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ABSTRACT

Disturbances in lipid homeostasis are hallmarks of severe metabolic disorders and their long-term complications, including obesity, diabetes, and
atherosclerosis. Whereas elevation of triglyceride (TG)-rich very-low-density lipoproteins (VLDL) has been identified as a risk factor for cardiovascular
complications, high-density lipoprotein (HDL)-associated cholesterol confers atheroprotection under obese and/or diabetic conditions. Here we show
that hepatocyte-specific deficiency of transcription factor transforming growth factor p 1-stimulated clone (TSC) 22 D1 led to a substantial reduction
in HDL levels in both wild-type and obese mice, mediated through the transcriptional down-regulation of the HDL formation pathway in liver. Indeed,
overexpression of TSC22D1 promoted high levels of HDL cholesterol in healthy animals, and hepatic expression of TSC22D1 was found to be
aberrantly regulated in disease models of opposing energy availability. The hepatic TSC22D1 transcription factor complex may thus represent an

attractive target in HDL raising strategies in obesity/diabetes-related dyslipidemia and atheroprotection.

© 2014 The Authors. Published by Elsevier GmbH. All rights reserved.

Keywords Obesity; Lipid metabolism; Liver; Transcription; High density lipoprotein

1. INTRODUCTION

Obesity and diabetes have reached pandemic dimensions and are
associated with severe disturbances in systemic lipid handling [1].
Whereas elevation of triglyceride (TG)-rich very-low-density lipoproteins
(VLDL) has been identified as an obesity-related risk factor for
cardiovascular disease, increases in high-density lipoprotein (HDL)-
associated cholesterol confers atheroprotection [2], and mechanisms
raising systemic HDL consequently have become major targets in recent
drug discovery efforts [3]. Indeed, HDL cholesterol concentration is
inversely proportional to the risk for cardiovascular disease and future
type 2 diabetes [2,4]. Also, patient cohorts with relatively high HDL
cholesterol levels display a low prevalence of type 2 diabetes [5].
Accordingly, HDL deficiency and hypoalphalipoproteinemia as associated
with mutations in the Tangier disease gene, ATP-binding cassette (ABC)
transporter A1, correlate with early-onset atherosclerosis and fatal
complications in affected subjects, prototypically underlining the impor-
tance of the HDL formation pathway for vascular integrity [6].

Recent studies in mice and men have identified a number of
transcriptional regulators as critical checkpoints in liver lipoprotein
homeostasis as exemplified by nuclear receptor co-factor networks,
including the liver X receptor (LXR), peroxisome proliferator-activated

receptor co-activator (PGC) 1, receptor interacting protein (RIP) 140, and
transducin p-like (TBL) 1 [7-10]. In this context, we have recently
identified the transcription factor TSC22D4 as an important determinant
of hepatic VLDL production and systemic VLDL availability during tumor-
induced energy wasting conditions [11]. The fact that TSC22D4
represents a member of a larger transcription factor family, TSC22D1-4
[12], with similar but non-redundant functions in other biological contexts
(i.e. cellular senescence and growth control) [13], initially prompted us to
explore a potential role of its related family member TSC22D1 in hepatic
energy homeostasis. Here we show that TSC22D1 represents a regulatory
checkpoint for HDL-associated cholesterol levels under both healthy and
disease conditions.

2. MATERIALS AND METHODS

2.1. Recombinant viruses

Adenoviruses expressing a TSC22D1 or a non-specific ShRNA under the
control of the U6 promoter, or the TSC22D1 ¢cDNA under the control of
the CMV promoter were cloned using the BLOCK-iT Adenoviral RNAI
expression system (Invitrogen). Propagated viruses were purified by the
cesium chloride method. For cesium chloride gradient PBS-TOSH was
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added to the crude cell lysate to a final volume of 20 ml. All solutions
were adjusted to pH 7.2. The first gradient was layered with 9 ml 4.4 M
CsCl, 9 ml 2.2 M CsCl and 20 ml virus in PBS-TOSH. After ultracen-
trifugation (2 h, 4 °C, 24,000 rpm, SW 28 rotor) a clear virus band was
visible. The virus band was removed by piercing the tube with a 5 ml
syringe. To the obtained virus (3—3.5 ml) the same volume of saturated
CsCl was added. The second gradient was layered with 6—7 ml virus in
CsCl, 2ml 4.4M CsCl und 2 ml 2.2 M CsCl. Following the second
ultracentrifugation (3 h, 4 °C, 35,000 rpm, SW 40QTi rotor) the virus band
was removed by syringe in the smallest possible volume and dialyzed
twice against PBS-glycerol, 1 h and overnight at 4 °C. 10% glycerol was
added to the purified virus and aliquots were stored at —80 °C. The
Tissue Culture Infectious Dose 50 (TCID50) assay was used to titrate
adenovirus. For that purpose, 104 HEK293A cells were seeded in 100 pl
virus titration medium in each well of a 96 well plate and infected with
decreasing amounts of virus after 2—4 h of adhesion. Serial dilutions of
the virus from 107 to 10™'* were prepared in titration medium and
added to the cells. Double measurements were performed for each
virus. 10-12 days after infection and incubation at 37 °C the plaques
were counted using a microscope and the titer was calculated by the
following formula: 7=10 x 1+(s—0.5) x 10 pfu/ml (s=sum of posi-
tive wells starting from the 10~ dilution; 10 positive wells per
dilution=1) [8,14,15]. The BLOCKIT™ Pol Il miR RNAi Expression
System was used to generate adeno-associated viruses expressing
miRNA sequences against murine TSC22D1 as well non-specific
miRNAs. Oligonucleotide sequences were chosen using Invitrogen’s
RNAi Designer tool. Forward and reverse oligonucleotides against the
target gene sequence were annealed and cloned into the pcDNAG6.2-GW/
EmGFP-miR vector according to the manufacturer's instructions.
Following, they were transferred into the previously described double
stranded pdsAAV-LP1-EGFPmut AAV vector [10] using the restriction
enzymes Bglll and Sall. The plasmids encoding the miRNA constructs
were cotransfected into HEK293T cells with the pDGAVP helper plasmid
[16] and a mutated p5E18-VD2/8 expression vector [17] encoding AAV2
rep and a mutated AAV8 cap protein (aa 589-592: QNTA to GNRQ).

