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Hepatic gene therapy rescues high-fat diet
responses in circadian Clock mutant mice
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ABSTRACT

Objective: Circadian Clock gene mutant mice show dampened 24-h feeding rhythms and an increased sensitivity to high-fat diet (HFD) feeding.
Restricting HFD access to the dark phase counteracts its obesogenic effect in wild-type mice. The extent to which altered feeding rhythms are
causative for the obesogenic phenotype of Clock mutant mice, however, remains unknown.

Methods: Metabolic parameters of wild-type (WT) and Clock 47 mutant mice (MT) were investigated under ad /ibitum and nighttime restricted
HFD feeding. Liver circadian clock function was partially rescued by hydrodynamic tail vein delivery of WT-Clock DNA vectors in mutant mice and
transcriptional, metabolic, endocrine and behavioral rhythms studied.

Results: Nighttime-restricted feeding restored food intake, but not body weight regulation in MT mice under HFD, suggesting Clock-dependent
metabolic dysregulation downstream of circadian appetite control. Liver-directed Clock gene therapy partially restored liver circadian oscillator
function and transcriptome regulation without affecting centrally controlled circadian behaviors. Under HFD, MT mice with partially restored liver
clock function (MT-LR) showed normalized body weight gain, rescued 24-h food intake rhythms, and WT-like energy expenditure. This was
associated with decreased nighttime leptin and daytime ghrelin levels, reduced hepatic lipid accumulation, and improved glucose tolerance.
Transcriptome analysis revealed that hepatic Clock rescue in MT mice affected a range of metabolic pathways.

Conclusion: Liver Clock gene therapy improves resistance against HFD-induced metabolic impairments in mice with circadian clock disruption.

Restoring or stabilizing liver clock function might be a promising target for therapeutic interventions in obesity and metabolic disorders.
© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

In response to the Earth’s rotation around its axis, most species have
evolved endogenous circadian clocks, enabling them to adapt behavior
and physiology to the 24-h rhythm of day and night [1,2]. At the
molecular level, these clocks are based on transcriptional-translational
feedback loops built from a set of clock genes/proteins including the
two transcription factors circadian locomotor output cycles kaput
(CLOCK) and brain and muscle ANRT-like 1 (BMAL1 or ARNTL), which
together drive rhythmic expression of three Period and two Crypto-
chrome genes through binding to E-box enhancer motifs. BMAL1 and
CLOCK further regulate many other E-box-controlled genes in a tissue-
specific manner, thereby translating the circadian clock rhythm into
physiologically meaningful signals [3,4]. Clocks are found in all body
tissues and are synchronized via a master pacemaker located in the
hypothalamic suprachiasmatic nucleus (SCN) [5,6] that is entrained by
the external light rhythm. Together, peripheral clocks and SCN-
controlled sleep-wake and food intake rhythms regulate the

expression of many metabolically relevant genes [7]. Interestingly,
peripheral clocks not only respond to SCN signaling but also are reset
by the timing of food intake. Therefore, mistimed feeding rhythms — as
frequently occur in modern industrialized societies — can promote
internal clock desynchrony and the development of metabolic disor-
ders [8—13].

The liver is the largest metabolic organ of the body. Transcriptome
analyses have identified more than 3,000 rhythmic transcripts [14] and
chromatin immunoprecipitation/DNA sequencing experiments revealed
more than 2,000 DNA binding sites for BMAL1 in the murine liver [15].
Circadian regulation has been shown for several metabolic processes
such as xenabiotic detoxification [16,17], mitochondrial function [18],
and lipid and glucose metabolism [14,19,20]. Mice with hepatocyte-
specific abrogation of clock function through deletion of Bmal1
display impaired glucose homeostasis but normal body weight regu-
lation [13].

In contrast, mice carrying a dominant negative mutation in the gene
encoding the BMAL1 partner CLOCK (Clock 9 are overweight and,
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under high-fat diet conditions, develop symptoms of the metabolic
syndrome [21]. This obesogenic phenotype is associated with
deregulated feeding rhythms and over-eating during the normal rest
phase. In addition, mistimed feeding is associated with the develop-
ment of obesity in mice and humans [13,22—24]. Moreover, in wild-
type mice, restricting access to a HFD to the nighttime improves
clock gene rhythms and normalizes body weight regulation [25,26].
Appetite regulation and energy expenditure are centrally controlled
and, thus, are difficult targets for clinical interventions [27—29]. On the
other hand, metabolic feedback signals from the periphery such as
leptin and ghrelin, but also liver-derived factors such as fibroblast
growth factor 21 (FGF-21) [30] and ketone bodies [31], reach the brain
and modulate neuronal circuits to adjust energy metabolism [32]. This
bottom-up communication from peripheral metabolic tissues to central
regulatory circuits is impaired during obesity [33,34]. Thus, targeting
the circadian regulation of metabolic feedback signals by manipulating
peripheral clock function may provide a feasible means of restoring
homeostatic set points in metabolic disorders. To test this hypothesis,
we investigated the effects of liver Clock gene therapy on feeding
behavior and energy metabolism in Clock 4™ mutant mice.

