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Abstract

Dietary carbohydrates regulate hepatic lipogenesis by controlling the expression of critical

enzymes in glycolytic and lipogenic pathways. Here we report that the transcription factor XBP1,

a key regulator of the Unfolded Protein Response (UPR), is required for the unrelated function of

normal fatty acid synthesis in the liver. XBP1 protein expression is induced in the liver by a high

carbohydrate diet and directly controls the induction of critical genes involved in fatty acid

synthesis. Inducible, selective deletion of XBP1 in liver resulted in marked hypocholesterolemia

and hypotriglyceridemia, secondary to a decreased production of lipids from the liver. This

phenotype was not accompanied by hepatic steatosis or significant compromise in protein

secretory function. The discovery of XBP1 as a regulator of lipogenesis has important

implications for human dyslipidemias.

Hepatic lipid synthesis increases upon ingestion of carbohydrates, which may be converted

into triglyceride (TG) in the liver and transported to adipose tissue for energy storage.

Dysregulation of hepatic lipid metabolism is closely related to the development of metabolic

syndrome, a condition characterized by the constellation of central obesity, dyslipidemia,

elevated blood glucose and hypertension (1). In mammals, hepatic lipid metabolism is

controlled by transcription factors, such as liver X receptor (LXR), sterol regulatory

element-binding proteins (SREBPs) and ChREBP that regulate the expression of critical

enzymes involved in glycolytic and lipogenic pathways (2).

XBP1 is a key regulator of the mammalian unfolded protein response (UPR) or endoplasmic

reticulum (ER) stress response (3). Upon ER stress, the proximal sensor and

endoribonuclease IRE1α induces unconventional splicing of XBP1 mRNA to generate a

mature mRNA encoding an active transcription factor, XBP1s, which directly binds to the

promoter region of ER chaperone genes (4–6). Mice lacking XBP1 display severe

abnormalities in the development and function of professional secretory cells, such as
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plasma B cells and pancreatic acinar cells resulting in greatly reduced secretion of

immunoglobulin and zymogens (7, 8). XBP1 is also required for embryonic liver

development (9). To investigate the role of XBP1 in postnatal hepatic function, we

examined Xbp1Δ mice bearing an inducible, conditional disruption of the Xbp1 gene in the

liver (Fig. S1).

Xbp1Δ mice that lacked XBP1 in the liver postnatally did not show any noticeable gross

abnormalities, had normal body weight and liver mass (Table S1) and no evidence of liver

damage as determined by serum ALT levels and histological analysis (Table S1 and Fig. 1a,

b). XBP1Δ hepatocytes had normal ER ultrastructure, although the ER was less abundant

(Fig. 1c, d). Serum albumin and total protein levels were slightly decreased in Xbp1Δ mice,

suggesting minor compromise in hepatic protein secretory function (Table S1). XBP1

dependent UPR target genes EDEM, ERdj4 and Sec61α were only modestly down regulated

in Xbp1Δ liver in the basal state (Fig. 1e). Further, deletion of XBP1 in liver did not itself

evoke ER stress as evidenced by the lack of ATF6α processing, JNK activation, and

induction of the PERK regulated BiP and CHOP mRNAs. (Fig. 1e–g). Microarray analysis

also confirmed normal expression of XBP1-independent stress markers in Xbp1Δ liver

(Table S2). The pharmacological ER stress inducer tunicamycin (Tm) normally activated

ATF6α processing and PERK-dependent gene expression in Xbp1Δ liver, excluding the

possibility that the hepatocytes had adapted to a putative stress milieu. As expected, XBP1-

dependent UPR target genes such as EDEM, ERdj4 and Sec61α were not induced by Tm in

Xbp1Δ liver (Fig. 1e and f). However, XBP1 deficiency did lead to constitutive activation

of its upstream activator IRE1α, made evident by robust splicing of the mutant XBP1

mRNA and induction of both IRE1α protein and its phosphorylation, measured by a band

shift sensitive to phosphatase treatment (Fig. 1f, h and i). Hence, IRE1α, but not PERK or

ATF6, is activated in XBP1 deficient liver, suggesting feedback regulation of IRE1α by its

downstream target XBP1 in an ER stress independent manner.

Since XBP1 plays an important role in membrane lipid synthesis in the ER (10), we asked

whether it regulate fatty acid synthesis in the liver. Injection of poly(I:C) into

Xbp1f/f;Mx1cre mice resulted in dramatic decreases of plasma TG, cholesterol and free fatty

acids (Fig. 2a–c). In a time course experiment, the plasma TG level was lower compared to

WT as early as three days after a single injection of poly(I:C) into Xbp1f/f;Mx1cre mice

(Fig. 2d) and further decreased over time. XBP1 deletion also caused remarkable changes in

the distribution of cholesterol, resulting in an almost complete absence of low density

lipoprotein (LDL) associated cholesterol (Fig. 2e). In contrast, the content and composition

of hepatic lipids were not significantly changed in Xbp1Δ mice (Fig. 2f, g), indicating that

lipid retention in liver was not responsible for low plasma lipid levels.

