting the slower process of reversing 

collagen deposition (Fig. 6J and fig. S11). Taken together, these data demonstrate that 

suppression of liver FLCN prevents NASH as efficiently as it prevents NAFLD, that the 

suppression is largely dependent on TFE3, and that loss of FLCN can also reverse most 

characteristics of NAFLD and NASH.

Discussion

Suppression of FLCN in the liver protected mice from both NAFLD and NASH and helped 

reverse these processes if already established. The data thus reveal FLCN as a possible 

target for the treatment of NAFLD and NASH. Loss-of-heterozygosity or “second hit” 

somatic mutations in carriers of FLCN mutations can lead to renal cell cancer (50), raising 

a theoretical concern for possible development of cancer with any therapy that suppresses 

FLCN. However, FLCN suppression can be targeted specifically to the liver through, for 

example, liver-targeted nanoparticles or N-acetylgalactosamine (GalNAc)–modified small 

interfering RNAs (siRNAs) (51-53), and hepatocellular carcinoma has not been observed in 

carriers of FLCN mutations. Moreover, FLCN deletion is thought to induce renal cell cancer 

through induction of mTORC1 signaling (54, 55), and we did not observe higher canonical 

mTORC1 activity in livers of LiFKO mice (Fig. 1, G and H).

Our data provide insight into the mechanisms by which mTORC1 regulates and coordinates 

lipid homeostasis in the liver. The mTORC1 pathway is sometimes depicted as receiving 

multiple inputs and integrating that information into a single on/off switch that then 

phosphorylates all of its targets. However, specificity of mTORC1 signal transduction in 

fact exists (14-16), and suppression of FLCN selectively suppresses mTORC1-mediated 

phosphorylation of TFE3, with minimal effect on other targets. This FLCN:mTORC1:TFE3 

arm appears to be necessary for mTORC1-mediated lipid anabolism and steatosis in 
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response to various diets. Moreover, cytoplasmic sequestration and suppression of TFE3 

is the critical mediator of this anabolic signal.

This work provides at least a partial explanation for the seemingly contradictory 

data on the role of mTORC1 in the development of steatosis. We propose that the 

FLCN:mTORC1:TFE3 arm is dominant in the anabolic regulation of SREBP-1c and DNL. 

Consistent with this notion, deletion of Flcn itself is protective against NAFLD but has 

little impact on the canonical mTORC1:S6K arm. Overactivation of the mTORC1:S6K 

arm, achieved by deletion of Tsc1, may improve NAFLD (10-12) by activating a feedback 

loop that leads to suppression of the FLCN:mTORC1:TFE3 arm and to TFE3 nuclear 

translocation. Loss of Tsc1 may thus promote protein anabolism through activation of 

the mTORC1:S6K arm but suppress lipid anabolism through feedback inhibition of the 

FLCN:mTORC1:TFE3 arm. These results are also consistent with the notion that the 

mTORC2 complex, which is known to promote DNL, does so directly rather than by 

suppression of TSC, adding another level of complexity to this system (56-58).

Our data provide mechanistic insight into the regulation of SREBP-1c and de novo 

lipogenesis, a critical component of NAFLD in humans (59, 60). Releasing TFE3 to the 

nucleus induces INSIG2 to inhibit proteolytic processing of SREBP-1c and promotes TFE3 

binding to chromatin near SREBP-1c to further suppress lipogenesis genes. This pathway 

of SREBP-1c regulation is independent of Lipin1 phosphorylation and of LXR signaling, 

indicating that Lipin1 is primarily targeted by the canonical arm of mTORC1, and that, 

under these conditions, Lipin1 is not necessary for efficient suppression of SREBP-1c and 

protection against NAFLD and NASH.

A potentially beneficial aspect of FLCN as a therapeutic target for NAFLD and NASH is its 

coordinated regulation of multiple programs involved in the progression to steatosis, that is, 

simultaneous induction of lipid consumption programs and suppression of lipid generation 

(de novo lipogenesis). This coordinated and synergistic effect likely drives the observed 

protection against NAFLD and NASH. Moreover, the coordinated effect on multiple arms 

of lipid handling may prevent the activation of feedback loops that may neutralize the 

benefits of targeting a single arm. For example, inhibitors against ACC have been tried in 

the clinic but were discontinued because of compensatory elevation in SREBP-1c activity 

and consequent hypertriglyceridemia (61). In light of these maladaptive responses to single-

pathway inhibition, a strong argument has been made to identify upstream targets that 

coordinate control of many aspects of lipid metabolism in order to treat NASH successfully 

(62). We propose that FLCN is one such target.