2. MATERIALS AND METHODS

2.1. Mice

Adult male C57BL/6J (WT) and congenic homozygous Clock 47 (MT)
[35] mice were bred under standard laboratory conditions with a
temperature of 21 + 2 °C, a relative humidity of 50 4 5% and a 12-
h:12-h light—dark cycle (LD; light phase: 200 + 50 lux). Before mice
were allocated to the experiments, they were group-housed with ad
libitum access to standard rodent chow (58% carbohydrates, 33%
protein, 9% fat; Ssniff, Germany) and water. After adaptation to single
housing, 10-week old mice were assigned to the different experi-
ments with either ad libitum access to standard rodent chow or
regulated access (ad libitum vs. nighttime only) to HFD (45% kJ fat,
Ssniff EF D12451) for 10 weeks. Food intake, body weight, locomotor
activity, and energy expenditure were measured; then, animals were
sacrificed by cervical dislocation for molecular characterization. All
experiments were ethically assessed and licensed by the Office of
Consumer Protection and Food Safety of the State of Lower Saxony
and the Ministry of Energy Change, Agriculture, Environment and
Rural Areas of the State of Schleswig—Holstein and performed ac-
cording to international guidelines on the ethical use of experimental
animals.

2.1.1. Feeding regimes

The effects of timed food access under HFD were analyzed in WT and
MT mice (n = 12/group). Both genotypes received a HFD for 10
weeks either ad libitum (WT-ad libiturm; MT-ad libitum) or restricted to
the 12-h dark phase (restricted feeding: RF; WT-RF, MT-RF). Body
weight and food intake were measured weekly. An additional cohort
was analyzed for energy expenditure at 4 weeks into the feeding
regime, followed by activity analysis one week later. In a second
experiment, we restored the function of the liver Clock gene (liver
rescue: LR; WT-LR, MT-LR) by hydrodynamic tail vein delivery (see
below) and analyzed the HFD effects in these mice. 10-week old WT
(n = 24), WT-LR (n = 13; data not shown), MT (n = 26) and MT-LR
mice (n = 24) received a HFD ad libitum for ten weeks. Body weight
and food intake were measured weekly; activity, energy expenditure,
and other metabolic parameters (hormone levels, glucose tolerance)
were investigated in an additional cohort in the middle of the feeding
experiment after 5 weeks of HFD.
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2.1.2. Activity analysis

Locomotor activity of single-housed mice was recorded either by
custom-made infrared (IR) detectors placed on the cage lid or by
running-wheels. IR recordings were performed for one week under
standard LD conditions either in week 2 of the RF-paradigm (Figure 1:
n = 12/group) or starting at week 5 after tail vein injection (Figure 4:
n = 8/group). Wheel-running activity of adult ad /ibitum chow-fed WT,
MT, and MT-LR was recorded for two weeks under standard LD
conditions followed by a 4-week period in constant darkness (DD;
Figure 3, n = 12 per group). IR and running-wheel measurements
were analyzed using ClockLab software (Actimetrics, Evanston, USA).

2.1.3. Energy expenditure

Oxygen consumption and carbon dioxide production were investigated
under standard housing conditions (LD, 21 °C) and the introduced
feeding paradigm using an open-circuit indirect calorimetry system
(TSE PhenoMaster Systems, Bad Homburg, Germany) after 2 weeks on
RF-paradigm (Figure 1; n = 12 per group) or after 4 weeks on HFD
(Figure 4; n = 24—26 per group). Mice were allowed to acclimatize to
the system for 2 days, and then data were acquired in intervals of
15 min for 3—4 days. Energy expenditure was normalized to the in-
dividual body weight [36].

2.2. Liver Clock gene therapy

Hepatic Clock gene expression was manipulated by hydrodynamic tail
vein injection [37]. In brief, either WT or MT mice were injected with a
vector encoding the full-length, hemagglutinin (HA)-tagged wild-type
Clock (GenBank AF000998), secreted embryonic alkaline phospha-
tase (SEAP), or lacZ cDNA under the control of a chimeric promoter
composed of the mouse alpha fetoprotein enhancer Il and a minimal
mouse albumin (Alb7) promoter aimed at restricting expression spe-
cifically to hepatocytes (pL/VE; MIR 5420, Mirus Bio) [38]. Firefly
Luciferase was under the control of the Bmal1 promoter [39]. All
vectors were diluted in TransIT-EE Hydrodynamic Delivery Solution
(Mirus Bio, Madison, USA) and injected into the tail vein at a constant
rate over 5—7 s. The total volume was set to 10% of the total body
weight. Pressing a moist paper towel on the injection point inhibited
bleeding. Mice were returned to their home cage after observation for
5—10 min. Mouse Clock cDNA was cloned from a cDNA library of
C57BL/6J mice into pLIVE vector followed by plasmid preparation
(Endo-free Plasmid Maxi Kit, Qiagen, Hilden, Germany). The validation
of delivery efficiency was performed using a liver-specific lacZ-
expressing reporter plasmid (pL/VE-lacZ vector, MIR 5520, Mirus Bio).
A working solution containing a total of 35 ng of Clock expressing
plasmid per injection was used for all subsequent experiments. For the
ex vivo visualization of liver clock rhythms, we co-injected the Bmal1-
Luc plasmid together with the Clock plasmids. An Alb7-SEAP vector
(PLIVE-SEAP; MIR 5620, Mirus Bio) was used for controls. Mice were
allowed to recover for two days before the subsequent feeding
experiments.