The liver secretes very low density lipoprotein (VLDL) particles that transport fatty acids in

the form of triglycerides together with cholesterol to peripheral tissues (11, 12). To test

whether VLDL-associated TG secretion was impaired in XBP1’s absence, we injected mice

with Tyloxapol (13), a compound that inhibits the breakdown of VLDL lipids (Fig. 3a).

Xbp1Δ mice displayed a significantly decreased rate of plasma TG accumulation, indicating

impaired TG secretion from liver. We next examined whether the impaired TG secretion

was due to compromised lipid synthesis. Incorporation of [14C]-acetate into fatty acids and

sterols was dramatically decreased in primary hepatocytes lacking XBP1 (Fig. 3b, c),

indicating that XBP1 is required for de novo lipid synthesis in the liver.

Interestingly, neither the steady state level of plasma apolipoprotein B (apoB) proteins, a

major protein component of VLDL, nor the stability and secretion from primary hepatocytes

of newly synthesized apoB proteins were altered by loss of XBP1 (Fig. 3d–f). Therefore,
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VLDL particles produced from XBP1 deficient liver displayed low lipid, but normal ApoB

protein content, as demonstrated by FPLC analysis (Fig. S2).

Given the compromised de novo lipid synthesis in Xbp1Δ liver we asked whether XBP1

regulates the expression of genes involved in glycolysis and lipid synthesis pathways.

Critical lipogenic genes such as stearyl coA desaturase 1 (Scd1), diacyl glycerol

acetyltransferase 2 (Dgat2), and acetyl coA carboxylase 2 (Acc2) were significantly 6

downregulated in Xbp1Δ liver (Fig. 4a and S3). Genetic ablation or inhibition using

antisense oligonucleotides of these genes has profound effects on hepatic lipid metabolism

(14–18). In contrast, expression of SREBP family regulated genes, fatty acid synthase

(Fasn), HMG-CoA synthase (Hmgcs) and HMG-CoA reductase (Hmgcr) (19), was not

altered in Xbp1Δ mice, consistent with normal SREBP-1 and SREBP-2 transcripts and

processed nuclear protein species (Fig. 4a and S3). ChREBP expression was also normal in

Xbp1Δ liver. Hence XBP1 regulates the expression of a subset of lipogenic genes in an

SREBP and ChREBP independent manner.

Prolonged feeding of high carbohydrate diets such as fructose increases de novo lipid

synthesis in the liver through induction of genes encoding lipogenic enzymes (20–22).

Hepatic XBP1s protein was dramatically induced in mice fed a 60% fructose diet, along

with a modest increase of its mRNA reflecting increased splicing by IRE1α (Fig.S4). ER

stress markers, BiP and CHOP were not induced under the same conditions, indicating an

absence of ER stress. XBP1s was also induced in primary hepatocytes cultured in medium

containing high glucose (Fig. 4b), suggesting that increased glucose availability upon

carbohydrate ingestion induces XBP1s in the liver. As expected, the high fructose diet

significantly increased mRNA levels of lipogenic genes such as Fasn, Scd1, Acc1 and Acc2

in WT but not Xbp1Δ liver (Fig. S4), suggesting that XBP1 is required for the expression of

a subset of critical lipogenic genes in the setting of high carbohydrate intake. Interestingly,

SREBP-1c expression was modestly reduced in Xbp1Δ compared to WT liver upon high

fructose diet, perhaps contributing to the decreased expression of lipogenic genes such as

Fasn in Xbp1Δ liver. The relationship of XBP1 to high fructose feeding remains to be

clarified, since fructose-induced lipogenesis leads to complex metabolic changes in liver

(22).

We asked whether the compromised expression of lipogenic genes was due directly to the

lack of XBP1 or indirectly to constitutively active IRE1α by over-expressing a recombinant

XBP1s adenovirus in primary mouse hepatocytes. Forced XBP1s expression significantly

increased mRNAs encoding Dgat2 and Acc2, as well as the known XBP1 target gene,

ERdj4 both in WT and XBP1Δ hepatocytes (Fig. 4c). XBP1s did not increase Scd1

transcripts suggesting the requirement for additional transcription factor(s). Further,

chromatin immunoprecipitation (CHIP) assays using liver nuclear extracts from mice fed a

high fructose diet demonstrated direct XBP1 binding to promoter regions of the Dgat2, Scd1

and Acc2 genes that was further increased by Tm treatment, which increased levels of

nuclear XBP1s (Fig. 4d).

Here we establish XBP1 as a novel transcription factor governing hepatic lipogenesis. XBP1

deficiency resulted in profound compromise of de novo hepatic lipid synthesis leading to

concomitant decreases in serum TG, cholesterol and free fatty acids without causing hepatic

steatosis. XBP1 was induced upon high carbohydrate diet feeding and directly activated the

transcription of key lipogenic genes in the liver. Our data reveal an unexpected and

biologically critical function of XBP1 in hepatic lipogenesis, quite separate from its function

as a mediator of the ER stress response (3). Hence XBP1 has at least two distinct roles: in

some organs and cells, it is required for protein secretion (plasma cells, pancreatic exocrine

cells) and in others, such as adult liver, it does not substantially affect protein secretory
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function but rather controls select transcriptional programs such as lipogenesis. Preservation

of the normal hepatic lipid profile suggests that compounds that inhibit XBP1 activation in

the liver may reduce serum lipids without causing hepatic steatosis in patients with

dyslipidemias.