For virus production, HEK293T cells from six 80-90% confluent 15 cm
plates were suspended in 1100 ml medium. 1000 ml of the cell
suspension was transferred to a 10 x cell-stack chamber and
100 ml were transferred to a 1 x -cell stack. 24 h after plating, the
cells were approximately 70-80% confluent and were transfected with
the plasmids encoding the viral genes using the PEI method. Once the
cell monolayer was approximately 90% confluent, cells were washed
with PBS, before they were released from the plate using 10 ml (1 x
cell stack) or 100 ml (10 x cell stack) trypsin-EDTA for 5 min at 37 °C.
Fresh medium was added (40 ml or 350 ml respectively) and the cells
were transferred to a 50 ml falcon tube, or a 500 ml conical tube.
The chambers were washed with PBS and used for a second round
of transfection. Cells were centrifuged at 2000 rpm for 10 min.
The supernatant was removed and the pellets were resuspended in
8 ml lysis-buffer containing 150 mM NaCl and 50 mM Tris—HCI, pH 8.5.
The lysates were transferred into 15 ml falcons, vortexed, snap-frozen in
liquid nitrogen and stored at — 80 °C. AAV lysates were thawed at 37 °C
under vigorous vortexing and then centrifuged at 3500g for 10 min. The
supernatant was collected and the pellets were resuspended in 4 mi
lysis buffer and snap-frozen. The freeze—thaw cycle was repeated three
times. The final pellet was solubilised using a sonicator in a water bath
at 48 W for 1 min. The pooled suspension was then digested with
benzonase (50 U/ml) for 30 min at 37 °C. This solution was then
centrifuged at 4 °C and 3500g for 10 min. The virus was stored at
—80 °C until further use. Virus was purified by a two-step iodixanol
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gradient protocol in a Sorvall WX Ultra 80 Ultracentrifuge. The obtained
viral solution was concentrated using a VivaSpin concentrator.
The solution was consecutively centrifuged at 3000 rpm and 10 °C for
3-6 min until a final volume of about 1 ml. Viral DNA was isolated by
mixing 5 pl of virus suspension with 5 pl H,0 and 10 pl 2 M NaOH.
The mixture was incubated at 56 °C for 30 min and the reaction was
then neutralized by adding 10 pul 2 M HCL. After adding 970 pl H,0,
the titer was determined by gPCR using an EGFP standard curve.

2.2. Animal experiments

Male 8—12-week old C57BI/6, Balb/C mice, JAX™ Mice Strain: B6.V-Lep
(ob)/J (000632) and BKS. Cg-Dock7m+/+Lepr®®/J (000642) were
obtained from Charles River Laboratories (Brussels, Belgium), and
maintained on a 12 h light-dark cycle with regular unrestricted diet.
For hepatic VLDL release animals were fasted for 16 h, for VLDL
clearance mice were fasted for 4 h and for fasting experiments mice
were fasted for 24 h. Otherwise animals were fed ad libitum and had
free access to water. For adenovirus injections, 1-2 x 10° plaque-
forming units (pfu) per mouse were administered via tail vein injection.
For AAV experiments 5 x 10"" virus particles per mouse were injected
via the tail vein. For tumor induction in cachexia models, 1.5 x 10° C26
cells in phosphate buffered saline were injected subcutaneously into
10-week-old Balb/C mice (Charles River Laboratories, Brussels, Belgium).
In high-fat diet experiments, C57BI/6 mice were either fed a low-fat
control diet (10% energy from fat, Research diets D12450B, New
Brunswick, USA) or a high-fat diet (60% energy from fat, Research diets
D12492, New Brunswick, USA) for a period of 12 weeks. For MCD diet
experiments, C57BI/6 mice were either fed a standard control diet or a
methionine, choline deficient (MCD) diet (Research diets, New Brunswick,
USA) for a period of 4 weeks. In each experiment, 4-10 animals received
identical treatments and were analyzed under fasted or refed conditions
as indicated. For TGFB experiments, C57BI/6 mice were injected
intravenously with either 150 pl PBS or 5 ug human recombinant TGF(31
in 150 pl PBS and organs were taken 2, 8 or 24 h after injection.
Diabetes was induced in male LDL-receptor knockout mice (B6.12957-
LdIr™"e™¥ " Jackson Laboratories) by intraperitoneal administration of
streptozotocin. Diabetes was maintained over a period of 6 weeks by
monitoring blood glucose levels. Organs including liver, kidney,
epididymal fat pads, and gastrocnemius muscles were collected after
specific time periods, weighed, snap-frozen and used for further
analysis. Animal handling and experimentation was done in accordance
with NIH guidelines and approved by local authorities.

2.3. ApoB clearance assay

Blood was drawn from a fasted individual and human VLDL was isolated
by ultracentrifugation. 3.5 ml serum was put in a polyallomer tube
(SW40Ti) and mixed with 1.39 g KBr, over-layered with 3 x 2.8 ml of a
NaCl/KBr solution (0=1.063, 1.019 and 1.006 g/ml) and run for 18 h at
40,000 rpm. 20 pg of human VLDL was injected into each animal and
serum samples were taken at 2, 10, 30, 60 and 120 min. Human ApoB-
100 levels were measured using a human-specific ApoB ELISA. For the
ELISA, a primary coating antibody generated against human ApoB-100
(mAb47, kindly supplied by J. Witztum, University of San Diego, USA), at
a concentration of 2 pug/well and a secondary biotinylated polyclonal
antibody raised in goat against human ApoB at a concentration of 4 pg/
well in 1.5% BSA/TBS/0.1% tween were used. To prevent non-specific
binding, plates were blocked with 1.5% BSA/TBS/0.1% tween. Samples
were diluted 25-fold. Absorbance was read 30 min after addition of TMB
and termination of the reaction with 2 M H,S0, at 450 nm [18].
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2.4. Blood metabolites

Serum levels of glucose, triglycerides (TG), total ketone bodies, and non-
esterified fatty acids (NEFA) were determined using an automatic
glucose monitor (One Touch, Lifescan, Neckargemiind, Germany) or
commercial kits (Sigma, Munich, Germany, WAKO, Neuss, Germany,
respectively). TGFp1 levels were determined using a TGFp1 ELISA (R&D
systems, Wiesbaden-Nordenstadt, Germany).