This work has several limitations. Our studies were limited to genetic deletion of Flcn, but 

potential therapeutic approaches, such as liver-targeted GalNAc-modified siRNAs, are more 

likely to rely on incomplete suppression of FLCN. We also did not evaluate the impact 

of TFEB, a transcription factor with homology to TFE3 (32), the presence of which may 

in part explain why deletion of Tfe3 does not reverse the consequence of Flcn deletion 

in some of our experiments. For example, differences between TFE3 and TFEB kinetics 

may explain why mice lacking both Flcn and Tfe3 in the liver did not show significantly 

higher functional de novo lipogenesis relative to mice lacking only Flcn on a short-term 
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NAFLD diet (Fig. 4, E and F) but did show higher de novo lipogenesis gene and protein 

expression on a long-term NAFLD diet (Fig. 4, B to D). For instance, it may be that the 

presence of TFEB compensates for TFE3 loss in the short term but not in the long term. It 

is also important to note that none of the diets used in our studies (AMLN, GAN, FPC, and 

CDAA-HF diets) perfectly recapitulate the characteristics of human NAFLD or NASH, and 

each diet was chosen to reflect some, but not all, characteristics (28, 30, 47, 48). Finally, 

it is also important to note that, in the context of at least some of these diets (AMLN 

and GAN diets, but not FPC and CDAA-HF diets), LiFKO mice displayed reduced weight 

gain compared with control animals, indicating that deletion of Flcn in the liver may have 

additional systemic salutary effects.

Materials and methods summary

Most studies involved either adult homozygous Flcnlox/lox mice (14, 54) or Flcnlox/lox 

mice also containing a loss-of-function whole-body Tfe3 mutation (14, 45), which were 

subsequently injected with ~1.5 × 1011 genome copies per mouse of AAV8-TBG-GFP 

or AAV8-TBG-Cre (Penn Vector Core, AV-8-PV0146 and AV-8-PV1091) to yield control 

mice (Flcnlox/lox, Tfe3+/Y with GFP), LiFKO mice (Flcnlox/lox, Tfe3+/Y with Cre), Tfe3 KO 

mice (Flcnlox/lox, Tfe3−/Y with GFP), and DKO mice (Flcnlox/lox, Tfe3−/Y with Cre). Mice 

were then fed various diets (normal chow, FPC diet regimen, AMLN diet, or GAN diet) 

and euthanized at various time points, and livers were harvested. For the AAV-nSREBP-1c 

rescue experiments, mice were additionally injected with 1.0 × 1011 genome copies per 

mouse of AAV8-ApoE/AAT-nSREBP-1c. We also used adult Raptorlox/lox mice injected 

with 1.0 × 1011 genome copies per mouse of either AAV8-TBG-GFP (control) or AAV8-

TBG-Cre (“Rap KO” or “Raptor KO”) and euthanized 2 weeks later after an overnight fast 

followed by 4 hours of refeeding, as in (12) (Fig. 1F and fig. S1A). For the control versus 

Tsc1 KO subcellular fractionation experiment, mouse liver samples from the laboratory 

of S. Biddinger were used. Eight- to nine-week-old female Tsc1lox/lox (control) mice or 

Albumin-Cre Tsc1lox/lox mice (Tsc1 KO) were euthanized ad lib (63).

Radioimmunoprecipitation assay buffer lysis was used for protein isolation from whole 

liver tissues, followed by immunoblotting using standard wet-transfer methods; both 

commercially available and custom-made antibodies were used. To assay the cellular 

localization of TFE3, subcellular fractionation was done using whole cell lysis on mouse 

liver samples followed by centrifugation to yield nuclear and cytoplasmic fractions; 

immunoblotting was done using a commercially available anti-TFE3 antibody. For phospho-

Lipin1 analysis, total Lipin1 was immunoprecipitated using the custom-made anti-total 

Lipin1 antibody (8) and subsequently subject to immunoblotting using a custom-made anti-

pLipin1 S106 antibody (8). Histology analysis was performed on liver tissue using standard 

paraformaldehyde fixation followed by ethanol dehydration and paraffin embedding; 

commercially available stains were then used to evaluate for triglyceride accumulation 