Given XBP1’s known function as a key mediator of the UPR, it was surprising that its

function in regulating lipogenesis was unrelated to the ER stress response. Indeed, apoB-100

folding and secretion, and the overall hepatocyte protein secretory function were minimally

compromised by loss of XBP1, likely because XBP1 independent basal chaperone gene

expression is sufficient to accommodate moderate secretory loads. Interestingly, IRE1α, the

upstream activator of XBP1, was constitutively active in the Xbp1Δ liver, suggesting the

presence of a negative feedback loop that precisely maintains XBP1s protein levels even in

the absence of ER stress. The nature of this signal and its relationship to the ER stress

response and the activation of XBP-1 in the liver by carbohydrate feeding require further

investigation.
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Figure 1. ER stress response in XBP1 deficient mouse liver
(A and B) Hematoxylin and eosin staining of liver sections. (C and D) Transmission electron

micrographs of WT and Xbp1Δ liver. (E) Total RNAs were prepared from the liver of WT

and Xbp1Δ mice 8 hours after tunicamycin injection. Expression of representative UPR

target genes were tested by quantitative real-time PCR analysis. Fold induction represents

relative expression level ± SEM compared to that of untreated WT mice. N=4 per group (F)

Western blot of nuclear XBP1s and the processed ATF6α(N) proteins. Sp1 expression is a

loading control. Levels of IRE1α-mediated XBP1 mRNA (both WT and mutant) splicing

were measured by RT-PCR. *non-specific band. G) Total and active JNK protein levels

were determined by western blot and c–Jun kinase assay, respectively. (H) IRE1α was

detected by immunoprecipitation followed by western blot with IRE1α antibody. One third

of the Xbp1Δ immunoprecipitation product was loaded on the last lane for a better

comparison of band migration. Phosphorylated IRE1α displayed slowed migration on the

gel. (I) IRE1α immunoprecipitation products were treated with λ phosphatase. Western blot

analysis shows a band shift upon phosphatase treatment.
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Figure 2. Plasma and hepatic lipid profiles of XBP1 deficient mice
Xbp1f/f and Xbp1f/f;Mx1-cre mice were injected 3X with poly(I:C). Three weeks after the

last injection, plasma TG (A), cholesterol (B), and serum free fatty acid levels (C) were

measured. (D) Plasma TG levels were measured over time in mice that received a single

injection of 250 µg of poly(I:C). Error bars represent SEM. N=6–7 (E) Distribution of

plasma cholesterol was determined by FPLC separation of lipoprotein particles. (F) Fat

content in the liver was determined by oil red O staining. (G) Lipid composition in the liver

was determined by Lipomics analysis. N=4/group.
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Figure 3. Diminished hepatic TG secretion and lipid synthesis, but normal turnover of apoB in
the absence of XBP1
(A) Mice were injected with Tyloxapol after a four-hour fast and plasma triglyceride levels

measured over time. N=4/group. Primary hepatocytes were labeled with [14C]-acetate.

Radiolabeled fatty acids (B) and sterols (C) extracted from equal numbers of cells were

measured by scintillation counting. (D) Primary hepatocytes from WT and Xbp1Δ mice

were labeled with 35S-methionine/cysteine for 30 min and then chased for indicated times.

Radiolabeled apoB protein species were immunoprecipitated from cells and media and

revealed by SDS-PAGE followed by fluorography. (E) The disappearance from cells and the

accumulation in media of radiolabeled apoB protein species were determined by plotting
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relative radioactivity of each band (normalized to initial level in cells or final level in media)

versus chase time. (F) Western blot analysis of plasma apoB protein.
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Figure 4. XBP1 directly regulates lipogenic genes in the liver
(A) Expression of lipogenic genes in the liver of mice fed a standard chow diet was

measured by quantitative real time PCR with actin mRNA as control. Values represent

relative amounts of each mRNA compared to WT. Statistical significance of differences

between WT and Xbp1Δ were determined. *, p<0.005; **, p<0.0001. (B) Primary

hepatocytes were cultured in media containing indicated concentrations of glucose and

insulin for 24 h. Nuclear extracts were subjected to western blot analysis. (C) Primary

hepatocytes were infected with adenoviruses expressing XBP-1s or GFP control at 2 or 10

pfu per cell. mRNA levels were measured 24 hours after infection by real-time PCR. (D)

CHIP assays were performed with liver nuclei of mice untreated or injected with Tm 6 hrs
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prior to sacrifice. Values represent fold increases of real-time PCR signals compared to the

signal for the untreated WT CHIP with control serum.
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