2.5. Fast protein liquid chromatography

The FPLC set-up consisted of a Superose 6 10/300 GL column (GE
Healthcare), a fraction collector and an AKTA FPLC System (Amersham).
During separation, a liquid phase, containing the mixture to be
fractionated was pumped over a stationary resin of cross-linked agarose
beads with varying surface structure. A pool of 200 ul serum plus
100 pl PBS, from 4-6 animals, was injected into the machine, diluted in
25 ml PBS and fractionated into 500 pl fractions. 40 pl of each fraction
was subsequently used for cholesterol and TG analysis using the TG
Liquicolor (Human GmbH, Germany) and Cholesterol determination kit
(Randox, UK) respectively.

2.6. Hepatic VLDL release

VLDL production was determined after tyloxapol injection. One day
before the experiment, tyloxapol was dissolved in saline to obtain a 20%
w/v solution. Mice were fasted overnight for 16 h. On the following day,
before administration, 40 pl of blood was drawn from each mouse by
cutting the tip of the tail. The tyloxapol (20%) volume (in pl) applied per
mouse was approx. 3 times that of the weight of the mouse in grams.
Specified amounts were administered via the tail vein and 40 pl blood
samples were taken every 50 min for 2.5 h. The mice were sacrificed
after 300 min. The serum TG values were determined using commercial
kit (Sigma, Munich, Germany) [18].

2.7. LPL activity

LPL activity measurements were performed as described [19] using
frozen adipose tissue samples.

Enzyme preparation. The frozen tissue samples (50-150 mg wet
weight) were immersed in 5 ml acetone at —20 °C and homogenized
immediately for 30 s. The precipitate was separated from the organic
solvent by vacuum filtration on a pre-weighed glass-fiber filter
(Whatmann GF/C, 3.5 cm) and washed once with 3 ml of —20 °C cold
diethyl ether. After the filter had been dried in a vacuum at 5 °C, it was
weighed and the acetone-ether dry powder was stored at —80 °C for
LPL assay on the following day. Acetone-ether dried LPL was
reconstituted in a buffer [0.05 M tris(hydroxymethyl)aminomethane (Tris)
| HCI (pH 8.6), 20 USP U heparin/ml] by adding 10 mg powder/ml and
agitating for 45 min at 5°C. The protein solution obtained was
centrifuged with 12,5009 at 5 °C for 10 min (Beckman model 521 B).
The supernatant was assayed for LPL activity.

Enzyme assay. LPL activity was determined by glyceryl tri-[I-14C]oleate.
In a final volume of 100 ~1 the assay contained 0.14 M Tris HCI (pH
8.6), 5.1 mM glyceryl tri-[I-14C]oleate (44,400 dpm), 12 mM CaClZ, 2%
bovine serum albumin (BSA), 10% human serum, 0.4% gum arabic,
5 USP U/ml heparin, and 1 M NaCl (blanks only). Tris buffers were
adjusted with HCI to pH 8.6 at 37 °C. Toluene solutions of 10.2 pmol
unlabeled glyceryl trioleate and 14.8 kBq glyceryl tri-[I-14C]oleate
(Amersham, sp act 2.09 GBg/mmol) were mixed in a vial, and the
solvent was evaporated under nitrogen. The lipids were emulsified four
times for 30 s with 30-s intervals at 25 W (Branson sonifier B12) on ice
in 400 ~1 stock buffer [0.2 M Tris HCI (pH 8.6), 0.016 M CaCl,]
adjusted to 2% gum arabic. After sonification, 400 ~1 stock buffer
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including 10% BSA (essentially fatty acid free) and 200 ~1 human
serum (preincubated 30 min at 37 °C) were mixed with the triglyceride
emulsion. This substrate emulsion was incubated for 15 min at 37 °C
before use. Duplicate determinations of LPL activity * were performed by
adding 25 ~1 of the supernatant to 25 ~1 stock buffer and 50 ~1
substrate emulsion and incubating at 37 °C for 20 min.

Oleate extraction: The reaction was stopped by the addition of 500 ~1
0.1 M K&0a-H3B03 buffer (pH 10.5) and 1600 ~ 1 mixture of methanol,
chloroform, and heptanes (1.41:1.25:1, vol/vol/vol). After 5 min of
agitation, the two phases were separated by centrifugation at 160g
and the radioactivity of the upper phase was determined in a liquid
scintillation counter (Beckman model LS 3801).

2.8. Tissue lipid extraction

Lipids were extracted from frozen and pulverized liver tissue using
chloroform/methanol (2:1 v/v). About 100 mg (the exact weight was
noted) of frozen, pulverized liver were transferred into a 2 ml tube
containing 1.5 ml chloroform/methanol and a steel bead. The tissue was
homogenized using a tissue lyzer for three times 30 s at a frequency of
30 Hz. For the lipid extraction, samples were incubated on a rotating
wheel at room temperature for 20 min. Samples were centrifuged at
13,000 rpm for 30 min at RT and 1 ml of the supernatants were
transferred to fresh tubes. The organic layer was mixed 200 ul with
0.9% sodium chloride and the aqueous solution was carefully discarded.
The solution was centrifuged for 5 min at 2000 rpm. 750 pl of the lower
organic layer was transferred to a fresh tube and stored at — 80 °C. For
lipid re-suspension 40 ul of triton-X 100/chloroform (1:1 v/v) was
pipetted into fresh tubes and 200 pl of the organic lipid sample was
added. The reagents were mixed and the solvent was evaporated
overnight using a speed vac. The residue containing the hydrophobic
contents of the liver was re-suspended in 2000 pl water and stored at
—20 °C until further use. TG and total cholesterol content were
determined using commercial kits as above. Values were calculated
as mg (TG and cholesterol) per gram wet tissue.