2.3. X-gal staining

Nine days after tail vein injection of the /acZ reporter plasmid, chow-fed
mice were killed by cervical dislocation, and the medial liver lobe was
removed and embedded in paraffin. 8-um sections were prepared
using a microtome (Leica, Eisfeld, Germany) and fixed in 0.2%
glutaraldehyde (5 min at room temperature) followed by PBS washing
and an overnight incubation in x-Gal staining solution at 37 °C. On the
following day, sections were washed in PBS, dehydrated, mounted on
slides, and analyzed using a camera-equipped microscope (Leica).
Stained areas were calculated using NIH Image software (NIH,
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Figure 1: Effect of nighttime restricted feeding on metabolic responses of WT and MT to HFD. A, B: Body weight development (A) and weekly weight gain (B) of WT and MT
mice under ad libitum or nighttime-restricted (RF) access to HFD. C, D: Cumulative (C) and daily food intake (D) of ad /ibitum and nighttime-fed WT and MT mice. E, F: Daily activity
(E) and energy expenditure (EE) (F) of ad /ibitum and nighttime-fed WT and MT mice. Data are shown as means + SEM (n = 12 per group); 2-way ANOVA with Bonferroni post-test;
*p < 0.05 *: p < 0.01; ok i, p < 0.001. L — light phase; D — dark phase. Different letters (a, b, ...) depict statistically significant differences (p < 0.05).

Bethesda, USA). Three sections of each animal were averaged (n = 7
per condition).

2.4. Luminescence explant recordings

Tissue explant clock rhythms were investigated by luminescence
recording and imaging of 250-um organotypic slice cultures. Three
days after tail vein injections, tissues were dissected at 4—6 h after
“lights on” and prepared for luminescence recordings as described
[40]. For liver explants, median lobes were removed, embedded in
low-melting agarose (Invitrogen, Carlsbad, USA), and sectioned with a
vibratome (Campden Instruments, Loughborough, UK). Slices were
transferred onto culture plate inserts (PICM01250; Millipore, Darm-
stadt, Germany) in 35-mm petri dishes filled with culture medium.
Luminescence recordings were measured in a LumiCycle luminometer
(Actimetrics, Evanston, USA) at 32.5 °C. Imaging was done using an
Olympus LV-200 system (Olympus, Tokyo, Japan). Analyses were
performed using the LumiCycle analysis (Actimetrics) and Prism

software packages (GraphPad, La Jolla, USA). Raw data were baseline
subtracted with running averages of 24 h (n = 8 per group; for each
mouse 3 slices were averaged).

2.5. Quantitative real-time (q)PCR and in situ hybridization

mRNA expression was determined by quantitative real-time PCR
(qPCR) in tissue samples (n = 3—5/group/time point) or by in situ
hybridization of brain sections (n = 8 per group and time point) [41].
TRIzol extracted total RNA was transcribed to ¢cDNA using random
hexamer primers. gPCRs were run on a CFX96 thermocycler (Bio-Rad,
Munich, Germany) with iQ-SYBR Green SuperMix (Bio-Rad). Eef1a was
used as reference gene, and relative gene expression calculated with a
modified AACT calculation as described [42]. Paraffin embedded 8-
um coronal brain sections were hybridized with *°S-UTP-labeled
(PerkinElmer, Waltham, USA) antisense RNA probes as described [41].
Expression levels were determined by densitometric analysis of au-
toradiograph films. Three background corrected SCN sections per
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Figure 2: Liver Clock gene therapy restores rhythmic gene expression. A, B: lacZ-staining of sections of livers after treatment with different doses of an lacZ-expressing
reporter vector. (A) micrograph of a liver section of mice treated with 35 pg of the vector. (B) dose response (means + SEM (n = 7); 1-way ANOVA with Bonferroni post-
test; different letters depict statistically different groups (p < 0.05)). (C) Western blot detecting HA-tagged CLOCK on day 9 after tail vein injection in different tissues.
(D) Western blot detecting wild-type and HA-tagged CLOCK in livers of WT and MT mice at 9 and 40 days after treatment. E—G: Luminescence recordings of liver slices after co-
injection of Bmal1-luc reporter w/o wild-type CLOCK. (E) Upper panel: luminescence micrographs taken at indicated time points after injection; lower panel: representative
baseline-corrected luminescence traces of WT, MT and MT-LR liver slices. F, G: Luminescence rhythm period lengths (F) and amplitudes (G) of explant cultures (means & SEM
(n = 8); 1-way ANOVA with Bonferroni post-test; **: p < 0.01, ***: p < 0.001). (H) Diurnal liver gene expression profile for Dbp in WT, MT, and MT-LR mice (means & SEM
(n = 3); 2-way ANOVA with Bonferroni post-test; different letters depict statistically different groups (p < 0.05); letters in brackets indicate results from CircWave analysis for
rhythmicity: R — rhythmic, N — non-rhythmic).

