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In brief

Præstholm et al. show that the

glucocorticoid receptor (GR) controls a

subset of temporally expressed genes in

the liver. This includes many feeding-

induced genes, such as Gck, encoding

the glucokinase, a key enzyme in glucose

metabolism. Acute GR disruption

ultimately leads to reduced hepatic

glucose uptake and storage.
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SUMMARY
The transition from a fasted to a fed state is associated with extensive transcriptional remodeling in hepato-
cytes facilitated by hormonal- and nutritional-regulated transcription factors. Here, we use a liver-specific
glucocorticoid receptor (GR) knockout (L-GRKO) model to investigate the temporal hepatic expression of
GR target genes in response to feeding. Interestingly, in addition to the well-described fasting-regulated
genes, we identify a subset of hepatic feeding-induced genes that requires GR for full expression. This in-
cludes Gck, which is important for hepatic glucose uptake, utilization, and storage. We show that insulin
and glucocorticoids cooperatively regulate hepatic Gck expression in a direct GR-dependent manner by a
4.6 kb upstream GR binding site operating as a Gck enhancer. L-GRKO blunts preprandial and early post-
prandial Gck expression, which ultimately affects early postprandial hepatic glucose uptake, phosphoryla-
tion, and glycogen storage. Thus, GR is positively involved in feeding-induced gene expression and impor-
tant for postprandial glucose metabolism in the liver.
INTRODUCTION

The liver plays an essential role in maintaining metabolic homeo-

stasis during the daily changes in fasting and feeding. Mice are

primarily physically active and feed during the night, while they

are inactive and fast during the day (Turek et al., 2005; Weinert

et al., 2005). This rhythm is reflected in periodic changes in

gene expression regulated by the circadian clock and nutrient

and hormonal signaling (Panda, 2016), with feeding behavior be-

ing a major driver of rhythmic gene expression in the mouse liver

(Atger et al., 2015; Greenwell et al., 2019; Sobel et al., 2017;

Vollmers et al., 2009). Obesity andmetabolic disorders are linked

with disrupted diurnal hepatic gene expression (Kalvisa et al.,

2018; Maury et al., 2014; Quagliarini et al., 2019), highlighting

the importance of uncovering transcription factors working

together with the molecular intrinsic clock to coordinate tran-

scription in accordance with external cues such as light and

feeding. The transition from fasting in the inactive phase to

feeding in the active phase requires an immediate rewire of

gene regulatory networks controlled by transcription factors

such as CREB, PPARa, FOXO, ChREBP, SREBP1c, and gluco-

corticoid receptor (GR) (Goldstein and Hager, 2015). GR is acti-

vated by glucocorticoids secreted from the adrenal cortex in a

circadian and ultradian manner (Le Minh et al., 2001; Weinert

et al., 1994) in response to stress (Russell and Lightman, 2019)

and in anticipation of food intake (Namvar et al., 2016). Mice
C
This is an open access article und
housed under 12-h light/dark conditions and fed ad libitum

have circadian-circulating glucocorticoid levels peaking at the

light-dark transition at zeitgeber 12 (ZT12) when mice enter the

active/feeding phase (Le Minh et al., 2001; Weinert et al., 1994,

2005). Restricting their access to food in the night causes no

change in total food intake or locomotor activity (Acosta-Rodrı́-

guez et al., 2017) but enhances existing rhythms in gene expres-

sion (Greenwell et al., 2019).

In the liver, GR binding to chromatin follows glucocorticoid

levels, peaking at the light-dark transition at ZT12 with GR regu-

lating enhancer activity and gene expression in a circadian- and

feeding-dependent manner (Kalvisa et al., 2018; Quagliarini

et al., 2019). For example, in the liver, GR has long been known

to regulate the expression of classical fasting-responsive genes

including the gluconeogenetic genes phosphoenolpyruvate car-

boxykinase 1 (Pck1) and glucose-6-phosphatase (G6pase)

(Bose et al., 2016; Imai et al., 1990; Vander Kooi et al., 2005).

More recently, it has been shown that functional GR is important

for diurnal transcription of genes involved in glucose, lipid, and

amino acid metabolism, depending on the time of day (Quagliar-

ini et al., 2019). In the fast-feeding transition, we have previously

shown that postprandially reduced GR occupancy of chromatin

is associated with postprandially attenuated gene expression

(Kalvisa et al., 2018). However, the function of GR in the regula-

tion of feeding-induced genes in a circadian context is still largely

unexplored.
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er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:larsgr@bmb.sdu.dk
https://doi.org/10.1016/j.celrep.2021.109938
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109938&domain=pdf
http://creativecommons.org/licenses/by/4.0/


(legend on next page)