2.9. Histochemistry

During preparation of liver tissue, slices were embedded Tissue Tek OCT
(Sakura, Torrance, USA) compound and shock frozen in liquid nitrogen.
5 pm cryosections were cut and fixed in Baker’s formol. Neutral lipids
and TGs were stained with oil red O and nuclei were counterstained with
hematoxylin [7].

2.10. Aorta lesion quantification

Mice were sacrificed. Hearts were perfused with 5 ml cold PBS. Tissues
surrounding the aorta were cleared under a binocular microscope. The
heart was removed by cutting the descending aorta halfway between the
aortic root and the brachiocephalic artery and frozen in OCT compound
(Tissue-Tek; Sakura Finetek USA Inc.). The remaining aorta was
dissected to the iliac bifurcation, opened longitudinally, and fixed
between 2 glass slides. The aortas were fixed in 10% buffered formalin,
and stained with oil red O [20]. Randomized and blinded quantification
of the aortic arch lesion area in diabetic and non-diabetic LDLR KO mice
was performed with ImageJ 1.44p (Wayne Rasband, National Institute of
Health, USA).

2.11. Quantitative Tagman RT-PCR

Total RNA was extracted from homogenized mouse liver or cell lysates
using Qiazol reagent (Qiagen, Hilden, Germany). cDNA was prepared
by reverse transcription using the M-MuLV enzyme and Oligo dT
primer (Fermentas, St. Leon-Rot, Germany). cDNAs were amplified

www.molecularmetabolism.com

167



Original article

using assay-on-demand kits and an ABIPRISM 7700 StepONE (Applied
Biosystems, Darmstadt, Germany). RNA expression data were normal-
ized to levels of TATA-box binding protein (TBP) RNA.

2.12. Protein analysis

For extraction of nuclear fractions about 50 mg frozen liver samples
were grinded in Dounce homogenizer for 15 strokes with 1 ml of lysis
buffer (50 mM Tris pH 7.2, 250 mM Sucrose, 10 mM KCL, 1 mM EDTA,
10 mM NaF, 2 mM NasV0,4, 1 mM DTT, 1 x Protease Inhibitor Cocktalil
(Sigma, Heidelberg, Germany), 1 x Phosphatase Inhibitor Il (Sigma,
Heidelberg, Germany)). Homogenates were rotated end over end at 4 °C
for 30 min after which they were centrifuged at 4 °C for 30 min at
1000g. The pellet was dissolved in 500 pl lysis buffer (50 mM Tris pH
7.2, 25% glycerol, 420 mM NaCl, 1.5 mM MagCl,, 10 mM NaF, 1 mM
DTT, 1 x Protease Inhibitor Cocktail, 1 x Phosphatase Inhibitor II, 0.1%
SDS, 1% NP-40). Pellets were dissolved by grinding with a pestle.
Homogenates were rotated end over end at 4 °C for 30 min after which
they were centrifuged at 4 °C for 30 min at 9000g. Protein extracts were
separated on 15% SDS-polyacrylamide gels and blotted onto PVDF
membranes. Western blot assays were performed as described [8] using
antibodies specific for TSC22D1 (custom designed from Eurogentec,
Seraing, Belgium), Apolipoprotein A1 (Cell Signaling, Danvers, United
States), p-actin (Santa Cruz, Heidelberg, Germany) or valosin-containing
protein (VCP) (abcam, Cambridge, United Kingdom).

2.13. Plasmids and RNA interference

For shRNA experiments, oligonucleotides targeting mouse TSC22D1 (5'-
GCCATTTGATGTATGCGGTGA-3’), were annealed and cloned into the
PENTR/U6 shRNA vector (Invitrogen, Karlsruhe, Germany). Non-specific
oligonucleotides (5'-GATCTGATCGACACTGTAATG-3') with no significant
homology to any mammalian gene sequence were used as non-
silencing controls in all experiments. For miRNA experiments, oligonu-
cleotides targeting mouse TSC22D1 (5'-CTCACACGCTGTTCTCGCTTT-3')
and non-specific oligonucleotides (5'-AAATGTACTGCGCGTGGAGAC-3')
were cloned into the pdsAAV-LP1 vector.

2.14. Cell culture

Primary mouse hepatocytes were isolated and cultured as described
[21]. Briefly, male 8—12 week old C57BI/6 mice were anesthetized by i.p.
injection of 100 mg/Kg body weight ketamine hydrochloride and 5 mg/Kg
body weight xylazine hydrochloride. After opening the abdominal cavity,
the liver was perfused at 37 °C with HANKS | (8 g NaCl, 0.4 g KCl, 3.57 ¢
Hepes, 0.06 g Na,HPO,-2H,0, 0.06 g KH,PO, in 1L distiled H,0,
2.5 mM EGTA, 0.1% glucose, adjusted to pH 7.4) via the portal vein for
5 min and subsequently with HANKS Il (8 g NaCl, 0.4 g KCl, 3.57 g Hepes,
0.06 g Na,HPO, - 2H,0, 0.06 g KH,PO, in 1 L distilled H,0, 0.1% glucose,
3 mg/ml collagenase CLSII, 5 mM CaCl,, adjusted to pH 7.4) for 5-7 min
until disintegration of the liver structure was observed. The liver capsule
was removed and the cell suspension was filtered through a 100 pm
mesh. The cells were washed and, subsequently, viability of cells
was determined by trypan blue staining. 1 x 108 living cells/well were
seeded on collagen I|-coated 6-well plates. After 24 h, cells were
stimulated with 10 ng of human recombinant TGFB1 for 30 min, 6 h or
24 h and subsequently harvested for gPCR analysis. Hepalcl cells
were infected 24 h after seeding, with recombinant adenoviruses
at a multiplicity of infection of 500. Cells were harvested 48 h after
infection.
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2.15. Human liver samples