(H&E, Oil Red O) and fibrosis (Sirius Red). Liver triglycerides were quantified using a 

commercially available colorimetric reagent. Plasma metabolites (triglycerides, nonesterified 

fatty acids, cholesterol, insulin, glucose, and β-hydroxybutyrate) were all quantified using 

commercially available colorimetric reagents or an Axcel autoanalyzer, as described in 

the supplementary materials. Blood glucose was measured with a glucometer. For fatty 
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acid oxidation measurements, primary hepatocytes were isolated, cultured overnight, and 

subjected to radioactive palmitate tracing as referenced (42). The cells were incubated 

with 125 μM 3H-palmitate conjugated on bovine serum albumin and 1 mM carnitine for 

an additional 2 hours with or without 100 μM etomoxir. The media was delipidated, and 
3H2O was measured by scintillation counting. Oral glucose tolerance tests was done on 

fasted mice gavaged with 2 g/kg D-glucose; blood glucose was then measured at serial time 

points. Whole-body metabolism and body composition were measured using the CLAMS 

and EchoMRI systems, respectively. RNA isolation and cDNA synthesis was performed 

with standard commercial extraction and synthesis methods. RNA-seq was done using 

GENEWIZ; data was analyzed with standard bioinformatic tools.

To measure de novo lipogenesis, mice were gavaged with a 1:1 mixture of 12C D-

glucose:13C fructose (2 g/kg each) and euthanized; livers were subjected to liquid 

chromatography–mass spectrometry (LC-MS) to measure 13C label incorporation into 

hepatic fatty acids. Alternatively, mice were injected intraperitoneally with 30 μl per 

gram of body weight of 99.9% D2O; after euthanasia, livers were subjected to LC-MS 

to measure deuterium label incorporation into hepatic fatty acids. For the LXR agonist 

rescue experiment, mice were injected intraperitoneally with a commercially available LXR 

agonist (T0901317) or vehicle twice weekly, as described (36), while being fed an FPC 

diet regimen. ChIP-seq was performed by subjecting livers to sequential steps of nuclear 

isolation, fixation, sonication of chromatin, and immunoprecipitation with either anti-TFE3 

or anti-HA antibodies; crosslinks were then reversed, protein was degraded, and the 

remaining immunoprecipitated DNA was isolated. The ChIP input and immunoprecipitated 

DNA was then sequenced with commercially available library preparation and sequencing 

methods; data was analyzed with standard bioinformatic tools. Quantification and statistical 

analysis were done using GraphPad Prism, R, Python, and other standard methods. A full 

description of methods is provided in the supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Liver FLCN selectively promotes mTORC1-mediated cytoplasmic sequestration of TFE3, 
without affecting canonical mTORC1 signaling.
(A and B) Model of selective mTORC1 regulation. P, phosphorylated; PRAS40, proline-

rich AKT substrate of 40 kDa; DEPTOR, DEP domain-containing mTOR-interacting 

protein; mLST8, target of rapamycin complex subunit LST8. (C) Schematic of FLCN liver 

deletion to yield control and hepatocyte-specific Flcn-null (LiFKO) mice. (D) FLCN protein 

expression in livers of control and LiFKO mice fed normal chow and euthanized after 

overnight fast followed by 4 hours of refeeding. HSP90, heat shock protein 90. (E) TFE3 

protein expression in the indicated subcellular fractions from livers of control, LiFKO, and 

Tfe3 knockout mice fed normal chow and euthanized ad lib. S.E., short exposure; L.E., 

long exposure; H3, histone H3. (F) TFE3 protein expression in the nucleus from livers of 

control (Con.) and Raptor liver-KO mice, euthanized after overnight fasting and 4 hours 

of refeeding. See fig. S1A for whole cell and cytoplasmic fractions. p:total, fraction of 

phosphorylated protein to total protein. (G and H) Phosphorylation of mTORC1 targets 

in control and LiFKO mice fed either (G) normal chow or (H) 7 or 8 days of FPC 

diet (TD190142) and sugar water, and euthanized after overnight fast and ~4 hours of 

refeeding. pS6 240/4, phospho-ribosomal protein S6 (Ser240/244); S6, ribosomal protein 

S6; p4E-BP1 S65, phospho-4E-BP1 (Ser65); p4E-BP1 Th37, phospho-4E-BP1 (Thr37). (I) 

Phosphorylation of Lipin1, assayed by immunoprecipitation (IP) with anti-Lipin1 followed 

by immunoblotting for phospho-Lipin1, in liver lysates of control and LiFKO mice fed 

9 days of FPC diet (TD190142) and sugar water and euthanized at 10 p.m. ad lib. IgG, 
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immunoglobulin G. (J) TFE3 protein expression in the indicated subcellular fractions from 

control and liver Tsc1 KO mice fed normal chow and euthanized ad lib. *P < 0.05, **P < 