mouse were averaged. PCR primer and in situ probe sequences are  hemagglutinin (HA) tag (Cat # 9110, Abcam, Cambridge, UK). Liver

provided upon request. tissue (n = 3—5) was homogenized in RIPA buffer (150 mM sodium
chloride, 50 mM Tris, 0.1% SDS, 1% Triton X-100, 25 mM sodium
2.6. Protein expression deoxycholate, 5 mM ethylenediaminetetraacetic acid) with protease

Expression of the wild-type CLOCK protein in MT-LR was determined inhibitor cocktail (Roche, Grenzach-Wyhlen, Germany). Homogenates
by western blot analysis with antibodies directed against a C-terminal  were boiled for 5 min followed by centrifugation. Protein
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Figure 3: Liver Clock gene therapy does not affect central pacemaker function. A—C: Day-night variations in SCN mRNA levels of Dbp (A), Bmal1 (B), and Per2 (C) analyzed
by radioactive in situ hybridization (ZT: Zeitgeber time; means + SEM (n = 8); 2-way ANOVA with Bonferroni post-test; ***: p < 0.001). D—F: Representative running-wheel
recordings of WT (D), MT (E), and MT-LR mice (F) under 12-h:12-h light:dark (LD) and constant darkness conditions (DD). Actograms are double-plotted; dark phases are
marked with grey shading. (F) Activity period length in DD (means + SEM (n = 8); 1-way ANOVA with Bonferroni post-test; ***: p < 0.001).

concentrations were determined by BCA assay (Thermo Scientific,
Waltham, USA). Total CLOCK protein was detected using a CLOCK
antibody (Cat # CLO11-A, Alpha Diagnostics, Austin, USA). B-Actin (Cat
# 3700, Cell Signaling Technology) was used as loading control.
Densitometric analysis of band intensities was performed with Quantity
One software (Bio-Rad).

2.7. Transcriptome analysis

After 5 weeks of HFD mice were sacrificed at ZT 10 (n = 3 per group).
Livers were removed and total RNA isolated from TRIzol homogenized
tissue and stored at —20 °C. cRNA synthesis, labeling, and hybridi-
zation (GeneChip Mouse Genome 430A 2.0, Affymetrix, Santa Clara,
USA) was performed as described [43]. Microarray data are deposited
in the GEO database (accession no. GSE94838). RMA normalization of
gene expression was done using Affymetrix Expression Console
(Affymetrix). Rank product tests (with a false discovery rate (FDR) cut-
off of 0.05) were used to determine differentially expressed genes [44].
WebGestalt (Nucleic Acids Research, 2005. 33 p. W741-W748.) was
used for gene enrichment analyses (significance level: p < 0.05;
statistics test: hypergeometric with Benjamini-Hochberg correction for
multiple testing; minimum group size: 5).

2.8. Lipid droplet staining

Hepatic lipid droplets were visualized by oil-red O staining of 8-pum
sections as described [45]. In brief, livers were fixed overnight in 4%
paraformaldehyde followed by cryo-protection in 30% sucrose and
embedding in OCT. Liver sections were stained for 20 min with filtered
oil-red O solution (Certistain Qil-red O, Merck, Darmstadt, Germany)
and washed in 60% isopropy! alcohol and distilled water. Nuclei were
counterstained with Mayer’s hematoxylin for 2 min followed by incu-
bation with tap water containing sodium borate until nuclei became
blue. Covered sections were analyzed using a camera-equipped
inverted microscope (Leica) and lipid accumulation quantified by
densitometric analysis with NIH Image (National Institutes of Health,
Bethesda, MA).

2.9. Glucose tolerance and hormone tests

Glucose clearance was investigated at ZT4-6 after 4 weeks on HFD
[46]. Overnight fasted mice received an intraperitoneal (i.p.) injection of
glucose (2 g/kg body weight) followed by repeated blood collection via
the tail vein at defined time points (n = 8). Leptin and Acyl-ghrelin
values where obtained from plasma samples collected in a 4-hour
interval over 24 h. The hormone content was analyzed via ELISA
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Figure 4: Liver Clock gene therapy restores HFD responses in Clock mutant mice. A, B: Body weight development (A) and weekly weight gain (B) of WT, MT, and MT-LR mice
under ad libitum access to HFD (n = 24—26). C, D: Cumulative (C) and daily food intake (D) of ad /ibitum HFD-fed WT, MT, and MT-LR mice (n = 24—26). E, F: Light:dark phase
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(Crystal Chem, Downers Grove, USA and BioVendor, Brno, Czech Re-
public) and averaged values for all time points (n = 3) in the light and
dark phases were used for the day/night concentration values.

2.10. Statistics

Statistical comparisons were performed with GraphPad Prism
(GraphPad, La Jolla, USA). Time series were compared using 2-way
ANOVAs with Bonferroni post-test. One condition between-genotype
comparisons were done using 1-way ANOVAs with Bonferroni post-
tests. Transcriptome data were analyzed as described above. 24-h
rhythms were assessed by CircWave analysis [47].