Normal liver tissue samples were obtained by open liver biopsy from 30
patients, 15 with and 15 without cachexia, who underwent surgery for
pancreatic ductal adenocarcinoma as described previously [22]. Since
there is no generally accepted definition, cachexia in pancreatic cancer
patients was defined as unintended loss of > 10% of body weight in
the 6 months before diagnosis. Additionally, liver samples were obtained
from 10 patients with chronic pancreatitis who underwent pancreatic
head resection and from 5 patients with resection of colon cancer. For
use as controls, liver biopsies were obtained through an organ donor
program from 5 previously healthy individuals who were free of any
pancreatic or neoplastic disease. Two of the 15 patients with PDAC and
cachexia were excluded after the final histological diagnoses proved to
be chronic pancreatitis and mucinous pancreatic carcinoma, respec-
tively. One patient in the group with PDAC without cachexia was
determined to have a papillary carcinoma and was also excluded. The
study was approved by the local ethics committee of the University of
Heidelberg, Germany. All patients gave preoperative written informed
consent for the use of their samples.

2.16. Statistical analysis

For each experiment means + SEM were determined. Statistical
analyses were performed using student’s #test in one-factorial designs.
Correlation was determined using Pearson’s correlation coefficient;
F-test was applied to determine significance. For multifactorial study
designs, Two-way ANOVA and TWO-way ANOVA RM were used when
appropriate. Holm-Sidak post hoc was applied when significant
differences were found with an overall significance level=0.05.

3. RESULTS

3.1. TSC22D1 controls systemic HDL cholesterol metabolism

To delineate the function of hepatic TSC22D1 in vivo, we disrupted the
activity of TSC22D1 in livers of lean wild-type mice by delivering an
adenovirus expressing a TSC22D1-specific or a non-specific control
shRNA via tail vein injection. TSC22D1 shRNA treatment significantly
reduced hepatic TSC22D1 mRNA and protein levels as compared with
control shRNA-injected littermates (Figure S1a and b). At day 7 after
injection, acute knockdown of TSC22D1 caused no major differences in
body-, liver-, and abdominal white adipose tissue weight (Figure S1c—e),
hepatic TG levels (Figure S1f), circulating NEFA and ketone bodies
(Figure S1g and h), and serum glucose levels (Figure S1i), while serum
TG levels were found to be decreased compared with controls (Figure
S1j). Also, indirect calorimetry studies revealed no differences in oxygen
consumption and energy expenditure in both experimental groups
(Figure S1k and I). In contrast, down-regulation of hepatic TSC22D1
resulted in a significant increase in liver cholesterol levels, which was
evident particularly during fasting conditions (Figure 1a), and a reduction
in HDL-associated cholesterol in the serum (Figure 1b and c), indicating
that TSC22D1 fulfills a specific function in hepatic and systemic
cholesterol handling in healthy wild-type animals.

To corroborate these findings, we next sought to test the effects of
TSC22D1 over-expression (Figures 1d and STm and n) on systemic lipid
handling. To this end, we employed wild-type mice with adenovirus-
mediated liver-specific over-expression of TSC22D1 in a fasting-feeding
regimen. In line with the results from TSC22D1 loss-of-function
experiments indicating a predominantly fasting-associated activity of
the endogenous protein (Figure 1b), over-expression of TSC22D1 led to
a significant elevation of HDL-associated cholesterol during feeding and
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Figure 1: TSC22D1 promotes hypoalphalipoproteinemia in wild-type mice. (a) Liver cholesterol levels of TSC22D1 shRNA adenovirus injected wild-type C57BL/6J mice (means 4+ SEM, n=5).
(b) Lipoprotein-associated serum cholesterol levels as measured by fast protein liquid chromatography (FPLC) in 24 h fasted control or TSC22D1 shRNA adenovirus injected wild-type C57BL/6J
mice. (c) Lipoprotein-associated serum cholesterol levels as measured by fast protein liquid chromatography (FPLC) in 6 h refed control or TSC22D1 shRNA adenovirus injected wild-type C57BL/
6J mice.(d) Representative Western Blot of liver extracts from control or TSC22D1 ¢DNA adenovirus injected wild-type C57BL/6J mice, using TSC22D1 (D1) or actin specific antibodies.
(e) Lipoprotein-associated serum cholesterol levels as measured by fast protein liquid chromatography (FPLC) in 24 h fasted control or TSC22D1 cDNA adenovirus injected wild-type C57BL/6J
mice. (f) Lipoprotein-associated serum cholesterol levels as measured by fast protein liquid chromatography (FPLC) in 6 h refed control or TSC22D1 cDNA adenovirus injected wild-type C57BL/6J
mice. (g) Quantitative PCR analysis of hepatic TSC22D1 expression levels in random fed control or miRNA TSC22D1 adeno-associated virus injected wild-type C57BL/6N mice (means 4+ SEM,
n="5). (h) Representative Western Blot of liver extracts from same mice as in (g) using TSC22D1 (D1) or actin specific antibodies. (i) Lipoprotein-associated serum cholesterol levels as measured
by fast protein liquid chromatography (FPLC) in the same mice as in (g). Statistical test: students ttest, ™, p < 0.01.
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lowered hepatic cholesterol content (Figures 1e, f and S1o), while
leaving other metabolic parameters mostly unaltered (Figure S1p-v).
To confirm the results from acute knockdown experiments in an
independent setting, wild-type mice were injected with an adeno-
associated virus (AAV) expressing a TSC22D1-specific miRNA or a non-
specific control miRNA under the control of a hepatocyte-specific
promoter (LP1), allowing the expression of inhibitory miRNAs specifically
in liver parenchymal cells but not in other liver cell types [15]. After
4 weeks, TSC22D1 miRNA delivery led to a 70-80% decrease in hepatic
TSC22D1 mRNA levels (Figures 1g and S2a) and also reduced TSC22D1
protein expression in liver as compared with control miRNA-injected
littermates (Figure 1h). Inactivation of TSC22D1 again triggered a
decrease in HDL cholesterol (Figure 1i), and increased liver cholesterol
levels (Figure S2b) in random fed animals, while leaving serum TG levels
and other parameters largely unaffected (Figure S2c—g).