2 Cell Reports 37, 109938, November 2, 2021

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
Here, we investigated the importance of GR activity for the

temporal hepatic transcriptional response to feeding at the tran-

sition from the resting (lights on) to active phase (lights off). Using

liver-specific GR knockout (L-GRKO) mice in a night-restricted

feeding (NRF) regime, we analyzed hepatic gene expression

regulated by GR. We focused on the time points in the fast-to-

feeding transition by temporal gene expression analysis of two

preprandial time points (ZT10 and ZT12) and two early (ZT13

and ZT14) and two late (ZT18 and ZT22) postprandial time

points. We identified several feeding-induced genes harboring

nearby GR occupancy and showing disrupted temporal expres-

sion upon L-GRKO. In agreement, in primary hepatocytes insulin

(ins) and glucocorticoids showed additive and synergistic induc-

tion of several genes, includingGck, encoding the glucokinase, a

key enzyme in hepatic glucose uptake and utilization (Agius,

2016). We show that feeding-induced Gck expression is depen-

dent on GR in the early postprandial phase. We applied

chromatin immunoprecipitation (ChIP), CRISPR interference

(CRISPRi), and enhancer-reporter assays to identify functional

Gck enhancers. This revealed three GR binding sites (GRBSs)

upstream of Gck with the Gck �4.6 kb site being an enhancer

for Gck expression. Interestingly, GR disruption reduces pre-

prandial RNA polymerase II (RNAPII) recruitment to the Gck pro-

moter, suggesting that preprandial recruitment of RNAPII by GR

is important for subsequent feeding-induced expression. Impor-

tantly, L-GRKO affects hepatic glucose uptake and glycogen

storage. Collectively, this study demonstrates that GR positively

regulates the basal and postprandial expression of a subset of

hepatic feeding-induced genes.

RESULTS

Hepatic temporal gene expression regulated by the GR
Mice subjected to NRF (food available from ZT12–ZT24) show

increased insulin levels in the early postprandial phase and

peak levels of serum corticosterone near the fast-feeding transi-

tion at ZT12 (Figure 1A), also described previously for ad libitum-

fed mice (Ahrén, 2000; Harris et al., 1994; Le Minh et al., 2001;

Weinert et al., 1994). This observation, together with the reported

cooperativity between glucocorticoid- and insulin-regulated

signaling pathways (Kalvisa et al., 2018), led us to hypothesize

a functional role of GR for induced gene expression in the pran-

dial phase. To test this, we initially induced liver-specific GR
Figure 1. Hepatic temporal gene expression regulated by GR
(A) Serum corticosterone and insulin levels from NRF WT mice at different time p

(B) Experimental setup: 8-week-old Nr3c1fl/fl male mice were injected with AAV-T

4 days. On the last day, the mice were sacrificed, and livers and blood samples w

ZT10 and ZT12, and 4 postprandial time points, ZT13, ZT14, ZT18, and ZT22.

(C) Validation of disrupted Nr3c1 mRNA expression by qRT-PCR, n = 4, and L

Bonferroni correction of multiple testing, one-tailed Student’s t test: ***p < 0.001

(D) Serum insulin and corticosterone levels in GFP and L-GRKO mice (n = 5–8).

(E) RNA-seq data, n = 3, presented in a heatmap showing temporal expression of

GFP with nearby (+/�100 kb of TSS) GRBSs. Genes are clustered in four groups b

expression profiles are shown to the right, where shaded color represents 95%

(F) Enriched pathways in clusters 1 + 2 and 3 + 4 identified by PANTHER biologi

(G, top) Four gene examples, Angptl4, Pck1, Tat, and Ppp1r3b, representing eac

livers validated by qRT-PCR, n = 4. Two-way ANOVA, Bonferroni correction for m

UCSC Genome Browser tracks show GRBSs within ± 100 kb of TSS of the four
disruption (L-GRKO) in Nr3c1fl/fl mice by injection with adeno-

associated viral (AAV)-expressing Cre recombinase (CRE) re-

combinase or green fluorescent protein (GFP) as a control. To

secure hepatocyte-specific disruption of GR expression, CRE

and GFP expression were controlled by the liver-specific

thyroxine binding globulin (Tbg) promoter (AAV-Tbg-Cre and

AAV-Tbg-GFP). After 10 days, we subjected the mice to NRF

for 4 days. On the last day of the experiment, mice were sacri-

ficed, and livers and serum were isolated at the preprandial

time points ZT10 and ZT12 and at the postprandial time points

ZT13, ZT14, ZT18, and ZT22 (Figure 1B). We verified the L-

GRKO at mRNA and protein level for all time points (Figure 1C).

Serum corticosterone, insulin, and blood glucose levels were

similar between the L-GRKO and GFPmice in the pre- and post-

prandial phases (Figures 1D and S1A).

Next, we isolated RNA from the livers at all time points and per-

formed RNA sequencing (RNA-seq) on three biological repli-

cates from each group to investigate L-GRKO-mediated effects

on the temporal RNA expression in the early and late postpran-

dial phase. Differential gene expression analysis identified a total

of 1,744 genes affected by L-GRKO in at least one time point

(Figure S1B) where a similar number of induced and repressed

genes were identified. To extract putative direct GR target

genes, we initially identified 5,772 high-confidence GRBSs by

GR ChIP-seq at the zenith of circadian glucocorticoids levels

(Figure S1C). The GRBSs showed enrichment for the GR

response element (GRE), suggesting direct GR interaction with

DNA for at least half of the GRBSs (Figures S1D and S1E). We

used the GRBS coordinates to score putative direct GR target

genes, defined as GRBS within 100 kb from the transcription

start site (TSS). From this gene list, we extracted genes differen-

tially regulated in L-GRKOmice at any time point (false discovery

rate [FDR] < 0.05) and found that the proportion of repressed

genes was higher than induced genes (Figure S1B), suggesting

that GR mostly facilitates induction of gene expression. Gene

Ontology (GO) analysis showed that genes induced in L-GRKO

mice are primarily involved in fatty acid metabolism, whereas

genes repressed by GR disruption are involved in amino acid,

glucose, cholesterol, and triglyceride metabolism (Figure S1F).