3. RESULTS

3.1. Restoration of daily food intake rhythms by restricted food
access does not rescue the obese phenotype of Clock mutant mice
In line with previous reports [21], ten weeks of HFD feeding led to a
significant increase in body weight in both WT and MT mice, but the
effect was more pronounced in MTs (Figure 1A), in particular during
the first weeks of the feeding paradigm. Over the whole 10 weeks,
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MTs gained 12.5 &+ 0.9 g while WTs gained only 8.9 & 0.7 g (WT vs.
MT p < 0.01). Due to genotype differences in basal body weight [21]
(WT: 24.02 £+ 0.1; MT: 25.92 + 0.4; p < 0.001), we calculated body
weight gain relative to starting body weight. WTs increased their body
weight by 3.7 + 0.28% per week while MTs showed a weekly body
weight gain of 4.7 + 0.26% (WT vs. MT p < 0.05) under the same
feeding conditions (Figure 1B). This increased susceptibility to the
obesogenic effect of HFD in MT mice was associated with elevated
cumulative (Figure 1C) and daily food intake, specifically during the
light phase (Figure 1D) [21]. Despite equal total locomotor activity
(Figure 1E), MT mice showed decreased energy expenditure specif-
ically during the dark phase (Figure 1F). Disruptions in daily feeding
rhythms were previously reported in Clock mutant [21] and HFD-fed
WT mice [48]. Moreover, food access restricted to the normal active
phase (i.e. night) leads to a weight gain resistance under HFD in WT
mice [25], suggesting that the increase in light phase feeding may
contribute to the obesity phenotype in Clock mutant mice [21]. To test
this, we restricted the access to HFD to the dark phase in WT and MT
mice. Restricted nighttime feeding (RF) reduced the anabolic prop-
erties of HFD in both genotypes (WT-RF: 6.9 + 0.27 g; MT-RF:
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10.2 & 0—6 g; WT-RF vs. MT-RF p < 0.01). MT cumulative (Figure 1C)
and daily food intake (WT-RF: 2.84 + 0.03; MT-RF: 2.87 + 0.03;
Figure 1D) normalized to WT levels while activity remained largely un-
altered (Figure 1E). Nevertheless, MT-RF showed a significantly higher
weight gain compared to WT-RF (WT-RF: 2.9%; MT-RF 4.03%; WT-RF
vs. MT-RF p < 0.001; Figure 1B). Restricted feeding did not significantly
alter energy expenditure in either genotype, but overall energy expen-
diture remained lower in MT mice compared to WT controls in both
conditions (ad libitum: WT: 51.00 + 0.7 L/kg*h; MT: 47.28 + 0.63 L/
kg*h; p < 0.01; RF: WT: 53.15 + 0.55 L/kg*h; MF: 50.57 + 0.67 L/
kg*h; p < 0.05). In summary, under HFD conditions metabolic effects of
the Clock mutation were not rescued by nighttime restricted food ac-
cess, suggesting that, besides mistimed feeding, other factors regulate
metabolic homeostasis in these mice.

3.2. Partial restoration of liver circadian rhythms by Clock gene
therapy

The liver is an important metabolic organ and the liver circadian clock
has been shown to regulate glucose trafficking [13]. We therefore
speculated that a restoration of liver clock rhythms might improve
metabolic homeostasis in Clock mutant mice. To test this, we used
hydrodynamic tail vein delivery of a hepatocyte-directed WT-CLOCK
expression vector to restore liver clock function in MT mice (MT-LR).
Injection of a /acZ reporter vector followed by x-Gal staining on liver
sections was used to determine the optimal experimental parameters
(Figure 2A). A maximal penetrance of 35—40% of the section surface
was reached at a dose of 35—50 pg DNA per injection (Figure 2B). 35-
1Lg doses were used for all following experiments. By western blotting,
WT (HA-tagged) CLOCK protein was detected predominantly in liver,
but faint bands were also seen in brain, spleen and kidney (Figure 2C).
We further determined transgene expression in a number of metabolic
tissues including white adipose tissue, pancreas and gut, and in the
SCN. Compared to liver, HA-Clock expression was extremely low
(below 2%) in all other tissues tested suggesting high tissue specificity
(Suppl. Figure 2A). In MT-LR livers WT-CLOCK expression was stable
for at least 40 (protein) to 80 days (mRNA) after injection (Figure 2D
and Suppl. Figure 2B), making mice suitable for metabolic
characterization.