Together, these data underlined the notion that hepatic TSC22D1 fulfils
a critical and specific checkpoint function for the regulation of circulating
HDL cholesterol levels and hepatic cholesterol load under normal health
conditions.

3.2. TSC22D1 transcriptionally regulates the HDL formation pathway
To determine the mechanistic basis for TSC22D1 function in systemic
lipid metabolism, we tested basic functions of hepatic lipid handling in
response to liver-specific TSC22D1-deficiency. In this respect, we
initially determined hepatic VLDL production by experimental inhibition
of peripheral VLDL clearance. Consistent with mostly unaltered serum
TG levels, mice deficient in hepatic TSC22D1 showed no difference in
hepatic VLDL release and liver re-uptake of human ApoB as compared
with controls (Figures 2a and S3a and b). In addition, adipose tissue LPL
activity was also not changed upon impairment of hepatic TSC22D1
activity (Figure 2b), further underlining the notion that TSC22D1
specifically regulates systemic (HDL) cholesterol metabolism while
leaving TG-related pathways largely unaffected. Indeed, consistent with
an almost exclusive nuclear localization of TSC22D1 in hepatocytes
(data not shown), transcriptional profiling of TSC22D1-dependent target
gene networks showed that key regulatory genes in the HDL formation
and cholesterol loading axis were significantly down-regulated in
TSC22D1-deficient wild-type livers, most notably including ATP-
binding cassette transporter (ABCA) 1, and ABCG5/8 (Figure 2¢ and d)
[6,23]. In contrast, genes in the lipogenic and bile acid synthesis
pathway remained unaltered upon loss of TSC22D1 expression
(Figure 2¢ and data not shown). Of note, hepatic and serum ApoA1l
protein levels as well as the protein content of the HDL serum fraction
remained unchanged between control and TSC22D1-deficient animals
(Figure S3c—e), suggesting that TSC22D1 does not regulate serum HDL
cholesterol through changes in lipoprotein generation but rather impacts
HDL cholesterol loading. Also, inactivation of TSC22D1 in cultured
hepatoma cells by shRNA-mediated gene knockdown resulted in a
significant reduction of genes in the HDL formation pathway (Figure 2e),
confirming the regulatory impact of TSC22D1 on HDL generating gene
networks in a cell autonomous manner.

3.3. Hepatic TSC22D1 levels are determined by the systemic energy
status

HDL is considered to act as an atheroprotective factor, and low HDL
cholesterol represents a core component of dyslipidemic conditions as
associated with obesity and the Metabolic Syndrome [2]. The differential
gene expression of specific transcriptional regulators between healthy
and metabolic disease conditions has frequently been found to reflect
either a causal, pathogenic or a compensatory, protective role of these
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factors in disease progression and/or manifestation [24]. The general
loss of HDL-associated atheroprotection in obesity [4] next prompted us
the screen for the expression of TSC22D1 in various mouse models of
obesity-related metabolic dysfunction. Gene expression analysis demon-
strated that hepatic TSC22D1 mRNA levels were 2—-3-fold elevated in
mouse models of both genetic (db/db and ob/ob) as well as diet-induced
obesity (12 weeks high fat diet-fed wild-type mice vs. low-fat fed
controls) (Figure 3a and b, Sf). Interestingly, obesity has recently been
found to promote elevated levels of TGFp in both human and murine
settings, correlating with systemic dyslipidemia [25], and TSC22D1 had
originally been identified as a TGFB-inducible gene in other cells [26].
These findings prompted us to test the response of TSC22D1 gene
transcription to TGFB signaling in liver. Treatment of primary mouse
hepatocytes with TGFp indeed significantly enhanced TSC22D1 mRNA
levels after already 6 h, the effect of which was further augmented after
24 h treatment (Figure 3c). Also, treatment of wild-type mice with TGFp
transiently mirrored these effects in vivo (Figure 3d), suggesting that
hepatic TSC22D1 indeed is a downstream target of TGFp signaling,
thereby correlating well with elevated TGFp serum levels in ob/ob mice
(Figure S3g [25]) and the up-regulation of TSC22D1 under these
conditions as shown above (Figures 3a, b and S3f).

Given the promoting effect of TSC22D1 on systemic HDL cholesterol
levels (Figure 1b, d and g), these data suggested that the up-regulation
of TSC22D1 under obesity conditions reflects a counter-regulatory
mechanism to maintain levels of HDL under conditions of energy
surplus. Indeed, opposing states of energy availability, i.e. human and
murine cancer cachexia, were associated with a marked down-
regulation of hepatic TSC22D1 mRNA and protein levels (Figure 3e—g,
Sh), correlating with reduced HDL cholesterol levels under these
conditions [11]. To extend these findings into an independent model,
wild-type C57BI/6 mice were placed on a methionine-choline-deficient
(MCD) diet for 4 weeks which is known to trigger peripheral hyper-
metabolism, weight loss [27], and low HDL cholesterol levels [11].
Consistent with the hypothesis of counter-regulatory up-regulation of
TSC22D1 in obese animals (Figure 3a), mRNA levels of TSC22D1 were
found to be significantly down-regulated in livers of MCD-fed animals as
compared to controls (Figure 3h). Furthermore, TSC22D1 levels were
also significantly diminished in livers of streptozotocin-induced type
1 diabetic low-density-lipoprotein receptor (LDLR) knockout animals as
compared with healthy control littermates (Figure 3i). Consistent with
previous reports [20] and a loss of HDL-mediated atheroprotection under
these conditions, diabetes exaggerated vascular lesions in these animals
as determined by enhanced aortic arch plaque areas after 12 weeks of
hyperglycemia as compared with non-diabetic counterparts (Figure S3i).
Remarkably, hepatic TSC22D1 mRNA levels tended to negatively
correlate with the degree of plaque formation in both diabetic and
non-diabetic animals (Figure 3j).