As most putatively direct GR target genes were found to be

repressed by GR disruption, we focused the subsequent anal-

ysis of this gene set. Temporal gene expression in the control

mice was analyzed by fuzzy clustering, identifying 4 different
oints during a day, n = 5–7.

bg-CRE or AAV-Tbg-GFP. After 10 days, the mice were subjected to NRF for

ere collected at 7 different time points representing 2 preprandial time points,

-GRKO by western, pooled samples from n = 5–7. qPCR: two-way ANOVA,

.

Two-tailed Student’s t test.

genes repressed in CRE-treated (L-GRKO) mice (any time point) compared to

ased on fuzzy clustering (VSClust) analysis. Average Z-score normalized gene

confidence interval.

cal pathway analysis.

h of the four clusters showing temporal gene expression in GFP and L-GRKO

ultiple testing, two-tailed Student’s t test: **p < 0.01, ***p < 0.001. (G, bottom)

genes.
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clusters covering a total of 616 genes (Figures 1E and S1G). The

remaining genes did not show any striking temporal expression

pattern. The 4 clusters were characterized as maximally ex-

pressed in the preprandial phase (cluster 1), at the pre- to post-

prandial transition (cluster 2), in the early postprandial phase

(cluster 3), and late postprandial phase (cluster 4) (Figure S1H).

Cluster 1 represents 156 genes, which in control mice are ex-

pressed at a high level at the preprandial time points ZT10 and

ZT12 and at a lower level at all postprandial time points. The

expression of cluster 2 genes (n = 195) peak slightly later at the

ZT12 and ZT13 time points showing reduced expression from

ZT14 and through the rest of the postprandial phase. In clusters

1 and 2, we find thewell-known feeding-repressed genes Igfbp1,

Angptl4, Lpin1, and Pck1 (Bartels et al., 1990; Kalvisa et al.,

2018; Kersten et al., 2000; Manmontri et al., 2008; Sokolovi�c

et al., 2008), suggested previously to be repressed by coopera-

tive actions of insulin and glucocorticoid signaling (Kalvisa et al.,

2018). Genes in cluster 3 (n = 144) show the highest expression

level at ZT13. This cluster includes known GR target genes such

as Tat and Hnf4a (Bartels et al., 1990; Kalvisa et al., 2018; Vrzal

et al., 2009). Interestingly, genes in cluster 4 (n = 121) are ex-

pressed in control mice at the late postprandial phase (ZT18

and ZT22) when the corticosterone levels are at a minimum (Fig-

ures 1A and 1D). Examples from this cluster includePpp1r3b and

Gck, which are involved in glucose and glycogen metabolism

and known to be induced by feeding (Kalvisa et al., 2018; Luo

et al., 2011). GO analysis shows enrichment (FDR < 0.05) of

genes related to starvation response and catabolic processes

in clusters 1 and 2. Clusters 3 and 4 show enrichment of genes

involved in lipid, glucose, and cholesterol metabolic pathways

(Figure 1F), in line with pre- and postprandial gene expression.

Figure 1G shows examples of the temporal mRNA expression

of, and GRBSs nearby, the genes Angpt4, Pck1, Tat, and

Ppp1r3b, representing each of the four clusters. These data

show that GR controls hepatic temporal gene expression in the

preprandial as well as the early and late postprandial phase.

Hepatic feeding-induced genes regulated by the GR
Circadian cues and feeding behavior regulate temporal hepatic

gene expression (Greenwell et al., 2019; Vollmers et al., 2009;

Weger et al., 2021). To identify feeding-regulated GR targets,

we subjected wild-type (WT) mice to NRF for 4 days, and on

the last day of the fast-feeding regime, one group of mice

received food at ZT12 (Figure 2A, upper panel), while another

group remained fasted (Figure 2A, lower panel). Livers and

serum were isolated at several pre- and postprandial time

points together with corresponding time points for fasted ani-

mals (Figure 2A). Serum corticosterone levels were elevated

and shifted two hours into the dark phase in unfed mice

compared to fed (Figure 2B, left panel). As expected, serum in-

sulin levels increased in the early postprandial phase exclu-

sively in the fed condition (Figure 2B, right panel). We isolated

RNA and performed qRT-PCR to probe for expression of the

known circadian-regulated genes Bmal1 and Rev-erba (Atger

et al., 2015) and known feeding-regulated genes Fasn and

Igfbp1 (Greenwell et al., 2019; Kalvisa et al., 2018) (Figure 2C).