0.01; Student’s two-tailed t test. Data are depicted as mean ± SEM.
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Fig. 2. Loss of FLCN in the liver potently protects against NAFLD, and the protection requires 
TFE3.
(A to E) Control, LiFKO, and DKO mice were fed a normal chow (n = 7) or AMLN 

diet (n = 3 to 9) for 17 to 18.5 weeks and euthanized after a 4- to 6-hour fast. (A) Body 

weights on normal chow. (B) Representative images of liver H&E staining. Scale bars, 500 

μm. (C) Body weights on AMLN diet. (D) Quantification of liver triglycerides. (E) Blinded 

histological evaluation of liver H&E slides. (F to J) Control, LiFKO, Tfe3 KO, and DKO 

mice were fed normal chow (n = 10 to 13) or FPC diet regimen (TD160785 with sugar 

water; n = 5 to 11) for 16 weeks and euthanized after removing their food for 4 to 6 hours. 

(F) Body weights on normal chow. (G) Representative images of liver H&E staining. Scale 

bars, 200 μm. (H) Body weights on FPC diet. (I) Quantification of hepatic liver triglycerides. 

(J) Blinded histological evaluation of liver H&E slides. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001; ns, not significant. Statistical values are indicated for the final 

body weight measurement. Statistical analysis was done with two-way repeated measures or 

mixed effects analysis of variance (ANOVA) with multiple comparisons test in (A), (C), (F), 

and (H). Student’s two-tailed t test was used for normal chow controls for the AMLN diet 

experiment. One-way ANOVA with Tukey’s multiple comparisons test was used otherwise. 

Data are depicted as mean ± SEM.
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Fig. 3. Loss of FLCN in the liver activates pathways of lipid catabolism.
(A to C) RNA-seq was performed on the livers of control, LiFKO, and DKO mice (n = 

3) on normal chow or AMLN diet (as described in Fig. 2). (A) −Log10(adjusted p-value) 

versus log2(LiFKO/control fold change) volcano plot. Dotted line: P = 0.05. (B) Heatmap of 

normalized expression of mitochondrial and lysosomal gene sets. (C) Top 10 differentially 

expressed gene sets between LiFKO and control livers. Red indicates pathways up-regulated 

in LiFKO, blue indicates pathways down-regulated in LiFKO. (D) Protein expression of 

components of mitochondrial electron transport chain complexes (C.I, C.II, C.III, and C.V), 

LC3B-I and LCSB-II, p62, and HSP90, in livers of control, LiFKO, and DKO mice fed 

an FPC diet regimen (TD160785 with sugar water) for 16 weeks. (E) mRNA expression 

of Ppargc1a and Ppargc1b in livers of control, LiFKO, and DKO mice fed a normal chow 

(n = 7) or AMLN diet (n = 3 to 9) for 17 to 18.5 weeks. (F) Genome browser tracks of 

the Ctsz and Ppargc1a promoters. TFE3 ChIP-seq was performed on livers of mice fed 

normal chow (n = 2 to 4). Depicted are tracks from one representative sample per genotype. 

Green indicates publicly available ENCODE liver ChIP-seq datasets. (G) Hepatocytes were 

isolated from three control and LiFKO mice and pooled. Fatty acid oxidation was measured 

from three or four wells of each genotype by incubating them with 3H-palmitate for 120 min 

and either vehicle or 100 μM etomoxir (an inhibitor of fatty acid oxidation). Conversion of 
3H-palmitate to 3H2O was measured by scintillation counting and normalized to cell count. 

Gosis et al. Page 22

Science. Author manuscript; available in PMC 2023 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dpm, disintegrations per minute. One-way ANOVA with Tukey’s multiple comparisons test 

(for three groups) or Student’s two-tailed t test (for two groups) was used. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. Data are depicted as mean ± SEM.
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Fig. 4. Loss of FLCN in the liver suppresses de novo lipogenesis.
(A) Heatmap of normalized expression values of de novo lipogenesis genes from RNA-seq 

described in Fig. 3. (B and C) mRNA expression of de novo lipogenesis genes in livers 

of control, LiFKO, Tfe3 KO, and DKO mice fed (B) an AMLN diet (n = 3 to 9) for 17 

to 18.5 weeks or (C) an FPC diet regimen (TD160785 with sugar water; n = 5 to 11) for 

16 weeks. (D) Protein expression of SREBP1, ACLY, ACSS2, and FASN in livers from 

control, LiFKO, and DKO mice fed an FPC diet regimen (TD160785 with sugar water) for 

16 weeks. HSP90 from Fig. 3D was used as loading control. Mice were euthanized after a 