3.4. TSC22D1 is required for the maintenance of HDL cholesterol levels
under obese conditions

Our data thus far indicated that the hepatic expression of TSC22D1
adapts to changing states of energy availability and promoted the
hypothesis that the up-regulation of TSC22D1 in livers of obese animals
is required for the maintenance of basic HDL cholesterol levels under
these conditions. To directly test this assumption experimentally, 12
weeks old ob/ob mice were injected with AAV carrying either the
TSC22D1-specific or non-specific control miRNA to achieve hepatocyte-
specific TSC22D1 deficiency in an obesity setting. 4 weeks after AAV
administration, TSC22D1 targeted miRNA delivery led to a more than 90%
reduction in hepatic TSC22D1 mRNA levels and substantially blunted
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Figure 2: TSC22D1 controls key gene expression in HDL formation. (A) Hepatic VLDL release in control or TSC22D1 shRNA adenovirus injected wild-type C57BI/6 mice. Time after tyloxapol
injection indicated (means=SEM, n=5). (B) White adipose tissue (WAT) lipoprotein lipase (LPL) activity in 24 h fasted or 6 h refed control or TSC22D1 shRNA adenovirus injected wild-type
C57BL/6J mice (means + SEM, n=5). (C) Quantitative PCR analysis of scavenger receptor B1 (SRB1), liver X receptor (LXR), Apolipoproteins AT and A2 (ApoAT, ApoA2), ATP-binding cassette
transporter (ABCA1), ATP-binding cassette sub-family G member 1, 5 and 8 (ABCG1, ABCGS, ABCG8), lecithin-cholesterol acyltransferase (LCAT), phospholipid transfer protein (PLTP), ATP citrate
lyase (ACLY), lipin 1 (LPINT), fatty acid synthase (FASN), stearoyl- COA desaturase-1 (SCD1), Fatty acid-binding protein 1 (FABP1) and RNA levels in livers of refed control or TSC22D1 shRNA
adenovirus injected wild-type C57BI/6 mice (means + SEM, n=5). (D) Quantitative PCR analysis of scavenger receptor B1 (SRB1), liver X receptor (LXR), serum amyloid A (SSA), Apolipoproteins
Al and A2 (ApoAW ApoA?2), ATP-binding cassette transporter (ABCAT), ATP-binding cassette sub-family G member 1, 5 and 8 (ABCG1, ABCGS5, ABCGS), lecithin-cholesterol acyltransferase
(LCAT), phospholipid transfer protein (PLTP) of hepatic TSC22D1 expression levels in refed control or miRNA TSC22D1 adeno-associated virts injected wild-type C57BL/6N mice (means + SEM,
n="5). () Quantitative PCR analysis of TSC22D1, ATP-binding cassette sub-family G member 5 (ABCG5), ATP-binding cassette transporter (ABCAT), Apalipoproteins AT and A2 (ApoAT, ApoA2),
(means + SEM, n=4) in Hepalc1 cells infected with control (ShNC) or TSC22D1 shRNA adenovirus. Cells were harvested 48 h post-infection. Statistical tests: for a Two Way Repeated Measures
ANOVA, Holm-Sidak post hoc for b—e students ttest, *, p< 0.05, ™, p< 0.01,
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mice fed a high-fat diet (HFD) compared to control mice on a low-fat diet (LFD). (B) Western blot of liver extracts from representative mice fed a high-fat diet (HFD) compared to control mice on a low-fat
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(J) Correlation of TSC22D1 RNA expression and lesion size in LDL-receptor knockout (LDLRKO) mice without or with streptozotocin treatment (STZ). The surface lesion area was quantified with ImageJ
software and is presented in arbitrary units (n=10). Statistical test for (a)—(h): students ttest, *, p<0.05, ™, p<0.01, ** p<0.001, for () Pearson correlation coefficient, Ftest to determine
significance.
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Figure 4: TSC22D1 drives HDL cholesterol levels in obesity. (A) Quantitative PCR analysis of TSC22D1 expression levels of 24 h fasted or 6 h refed control or mRNA TSC22D1 adeno-associated
virus injected ob/ob mice (means 4+ SEM, n=7). (B) Representative Western Blot of liver extracts of same mice as in a using TSC22D1 (D1) or actin specific antibodies. (C) Lipoprotein-associated
serum cholesterol levels as measured by fast protein liquid chromatography (FPLC) in the same mice as in (a). (D) Quantitative PCR analysis of scavenger receptor B1 (SRB1), liver X receptor (LXR),
serum amyloid A (SSA), Apolipoproteins AT and A2 (ApoAT, ApoA2), ATP-binding cassette transporter (ABCAT1), ATP-binding cassette sub-family G member 1, 5 and 8 (ABCG1, ABCGS, ABCG8),
lecithin-cholesterol acyltransferase (LCAT), phospholipid transfer protein (PLTP) in 24 h fasted and 6 h refed control or mIRNA TSC22D1 adeno associated virus injected ob/ob mice. Statistical tests:
for a two-way ANOVA, *, p< 0.05, **, p<0.01, shNC vs. shD1, "fast vs. refed; for (d): students ttest, *, p< 0.05.