This showed a marginal feeding effect on core circadian clock

gene expression and the expected feeding-regulated expres-
4 Cell Reports 37, 109938, November 2, 2021
sion of metabolic genes (Greenwell et al., 2019; Kalvisa et al.,

2018; Oike et al., 2011). We next performed RNA-seq on

selected time points (ZT10, ZT13, ZT14, ZT18, and ZT22)

from fasted and fed animals to analyze the feeding effect on

the genes regulated by GR. Initially, we identified genes differ-

entially regulated by extended fasting into the dark phase at

ZT13, ZT14, ZT18, and ZT22 compared to fed controls (Fig-

ure S2A). A total of 2,621 genes showed suppressed expression

in response to extended fasting in at least one of the time points

compared to fed controls (Figure S2B). GO analysis showed

enrichment of genes involved in ribosome biogenesis, fatty

acid, cholesterol, and lipid metabolism, which are all hepatic

processes associated with the fed state (Figure S2C). In

contrast, a total of 3,053 genes showed increased expression

levels in the fasted state compared to fed controls (Figure S2B).

Genes are involved in starvation, autophagy, and phospholipid

metabolism (Figure S2C).

Of the four GR target gene clusters defined in Figure 1E, we

found that genes in clusters 1 and 2 are enriched for genes

increasingly expressed by extended fasting compared to fed

controls (Figure 2D, left), supporting the regulatory role of GR

for fasting-regulated gene expression. For cluster 1 genes, the

fasting effect was evident already at ZT13 and ZT14 (Figures

2E and S2D), correlating with elevated corticosterone levels (Fig-

ure 2B). Cluster 2 genes showed increased expression from

ZT10 to ZT13 in both fed and unfed conditions. Both clusters

showed the greatest difference between fed and unfed mice at

the late time points ZT18 and ZT22 (Figures 2E and S2D). In

contrast, clusters 3 and 4 are enriched for genes repressed by

extended fasting compared to the fed state (Figures 2D, 2E,

and S2D), thus representing genes positively regulated by

feeding, per se. The effect of extended fasting was most pro-

nounced for cluster 4 genes, which included feeding-induced

genes such asGck and Ppp1r3b. Collectively, this demonstrates

a clear role of GR for induced gene expression in response to

fasting as well as feeding.

Glucocorticoid- and insulin-signaling cooperate to
induce hepatic gene expression
We have previously shown that reduced serum glucocorticoid

and increased insulin levels in response to feeding cooperatively

reduce the expression of several GR and FOXO1 target genes

(Kalvisa et al., 2018). However, the functional role of glucocorti-

coids for insulin-induced gene expression is less explored. To

investigate the cell-autonomous effects of insulin and glucocor-

ticoids on hepatic gene expression, we isolated primary rat he-

patocytes and stimulated the cells with dexamethasone (dex)

followed by insulin and harvested RNA after 2.5 h. Initially, we

verified the mRNA expression of known dex-responsive genes

Igfbp1 and Pck1 (Imai et al., 1990; Robertson et al., 1994) and in-

sulin-responsive genes Ppp1r3b and Fasn (Luo et al., 2011; Pau-

lauskis and Sul, 1989) by qRT-PCR (Figure 3A) and found no

regulation of Nr3c1 and Insr expression (Figure S3A). Next, we

performed RNA-seq and found hundreds of genes controlled

by dex and insulin treatment (Figures S3B and S3C). Interestingly

this included genes induced by combined dex and insulin treat-

ment (Figure S3D). We subsequently focused our analysis

on genes induced by combined dex and insulin treatment



Figure 2. Hepatic feeding-repressed and -induced genes regulated by GR

(A) Experimental setup: WT male mice were subjected to NRF for 4 days, having access to food from ZT12 to ZT24 with water ad libitum. On the last day of the

feeding regime, the mice were sacrificed at the preprandial time points ZT2, ZT6, and ZT10. At ZT12, half of the remaining mice were given food at ZT12 (upper

panel), while the other half were kept fasted (lower panel). Fasted and fed mice were sacrificed at ZT13, ZT14, ZT18, and ZT22.

(B) Serum corticosterone and insulin levels in fed and unfed mice, n = 5–7. Note: the ‘‘Fed’’ samples, the dotted gray lines, are identical with the data shown in

Figure 1A. Two-way ANOVA (Type III Sums of Squares SS), Bonferroni correction for multiple testing, two-tailed Student’s t test: **p < 0.01, ***p < 0.001.

(C) qRT-PCR examples of Bmal1, Rev-erba, Fasn, and Igfbp1 mRNA expression in fed and unfed mice, n = 6–7, two-way ANOVA (Type III Sums of Squares).

Bonferroni correction for multiple testing, two-tailed Student’s t test: **p < 0.01, ***p < 0.001.

(D) Percentage of cluster 1 to 4 (defined in Figure 1E) genes induced and repressed by extended fasting.