To see if WT-CLOCK expression in MT livers was sufficient to reinitiate
liver circadian rhythms, we co-injected a circadian luciferase reporter
construct and analyzed luciferase activity in liver slice cultures. As was
seen for the lacZ vector, injection of WT-CLOCK and Bmal1-LUC
vectors resulted in a patterned expression of LUCIFERASE in MT-LR
liver slices (Figure 2E, upper panel). Extended cultivation revealed a
partial rescue of luminescence rhythms in MT-LR compared to WT
slices, while no endogenous rhythm was observed in untreated MT
liver (Figure 2E) and explants of other tissues (kidney, lung, pancreas,
epididymal and subcutaneous white adipose tissue (e/scWAT), spleen,
heart, skeletal muscle, adrenal, thymus) of MT-LR mice (data not
shown). Period length was increased by about 2 h (WT vs. MT-LR
p < 0.01; Figure 2F) and amplitude dampened by around
2,000 cpm (WT vs. MT-LR p < 0.001; Figure 2G) in liver slices of MT-
LR relative to WT mice. In line with this, liver Dbp mRNA expression
MT-LR mice showed a partial rescue of the WT rhythm with high levels
during the late light phase and minimal expression towards the end of
the night (Figure 2H). Explant rhythms and Dbp profiles were also
tested in WT mice receiving WT-CLOCK injections and in both geno-
types after sham injection of a SEAP-expressing vector. In none of
these mice, injections had significant effects compared to non-injected
animals (data not shown). In summary WT-CLOCK overexpression in
Clock mutant livers partially restores molecular clock rhythms.
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3.3. The SCN clock is not affected by liver clock rescue

Since our western blot analysis revealed a small amount of the
ectopically expressed WT-CLOCK in the MT-LR brain (Figure 2C), we
characterized potential effects on SCN pacemaker function by clock
gene in situ hybridization and running-wheel assays. Comparing the
end of the light (ZT8) and the dark phase (ZT20), diurnal regulation of
Dbp and Bmal1 was not affected by WT-CLOCK injection in MT SCNs
(Figure 3A,B). In line with its direct light regulation [49], Per2 mRNA
concentration in the SCN was elevated in the light phase in all geno-
types, though expression levels were reduced in MT and MT-LR mice
(Figure 3C). Consistently, running-wheel activity rhythms were also
unaffected by liver gene therapy. Under standard light dark conditions,
all three groups showed the typical activity rhythm of nocturnal species
with wheel running predominantly confined to the dark phase
(Figure 3D—F, representative actograms). Some MT-LR mice showed
slightly more fragmented activity towards the end of the dark phase
compared to untreated MT animals (compare 24—30 h in Figure 3E,F),
but effects were minor compared to individual differences within each
group. In constant darkness, WT mice showed a stable free-running
period of 23.65 + 0.06 h, while MT and MT-LR mice showed a
lengthened period (MT: 27.71 4+ 0.2 h; MT-LR: 27.98 + 0.3 h;
Figure 3G) with some mice losing stable circadian rhythms after
extended time in DD (data not shown). WT-CLOCK injection did not
affect free-running rhythmicity in WT mice, nor did SEAP expression
affect rhythmicity and period in any genotype (data not shown).
Together, these data suggest that liver Clock gene therapy had no
functional impact on central pacemaker regulation and locomotor
behavior.

3.4. Liver clock rescue reduces HFD sensitivity in Clock mutant
mice

We next tested to what extent partial restoration of liver clock function
would affect the increased HFD sensitivity in Clock mutant mice
(Figure 1). In line with our previous experiment, all groups gained
weight under HFD conditions, while MTs were more affected than WT
mice (Figure 4A,B). Surprisingly, the increased initial weight of MT-LR
adjusted to a final body weight development closer to that of WT than
of MT mice during the second half of the experiment. On average, MT-
LR mice compared to both non- and sham-treated genotypes showed
a reduced weekly body weight gain (Figure 4B), indicating an
increased resistance to the obesogenic effects of HFD (body weight
gain, WT: 3.83 £ 0.17% per week, MT-LR: 3.04 + 0.20%, MT:
4.71 + 0.20%). Total food intake in MT-LR mice was restored to WT
levels (Figure 4C). Interestingly, a partial restoration of diurnal feeding
rhythms was observed in MT-LR mice, though day—night differences
were dampened compared to WT mice (day: 1.39 + 0.05 g; night:
1.82 + 0.06 g; p < 0.001; Figure 4D). In WTs, WT-CLOCK gene
therapy neither affected body weight gain or food intake behavior
(Suppl. Figure 2). Similarly, body weight gain and food intake were
unaffected by control (SEAP) vector injection in WT and MT mice
(Suppl. Figure 2).

In week 5 of HFD, mice were tested for energy expenditure by indirect
calorimetry. Liver Clock gene therapy restored energy expenditure to
WT-like levels in MT mice (Figure 4E), without affecting MT-LR loco-
motor activity (Figure 4F), in line with comparable total activity
observed under normal chow conditions (Figure 3) and HFD (Figure 1).
Serum levels of the adipose tissue-derived satiety hormone leptin were
largely unaltered in MT and MT-LR mice during the light phase but
showed a profound upregulation in MT mice during the dark phase,
which was reversed in MT-LR mice (Figure 5A). In contrast, the hunger
signal Acyl-ghrelin was unaltered between genotypes during the dark
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Figure 5: Liver Clock gene therapy partially restores metabolic parameters in Clock mutant mice. A, B: Light:dark phase leptin (A) and acylated (Ac-)ghrelin (B) serum
concentrations in WT, MT, and MT-LR mice (means + SEM (n = 9—11); 2-way ANOVAs with Bonferroni post-test; ***: p < 0.001; Student’s t-test; (*): p < 0.05; (***): p < 0.001).
C, D: 0il red-0 staining of liver sections of WT, MT and MT-LR mice. (C) Representative micrographs; (D) Densitometric analysis (means & SEM (n = 8); 1-way ANOVA with
Bonferroni post-test; ***: p < 0.001). (D) blood glucose levels after intraperitoneal glucose injection in WT, MT, and MT-LR mice (means + SEM (n = 8); 2-way ANOVA with
Bonferroni post-test; *: p < 0.05 vs. WT). Inset shows area-under-the-curve analysis (letters depict significant differences (p < 0.05, 1-way ANOVA)).