TSC22D1 protein expression in these animals (Figure 4a and b). Consistent
with an HDL formation-driving function of TSC22D1 even in overweight
animals, inhibition of TSC22D1 was sufficient to substantially reduce serum
levels of HDL-associated cholesterol mostly under fasting but also during
feeding conditions (Figure 4c), and tended to induce hepatic cholesterol
retention (Figure S4a), while leaving other metabolic parameters generally
unaltered (Figure S4b—g). Consistent with data from lean, healthy animals,
TSC22D1 loss-of-function triggered the down-regulation of critical genes in
the HDL cholesterol loading pathway in ob/ob mice, (Figure 4d). Together,
these data underlined the notion that hepatic TSC22D1 fulfils a critical and
specific checkpoint function for the regulation of circulating HDL cholesterol
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and hepatic cholesterol load, and that high TSC22D1 levels reflect a
potentially critical counter-regulatory mechanism in the preservation of
residual HDL levels during obesity-related metabolic dysfunction.

4. DISCUSSION

The TSC22 domain family of transcriptional regulators is conserved from
Caenorhabditis elegans to humans and is encoded by four separate
genetic loci in mammals, referred to as TSC22D1 to TSC22D4 [28].
Thus far, TSC22 family members had been shown in Drosophila to be
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part of a growth promoting signaling complex involving the MIf1 adapter
molecule Madm [28], and a TSC22D1/D4 complex has been implicated
in BRAF-induced senescence and neoplasia [13]. Furthermore, TSC22D1
was recently found to antagonize Ras/Raf signaling, thereby exerting
anti-tumorigenic effects in a Ras/Raf-dependent liver cancer model [29],
and TSC22D1 abrogated TGFp-stimulated growth in intestinal epithelial
cells [30]. Given the recently discovered metabolic control function of
TSC22D4 for hepatic TG secretion [11], and the non-redundant
regulatory impact of TSC22D1 on systemic HDL metabolism as
demonstrated by this study, TSC22 proteins may represent a family of
transcriptional regulators with dual functionality in both proliferative and
metabolic pathways in a broader range of tissues.

Indeed, hepatic TSC22D1 expression seems to be under nutritional/
metabolic control as shown by the up- and down-regulation of liver
TSC22D1 mRNA and protein levels upon conditions of energy excess
and deprivation. Of note, obesity has recently been found to promote
elevated levels of TGF( in both human and murine settings, correlating
with systemic dyslipidemia [25], and TSC22D1 had originally been
identified as a TGFp-inducible gene in other cells [26]. In agreement
with these findings, TSC22D1 expression was found to be induced
under conditions of energy surplus and it is tempting to speculate that
these effects are at least partially mediated by the TGFp pathway under
these conditions. In contrast, catabolic situations inhibited TSC22D1
expression in liver, most notably including cancer cachexia and type
1 diabetes. Whether the loss of TGFp signaling or the induction of
catabolic hormonal cues (i.e. glucocorticoids, glucagon, catecholamines)
determine TSC22D1 expression under these circumstances remains an
open question for future studies. Also, while the regulatory impact of
chronic stress conditions is evident from the current results, it remains
uncertain whether and how TSC22D1 also exerts more acute functions
in short-term metabolic adaptations, i.e. during the fasting-feeding
cycle. While a more significant impact of TSC22D1 loss-of-function on
cholesterol homeostasis under fasting conditions lines up well with a
more pronounced effect of exogenous TSC22D1 overexpression during
feeding and would argue for a dominant role in fasting rather than
feeding metabolism, the exact role of TSC22D1 in acute metabolic
flexibility remains unclear and might rely on hormone-dependent
alterations in TSC22D1 expression and/or activity (unpublished results).
With respect to more long-term disease settings, results from this study
indicate that chronic loss of hepatic TSC22D1 activity may predispose to
atherosclerotic plaque formation and vascular complications as triggered
by diabetic hyperglycemia and dyslipidemia. This hypothesis lines up
with recent studies in human cohorts, validating the importance of
hepatic lipid homeostasis for the prevalence of diabetic late complica-
tions, most notably including cardiovascular disease [31,32].
Interestingly, TSC22D1 deficiency predominantly altered the mRNA
levels of genes involved in HDL cholesterol loading and/or formation,
while leaving lipogenic and bile acid synthesis pathways mostly
unaffected (Figure 2 and data not shown). In addition, neither liver
nor serum ApoA1l protein levels as well as HDL-associated ApoAil
protein levels were altered upon loss of hepatic TSC22D1 (Figure S3c—e),
suggesting that TSC22D1 does not alter circulating HDL cholesterol
through an impact on ApoA1 production. Thus, we hypothesize that
TSC22D1 does not regulate serum HDL cholesterol through changes in
lipoprotein generation but rather impacts HDL cholesterol loading and/or
(re-)secretion. Major mechanisms in selective HDL lipid uptake vs.
endocytotic HDL holo-particle uptake and re-secretion have not been
fully clarified to date, nor the connection and relative importance of
these processes are fully understood [33]. Thus, it will be interesting
to determine the relative importance of hepatic TSC22D1 for either
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selective lipid uptake and/or HDL particle endocytosis and re-formation
in detail. Preliminary data indicate that TSC22D1 may indeed impact
distinct components of these pathways upon liver-specific knockdown
(unpublished results).

Of note, normal mice are characterized by constitutively high HDL levels
preventing atherosclerotic plaque formation in standard diabetes/obesity
models [34]. In humans, however, numerous attempts have been made
to increase HDL cholesterol levels to counteract atherosclerotic vascular
dysfunction, including the pharmacological inhibition of cholesterol ester
transfer protein (CETP), increasing availability of ApoA1, or enhancing
ABCA1 activity [35-37]. This becomes particularly important because
the majority of cardiovascular events cannot be prevented by focusing
on LDL-lowering approaches alone as demonstrated in human studies
[38,39]. However, the negative outcome with the CETP inhibitor
torcetrapib may also indicate that not every way of raising HDL-
cholesterol levels automatically translates into a clinical benefit [40],
underlining the necessity to identify as-yet unacquainted approaches in
this context.

Specific targeting of the hepatic TSC22D1 complex might thus represent
an attractive therapeutic mode to control HDL cholesterol levels under
conditions of diabetes/obesity-related energy surplus and loss of
atheroprotection.
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