(E) The temporal hepatic gene expression in fed and unfed mice for the four clusters of genes regulated by extended fasting (defined in D). Average Z-score

normalized gene expression profiles are shown together with the 95% confidence interval.
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compared to vehicle-treated cells to identify potential co-

induced genes. With a cutoff of log2FC >0 and FDR <0.01, we

identified a total of 182 genes induced by combined insulin

and dex treatment (Figure 3B). Hierarchical clustering showed

three distinct groups of dex- and/or insulin-induced genes (Fig-

ure 3C). Genes in cluster 1 are primarily dex-regulated, showing

little or no effect from the co-stimulation with insulin. Cluster 3

represents insulin-regulated genes showing a small increase

upon co-stimulation with dex. In contrast, we observed a clear

cooperative effect of combined dex and insulin treatment on
55 genes grouped in cluster 2 (Figure 3C). Further subclustering

revealed additive, clusters 2.1 and 2.2, and synergistic, cluster

2.3, effects of dex and insulin co-stimulations (Figures 3C and

3D). Examples of genes from the three main clusters include

Zbtb16, Tsc22d3, and Foxo1 from cluster 1, G0s2, Fgf21, and

Ppp1r3b from cluster 3, and Gck, Usp2, and Fgf1 from cluster

2, with Gck showing the strongest cooperative effect of dex

and insulin co-treatment (Figure 3E). Expression was validated

by qRT-PCR (Figure S3E). Taken together, glucocorticoids and

insulin cooperatively activate a subset of genes in hepatocytes,
Cell Reports 37, 109938, November 2, 2021 5



Figure 3. Dex and insulin coregulate the expression of hepatic genes

Primary rat hepatocytes were cultured in serum depleted medium for 4 h prior to stimulation with 500 nM dex followed by 10 nM insulin 30 min later. RNA was

harvested after 2.5 h and isolated for qRT-PCR and RNA-seq.

(A) Examples of genes Pck1, Igfbp1, Ppp1r3b, and Fasn regulated by dex, ins, or dex+ins, n = 4. One-way ANOVA, Bonferroni correction for multiple testing, two-

tailed Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001.

(B) Volcano plot of RNA-seq data, n = 3, showing 182 genes significantly induced (FDR < 0.01) by dex+ins treatment compared to vehicle (EtOH), highlighted

in red.

(C) Dex+ins-induced genes distributed in three main clusters generated by hierarchal clustering analysis, n = 3, illustrated in a heatmap.

(D) Expression of subclusters of cluster 2 genes, clusters 2.1, 2.2, and 2.3 are illustrated in a heatmap and in boxplots.

(E) Genes from the three hepatocyte clusters ordered according to the log2FC of dex+ins compared to vehicle. Examples of genes from the three clusters are

highlighted. Cluster 1: Zbtb16, Tsc22d3, and Foxo1. Cluster 2: Gck, Usp2, and Fgf1. Cluster 3: G0s2, Fgf21, and Ppp1r3b.
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which supports GR regulation of feeding-induced gene expres-

sion in vivo.

The GR regulates the expression of the hepatic
glucokinase
The in vitro and in vivo data suggest thatGck is a direct GR target

gene in hepatocytes, and to validate this finding, we first per-

formed qRT-PCR on livers from GFP and L-GRKO mice sacri-

ficed at different time points during the day. In agreement with

the RNA-seq data, we observed that L-GRKO resulted in

reduced expression of Gck (Figure 4A). Specifically, L-GRKO

led to a reduced basal expression of Gck mRNA at the fast-

feeding transition while not changing the overall temporal rhyth-

mic expression profile (Figure 4A). On a protein level, GCK

expression is reduced predominantly in the postprandial phase

(Figure S4A). To validate GR-dependent Gck expression, we

exposed control and L-GRKO mice to a high exogenous pre-

prandial dose of dex through intraperitoneal (i.p.) injection before
6 Cell Reports 37, 109938, November 2, 2021
the livers were isolated at ZT14. qRT-PCR showed efficient KO

of GR and dex-induced Gck mRNA expression only in GFP

mice (Figure 4B). This indicates that GC-induced Gck mRNA

expression requires functional GR expression in the liver. Next,

we confirmed the feeding-induced Gck mRNA expression in

WT mice (Figure 4C), and we observed a synergistic effect of

dex and insulin onGck expression in both primary rat andmouse

hepatocytes (Figure 4D). Finally, we isolated primary mouse he-

patocytes from L-GRKO and control mice (mediated by AAV-

CRE- and AAV-GFP-treated Nr3c1fl/fl mice) and stimulated those

with dex, insulin, or in combination and harvested RNA after 2.5

h. L-GRKO was confirmed by qRT-PCR and western blotting

(Figure 4E, left panel), and dex responsiveness verified by Igfbp1

mRNA expression (Figure S4B). The dex- and insulin-induced

effect onGckmRNA expression was blunted in L-GRKO hepato-

cytes, supporting direct regulation of Gck expression by GR

(Figure 4E, right panel). The regulation of Gck expression in all

experiments was further validated using alternative reference



Figure 4. Glucokinase gene expression is regulated by GR, induced by feeding, and coregulated by dex and insulin

(A) Temporal Gck mRNA expression in GFP and CRE (L-GRKO) treated mice, n = 4. Two-way ANOVA, Bonferroni correction for multiple testing, two-tailed

Student’s t test: **p < 0.01, ***p < 0.001.