phase, but Acyl-ghrelin levels were upregulated in MT mice during the
light phase and this elevation was absent in MT-LR mice (Figure 5B). In
line with partially restored energy homeostasis, liver clock rescue
readjusted liver lipid content (Figure 5C,D) and glucose clearance
(Figure 5E) in MT-LR mice.

3.5. Transcriptome analysis reveals liver clock rescue-associated
changes in metabolic pathways

To gain some insight into which pathways are involved in conferring
decreased HFD sensitivity in MT-LR mice, we compared the liver
transcriptome between WT, MT, and MT-LR mice after 4 weeks of HFD
at ZT10, the time of maximal CLOCK/BMAL1-mediated E-box trans-
activation in this tissue [15]. Mice were killed and livers isolated for
total RNA extraction and samples prepared for microarray hybridiza-
tion. Overall, we detected a significantly different (up- or down-)
regulation of 1,024 probe sets between WT and MT tissue. A com-
parison of MT and MT-LR data yielded 199 differentially regulated
transcripts (Figure 6A). 75 transcripts, which were differently
expressed between WT and MT and at the same time between MT and
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MT-LR, were considered to be rescued by the LR treatment. (Figure 6A,
Suppl. Table 1). Many of them were previously been identified as
rhythmically expressed in mouse liver (Suppl. Table 1). To validate the
microarray data, we analyzed 24-h expression profiles of selected
clock genes by gPCR (Figure 6B). In MT livers, rhythmic expression of
Dbp (as a representative E-box-regulated gene) and Bmal1l were
abolished. In both cases, expression rhythms were partially restored in
MT-LR (Figure 6B). Interestingly, while body weight was not signifi-
cantly altered by the liver clock rescue during the first 4 weeks on diet,
gene ontology enrichment analysis of the 75 rescued gene transcripts
in MT-RL mice revealed that mainly pathways involved in metabolic
function were affected, including oxidoreduction and fatty acid meta-
bolism (Figure 6C). We analyzed diurnal transcription profiles of a set of
metabolically relevant genes in all three cohorts. Similar to what was
observed for clock genes, mRNA rhythms of these genes were non-
rhythmic in MT livers, but partial restoration of rhythmicity was seen
for some (acyl-CoA synthetase long-chain family member 4 — Acs/4,
5’-aminolevulinate synthase 1 — Alas7, fatty acid synthase — Fasn,
peroxisome proliferator activated receptor gamma — Pparg, and
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taken from the microarray dataset (D) or from the literature (E) determined by gPCR (means
rhythmic).

glucose transporter 2 — Slc2a2) but not for all genes tested
(Figure 6D,E). Together, our transcriptome data suggest a partial
restoration of metabolic pathways mirroring the partial restoration of
liver clock function in MT-LR mice. In this way, liver clock adjustment
may promote the systemic rescue of metabolic and body weight ho-
meostasis in MT-LR mice.

+ SEM; n = 4). Left bottom letters depict CircWave analysis (R — rhythmic; N — non-

4. DISCUSSION

Disrupted circadian rhythms are often associated with metabolic
dysregulations altering glucose and energy homeostasis and pro-
moting body weight gain [50]. Our results indicate that the circadian
liver clock is a regulator of systemic energy homeostasis and
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targeting liver clock function may help to normalize body weight
regulation.

In wild-type mice, HFD disrupts diurnal feeding rhythms and the
obesogenic effects of HFD are inhibited by restricting food access to
the active phase (i.e. the night) [25]. Disrupted diurnal food intake
rhythms and obesity are similarly observed in Clock gene mutant mice
[21]. Together, these data support the idea that the time of feeding is
an important regulator of body weight gain [22,25,26]. However, in our
experiments, restricting HFD access to the active nighttime reduced
total food intake but did not normalize the energy balance of Clock
mutant mice to that of WT controls. This clearly suggests that factors
other than mistimed feeding regulate the increased sensitivity of these
mice to high-fat food. The energy expenditure of MTs was significantly
lower compared to WTs, explaining the higher anabolic impact and
elevated body weight gain. In WTs, time-restricted access to a HFD
improves circadian gene expression rhythms in tissues regulating
energy expenditure [25,51—54]. In the absence of a functional clock
machinery, however, restricted feeding can only partially recover
rhythmic gene expression in peripheral metabolic tissues such as the
liver [7,55], which led us to speculate that liver clock function may be
critical in defining the metabolic response to high-fat food.