4- to 6-hour fast, and thus only the precursor form of SREBP1 was detected. (E) Control, 

LiFKO, and DKO mice (n = 6 or 7) were fed an AMLN diet for 7 to 11 days, fasted from 9 

a.m. to 7 p.m., refed for 2 hours, and force-fed a bolus of 13C-fructose and 12C-glucose. The 

mice were fed overnight and killed the next morning. LC-MS was performed to examine the 

amount of 13C label incorporation into hepatic fatty acids. (F) Control, LiFKO, and DKO 

mice (n = 9 to 11) were fed an FPC diet regimen (TD190142 with sugar water) for 9 days 

and then injected intraperitoneally (i.p.) with deuterium oxide (2H2O) at ~7 p.m. Five hours 

later, the mice were killed, and their livers harvested. LC-MS was performed to examine 

the amount of deuterium label incorporation into hepatic fatty acids. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001; one-way ANOVA with Tukey’s multiple comparisons test. 

Data are depicted as mean ± SEM.
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Fig. 5. TFE3 suppresses SREBP-1c proteolytic processing and activation.
(A to D) Control, LiFKO, and DKO mice were fed an FPC diet regimen (TD190142 with 

sugar water) for 9 days and euthanized at 10 p.m. ad lib (n = 7 to 9). One-way ANOVA 

with Tukey’s multiple comparisons test was used. (A) Body weights. (B) mRNA expression 

of DNL genes. (C) Liver protein expression of SREBP-1, INSIG2, and beta actin. AAV-1c, 

positive control from liver injected with AAV8 expressing constitutively nuclear SREBP-1c; 

P, precursor form of SREBP-1; N, nuclear (processed) form of SREBP-1. (D) Genome 

browser tracks of the Insig2 promoter. Depicted are TFE3 ChIP-seq tracks (described in 

Fig. 3F) from one representative sample per genotype. (E) Schematic of FLCN:TFE3 

regulation of SREBP-1c proteolytic processing. (F to J) Flcnlox/lox mice (n = 5 or 6) 

were injected with either “control virus” (AAV8-GFP or AAV8-Cre; to generate control 

or LiFKO mice) or AAV8-ApoE/AAT-HA-nSREBP-1c (“1c”) and then maintained for 9 

days on an FPC diet (TD190142 with sugar water). Student’s two-tailed t test was used 

for analysis. (F) Experimental outline. (G) Body weights. (H) Liver protein expression of 

exogenous HA-tagged nuclear SREBP-1c (HA), total SREBP-1, INSIG2, and 14-3-3. (I) 

Hepatic triglyceride quantification. (J) Liver mRNA expression of indicated DNL genes. *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are depicted as mean ± SEM.
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Fig. 6. Loss of FLCN in the liver prevents and reverses NASH.
(A to E) Prevention of NASH. Control, LiFKO, and DKO mice were maintained on normal 

chow (n = 2 to 4) or CDAA-HF diet (n = 5 to 8) for 6 weeks and then euthanized after a 4- 

to 6-hour fast. (A) Weekly body weights. (B) Representative images of liver H&E and Sirius 

Red staining of mice fed CDAA-HF diet. (C) Quantification of Sirius Red positive staining. 

[(D) and (E)] Liver mRNA expression of the indicated fibrosis and inflammation markers. 

(F to J) Reversal of NASH. (F) Experimental outline. Flcnlox/lox mice were fed a CDAA-HF 

diet for 29 days to induce NASH, at which time “non-injected” mice were euthanized (n 
= 8). The remaining mice were injected with AAV8-TBG-GFP or AAV8-TBG-Cre to yield 

control and LiFKO mice (n = 8 in each group), and subsequently maintained for another 4 

weeks on a CDAA-HF diet. Representative liver H&E and Sirius Red images depicted for 

each group. (G) Weekly body weights. [(H) and (I)] Liver mRNA expression of the indicated 

fibrosis and inflammation markers. (J) Quantification of hepatic liver triglycerides and Sirius 

Red positive staining. Two-way repeated measures ANOVA with multiple comparisons test 

were used in (A) and (G). One-way ANOVA with Tukey’s multiple comparisons test was 

used to assess differences between CDAA-HF–fed control, LiFKO, and DKO mice [(C) to 

(E)] or noninjected, control, and LiFKO mice [(H) to (J)]. Student’s two-tailed t test was 
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used to compare control and LiFKO mice on normal chow. *P < 0.05, ** P < 0.01, *** P < 

0.001, ****P < 0.0001. Scale bars, 200μm. Data are depicted as mean ± SEM.
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