(B) Nr3c1 and Gck mRNA expression in GFP and L-GRKO mice injected with vehicle or dex, n = 3. Two-way ANOVA, Bonferroni correction for multiple testing,

Nr3c1: one-tailed, Gck: two-tailed Students t test: *p < 0.05, **p < 0.01, ***p < 0.001.

(C) TemporalGckmRNA expression in fed and unfedmice, n = 6–7. Two-way ANOVA (Type III SS), Bonferroni correction for multiple testing, two-tailed Student’s

t test: **p < 0.01, ***p < 0.001.

(D) Gck mRNA expression in primary rat and mouse hepatocytes, n = 4. One-way ANOVA, Bonferroni correction for multiple testing, two-tailed Student’s t test:

**p < 0.01, ***p < 0.001.

(E) Nr3c1 and GckmRNA and GR protein expression in primary mouse hepatocytes from GFP and L-GRKO mice. Cells were stimulated with PBS, 500 nM dex,

10 nM ins, or in combination, n = 3–4 (biological replicates). Two-way ANOVA (Type III SS), Bonferroni correction for multiple testing, Nr3c1: one-tailed Gck:

two-tailed Student’s t test: **p < 0.01, ***p < 0.001.
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genes Peak1 and Mix23 (Figure S4C), identified by coefficient

variance analysis of the RNA-seq data. Collectively, these data

show that GR cooperates with the insulin signaling pathway to

induce Gck gene expression in hepatocytes.

The GR controls Gck expression by a 4.6 kb upstream
enhancer
Hepatic Gck expression has previously been reported to be

regulated by dex and insulin, involving a suggested indirect

mechanism controlled by a repressive function of FOXO1 in
the fasted state (Langlet et al., 2017). We observed reduced

Foxo1 mRNA expression in livers from L-GRKO mice at ZT10,

ZT12, and ZT13 (Figure S5A) and a blunted dex-dependent

Foxo1 expression in hepatocytes from L-GRKO mice (Fig-

ure S5B). This does not align with the suggested function of

FOXO1 as a repressor ofGck expression in the preprandial state.

Alternatively, GR-regulated FOXO1 expression could function as

a positive regulator ofGck expression; however, ectopic FOXO1

in primary L-GRKOhepatocytes had no effect onGck expression

(Figure S5C) in contrast to the known FOXO1 target gene Dhrs9
Cell Reports 37, 109938, November 2, 2021 7



Figure 5. GR regulates Gck expression directly through binding to the Gck enhancer: Gck �4.6 kb

(A) Genome Browser Tracks of GR-ChIP-seq data from pooled liver material from ZT10 GFP and ZT10 L-GRKO mice. GRBSs near Gck are highlighted.

(B) Enhancer-reporter assay showing luciferase mRNA expression in dex- or vehicle-treated H4IIE cells, n = 3, regulated by the GRBSs and NC (empty vector),

and CMV promoter/enhancer as controls. Two-tailed Student’s t test: *p < 0.05, **p < 0.01.

(C) Enhancer-reporter assay showing relative luciferase expression with modified enhancers lacking either one of the GREs in the �4.6 kb enhancer.

(D) Illustration of CRISPRi design and gRNA targets near theGck gene. The region targeted by the control gRNA is located at�86.28Mbp fromGck. Two different

gRNAs, A and B, target theGck�4.6 kb GRBS near the GREs. The gRNAs together with dSaCas9 were packaged in AAV followed by AAV injection to mice. Ten

days later, the mice were trained for NRF for four days, and on the last day of the experiment the livers were isolated at ZT12.

(E) Gck mRNA expression in livers from mice injected with AAV expressing dCas9 with gRNAs targeting the three sites, n = 5–7, one-tailed Student’s t test:

*p < 0.05, **p < 0.01.

(F) GR occupancy at the �4.6 kb Gck enhancer and control regions from livers of mice treated with dCas9-gRNA-NC (control) and dCas9-gRNA-B (�4.6 kb

enhancer). Two-tailed Student’s t test: *p < 0.05.

(G–I) GR (G), H3K27Ac (H), and RNAPII (I) occupancy atGck promoter,Gck�1 kb, andGck�4.6 kb (or flanking regions for H3K27Ac ChIP) in ZT10 and ZT14GFP

and L-GRKO mice, n = 3. One-tailed Student’s t test: *p < 0.05.
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(Shin et al., 2012). Thus, reduced expression of Gck is not ex-

plained by reduced Foxo1 expression, suggesting that Gck is

regulated directly by GR.

Two isoforms of Gck are expressed in mice, a long isoform

found in pancreatic b-cells and a shorter hepatic isoform driven

by a downstream promoter (Iynedjian et al., 1989). GR ChIP-seq

data from livers isolated at ZT10 and dex-treated primary rat he-

patocytes reveal GRBSs at the hepatocyte-specific Gck pro-

moter (prom.), Gck �1 kb and Gck �4.6 kb (Figures 5A and

S5D), supporting direct regulation. ChIP-qPCR on pooled livers

fromNRFmice showed themost pronouncedGRbinding occurs

at ZT13 (Figure S5E). DNA-sequence analysis of the three

GRBSs near the Gck gene reveals several GREs in the �1 kb

and �4.6 kb regions but not in the promoter (Figure S5F). To

evaluate enhancer activity, we cloned the three GRBSs into a
8 Cell Reports 37, 109938, November 2, 2021
luciferase reporter vector designed to test enhancer activity in