Using a non-viral gene therapy approach, we overexpressed wild-type
CLOCK protein in up to 40% of liver cells. This transduction rate was
efficient enough to reestablish hepatic clock rhythmicity in vitro and
in vivo, albeit both luciferase assay and gene expression analysis
revealed reduced transcriptional amplitudes compared to WT livers.
This was expected since Clock-419 is a dominant negative mutation
[35] and over-expressed WT proteins have to compete with mutant
proteins for circadian DNA binding at E-boxes and activation of target
genes such as Dbp [56,57]. In line with this, liver explant rhythms of
WT-Clock treated MT mice showed longer period lengths similar to what
has been observed for heterozygous Clock mutant tissues [58]. Even
though a liver-directed minimal Alb7 promoter was used to restrict
transgene expression to hepatocytes, faint ectopic expression of tagged
CLOCK protein and mRNA was detected in other tissues, in line with
previous reports [38]. qPCR data showed low transcript levels in
metabolic tissues such as WAT and pancreas (below 2% of what was
seen in liver). Considering that the liver clock rescue was far from
complete, one might assume that clock function in other tissues was
likely unaffected. Still, restoration of clocks in some cells of other tissues
cannot be excluded, and this may have impinged on metabolic regu-
lation. Luciferase reporter explant, gPCR, and running-wheel analyses
revealed that the functionality of the SCN pacemaker was not rescued
by the treatment. In summary, we assume that metabolic effects are
largely attributable to restoration of liver clock function in our mice.
The partial rescue of liver clock function in Clock 4™ mice led to a
restoration of the metabolic response to HFD with reduced food intake,
partially restored diurnal feeding rhythms, and increased energy
expenditure. Interestingly, in line with an absence of SCN pacemaker
effects, locomotor activity rhythms remained dampened in MT-LR
mice. Of note, feeding behavior as well as metabolic rate were
improved before significant differences in body weight between MT
and MT-LR mice were seen, indicating that the liver clock rescue per
se altered gene expression and metabolic parameters independently of
general metabolic state. The partially restored feeding rhythm may
implicate further downstream effects on appetite-regulating centers in
the brain. In a similar way, disruption of adipose tissue clocks has been
shown to affect food intake rhythms and body weight [59].

In adipose clock-deficient mice, reduced secretion of poly-unsaturated
fatty acid leads to a reduced satiety feedback to the brain, thus pro-
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moting over-eating [59]. In a similar way, liver derived factors such as
ketone bodies [31] or FGF21 [60,61] have been shown to affect
appetite regulation and energy expenditure. Similar to the partial clock
rescue, our transcriptome analysis reveals a partial restoration of
metabolic transcript regulation in MT-LR mice. While the specific
pathways mediating the restorative effect of liver Clock gene therapy
on metabolic homeostasis remain to be defined, a normalization of
peripheral metabolic feedback is further documented by restoration of
major endocrine mediators of appetite regulation such as the stomach-
derived ghrelin and the anorexigenic adipokine leptin. These findings
suggest that diurnal regulation in other tissues may also benefit from
liver clock rescue — though effects of ectopic clock rescue cannot not
fully be excluded.

Many metabolic pathways in liver are under circadian control [62,63],
and hepatic BMAL1 was found to be a key regulator for metabolic
fitness by regulating the hepatic mitochondrial dynamics [18]. In
humans liver transplantation can result in reduced energy expenditure
and consequential weight gain [52]. Along this line, Uno et al. have
shown that hepatic overexpression of peroxisome proliferator-
activated receptor (PPAR)-gamma (Pparg) increases energy expen-
diture [64]. In healthy subjects, PPARG is rhythmically expressed and
links metabolism with the circadian system [51,55,65,66]. In our
mice, we also observed a partial rescue of Pparg mRNA expression
rhythms after Clock gene therapy (Figure 6E). In this way, a recovery
of hepatic metabolic pathway regulation in MT mice may reverse the
obesogenic effects of clock disruption and restoring WT-like energy
expenditure.

5. CONCLUSION

Our data show that liver gene therapy may partially restore metabolic
responses to HFD in circadian Clock mutant mice, indicating an
important role of liver clock function in energy homeostasis and
appetite regulation. In modern societies, circadian rhythm disruptions,
as observed in shift workers, increase the risk of developing metabolic
disorders, imposing a huge burden on public health systems [67].
Another important obesogenic factor is the unlimited availability of
energy-dense food. Animal data suggest that both aspects may
reciprocally strengthen each other [21,24,48]. Therefore, it is of in-
terest to develop therapeutic interventions reducing the obesogenic
properties of high-energy food and circadian perturbation. Behavioral
interventions such as temporally restricting food intake are often
difficult to realize, e.qg. in shift workers [68]. Moreover, central appetite
centers are pharmacologically difficult to reach (though central appli-
cation routes such as intranasal treatment may overcome this issue;
[69]). Our data suggest that manipulation of liver clock function might
be a promising and accessible target to stabilize metabolic
homeostasis.
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