a high throughput manner (Muerdter et al., 2018). Transfection

into H4IIE hepatoma cells showed a dex-induced increase in

luciferase expression from the Gck �1 kb and �4.6 kb GRBSs

(Figure 5B). The enhancer activity reached similar activity as

the constitutive active cytomegalovirus (CMV) promoter/

enhancer, suggesting enhancer function of the �1 kb and �4.6

kb GRBSs. In contrast, the Gck promoter showed low enhancer

activity in the H4IIE cells. An enhancer-reporter experiment using

truncated versions of the Gck �4.6 kb enhancer sequence (Fig-

ure S5G) suggested that the full WT sequence is required for

enhancer activity (Figure 5C). Next, we utilized a CRISPRi

enhancer blocking approach to disrupt Gck �4.6 kb enhancer

activity. We designed one negative control (NC) gRNA, targeting

an accessible region on the same chromosome (chr11) but far



Figure 6. GR-regulated hepatic glucose up-

take and glycogen storage

(A) Glucose uptake in ins+dex-treated primary

mouse hepatocytes from AAV-GFP and AAV-CRE

(L-GRKO) mice, n = 5. One-tailed Student’s t test:

*p < 0.05.

(B) Labeled glucose-6-phosphate levels in livers

from AAV-GFP- and AAV-CRE (L-GRKO)-treated

mice injected with labeled glucose (U-13C6). Mice

sacrificed 5 min, 20 min, and 40 min after labeled

glucose injection. Data shown as relative abun-

dance of fully labeled glucose-6-phosphate

compared to unlabeled (m+6/m+0), n = 4–6. One-

tailed Student’s t test: *p < 0.05.

(C) Liver glycogen levels in AVV-GFP- and AAV-

CRE (L-GRKO)-treatedmice at ZT14 and ZT22, n =

4. One-tailed Student’s t test: **p < 0.01.
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upstream ofGck and two different gRNAs targeting theGck�4.6

kb site (gRNA A and gRNA B) near the GREs (Figure S5F). A cat-

alytic inactive dCas9 (blocking Cas9) was delivered together with

the individual gRNAs by AAV-injection into mice (Figure 5D).

Importantly, dCas9 expression was controlled by the liver-spe-

cific Tbg promoter to facilitate hepatocyte-specific expression.

2 weeks post-injection, the mice were subjected to NRF for

4 days and sacrificed at ZT12. The effect ofGck�4.6 kb blocking

was evaluated by Gck mRNA expression, which showed signif-

icantly reduced expression in the mice injected with either of

the two CRISPR-dCas9 systems targeting the Gck �4.6 kb

site, gRNA A, or gRNA B compared to NC (Figure 5E). Moreover,

GR ChIP on livers showed reduced GR binding in mice injected

with the CRISPR-dCas9 gRNA B system compared to NC (Fig-

ure 5F). A similar approach was used to assess the �1 kb

enhancer; however, no effect of designed gRNAs was observed

(data not shown). These data collectively suggest that the Gck

�4.6 kb GRBS is a functional glucocorticoid responsive

enhancer regulating Gck expression in hepatocytes.

Gck expression shows a circadian expression pattern in a

feeding-dependent manner. To analyze the circadian activity of

the Gck enhancers, we mined previously published liver

H3K27Ac and RNAPII ChIP-seq data from mice under a similar

NRF regime presented above (Sobel et al., 2017). Interestingly,

preprandial H3K27Ac and RNAPII occupancy can be observed

at the Gck �4.6 kb enhancer and promoter, suggesting that

the enhancer may be active before feeding (Figure S5H). To

test the functional role of GR, we performed GR, H3K27Ac,

and RNAPII ChIP-qPCR on livers from GFP and L-GRKO mice
Ce
sacrificed at ZT10 and ZT14. First, we

validated disrupted GR binding to the

three GRBSs at ZT10 and ZT14 in the

L-GRKO mice (Figure 5G). Interestingly,

we observed no significant feeding effect

on the H3K27Ac levels at any of the three

GRBSs near Gck (Figure 5H), suggesting

that the regulatory regions are estab-

lished and active in the fasted state at a

time when Gck expression is relatively

low (Figures 4A and 4C). This agrees
with data from published circadian H3K27Ac ChIP-seq experi-

ments (Figure S5H, upper panel). Like H3K27Ac, RNAPII oc-

cupies the Gck promoter region to the same degree at both

ZT10 and ZT14 time points in GFP mice (Figure 5I), indicative

of poised RNAPII recruitment to the Gck promoter in the pre-

prandial phase, supported by the circadian RNAPII ChIP-seq

data (Figure S5H, lower panel). Disruption of GR resulted in

reduced RNAPII occupancy of the Gck promoter at ZT10 (Fig-

ure 5I); however, the L-GRKO-effect is diminished at ZT14.

This suggests that GR regulates preprandial recruitment of

RNAPII to the Gck promoter, which allows immediate transcrip-

tion of Gck in response to feeding.

GR-regulated hepatic glucose uptake and utilization
GCK is involved in hepatic glucose uptake, glucose phosphory-

lation to G6pase, and hepatic glycogen synthesis (Agius, 2016;

Nozaki et al., 2020; O’Doherty et al., 1996). RNA-seq shows

that Gck is the major hexokinase expressed in liver (Figure S6A),

and the expression of the other hexokinases,Hk1,Hk2,Hk3, and

the glucose transporter Slc2a2, was not significantly regulated

by GRKO (Figure S6B) or by feeding (Figure S6C). This suggests

that glucose phosphorylation in hepatocytes is primary

controlled by Gck. To test if the effects of GR on Gck mRNA

expression were reflected in hepatic glucose metabolism, we

initially measured glucose uptake in primary mouse hepatocytes

from GFP and L-GRKO mice. We found a significantly reduced

glucose uptake in L-GRKO hepatocytes treated with dex and

insulin compared to GFP control cells (Figure 6A). Next, we

measured the difference in G6pase levels by injecting uniformly
ll Reports 37, 109938, November 2, 2021 9
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labeled glucose ([13C6]glucose) in GFP and L-GRKO mice at

ZT12, isolating the livers after 5, 20, and 40 min and analyzing

glucose phosphorylation. We observed reduced glucose phos-

phorylation in L-GRKOmice at the 20min and 40min time points

(Figure 6B), suggesting that disrupted Gck expression reduce

phosphorylation of glucose in agreement with reduced glucose

uptake in primary hepatocytes. Finally, we measured liver

glycogen levels in GFP and L-GRKO mice at ZT14 and ZT22.

Consistent with reduced glucose uptake and phosphorylation,

we found that L-GRKO mice have a 50% lower amount of liver

glycogen at ZT14 as compared to GFP mice (Figure 6C, left

panel). The amount of glycogen increased in the late postpran-

dial phase, reaching similar levels in L-GRKO andGFPmice (Fig-

ure 6C, right panel). Collectively, these data show that GR has a

role in hepatic glucose uptake and liver glycogen storage, sup-

ported by direct regulation of Gck expression in the early post-

prandial phase.

DISCUSSION

Hepatic GR function is mostly connected to the fasted liver con-

trolling gluconeogenesis, lipid, amino acid, and bile acid meta-

bolism (Bose et al., 2016; Okun et al., 2015; Opherk et al.,

2004; Quagliarini et al., 2019; Rose et al., 2011). This study sup-

ports previous findings and adds additional insights to hepatic

GR function. Interestingly, we characterize a role of GR as a

regulator of hepatic gene expression induced by feeding. This

expands the reported glucocorticoid and insulin cooperativity

(Kalvisa et al., 2018) to include feeding-induced genes. Thus,

the preprandial glucocorticoid secretion (Namvar et al., 2016)

may elicit a food-anticipatory function of GR in the hepatic tran-

scriptional response to feeding.

The effect of L-GRKO on the feeding-induced genes is, how-

ever, limited to a reduced and delayed basal level of gene

expression reflected in reduced expression through the post-

prandial phase without affecting the temporal feeding-induced

gene expression profile. This is seen for genes such as Ppp1r3b

(Figure 1G) and Gck (Figure 4A). Furthermore, as shown with

Gck, the L-GRKO-mediated reduction in Gck expression at

ZT12 to ZT14 is diminished later in the postprandial phase.

This suggests that feeding-induced signaling pathways can,

with time, compensate for the reduced Gck expression in

L-GRKO. This does not agree with experiments in primary rat

and mouse hepatocytes showing synergistic effects of dex and

insulin stimulation of Gck expression (Figure 4D). This discrep-

ancy suggests additional feeding-induced factors involved in

postprandial Gck expression. Multiple transcription factors

have been found to regulate Gck expression through binding

near the Gck promoter and by indirect pathways, which could

potentially be involved in the preprandial repression and post-

prandial activation. These include SREBP-1c, LXRa, and

PPARg, which are shown to bind theGck promoter and be asso-

ciated with increased Gck expression (Kim et al., 2009). Inhibi-

tory factors include FOXO1 described above (Cook et al.,

2015; Langlet et al., 2017), REV-ERBa (Delezie et al., 2016),

and small heterodimer partner (SHP), which decreases Gck

expression by interacting with RXRa, an important heterodimeri-

zation partner of LXRa and PPARg (Kim et al., 2009). Further
10 Cell Reports 37, 109938, November 2, 2021
studies are needed to uncover the transcription factor network

and posttranscriptional mechanisms that promote the feeding-

dependent temporal expression ofGck bymaintaining a low pre-

prandial Gck expression and activating Gck expression

postprandially.

The synergistic control of Gck expression by glucocorticoids

and insulin has been reported previously (Langlet et al., 2017).

Here, regulation of Gck by GR was described as an indirect

mechanism, where GR induces Foxo1 expression, which subse-

quently acts as a repressor of Gck expression in the fasted liver.

Upon insulin stimulation, FOXO1-mediated repression of Gck is

abolished leading to induced transcription of Gck (Langlet et al.,

2017). We find that L-GRKO leads to reduced Foxo1 expression

(Figure S5A), which, according to the proposed Gck-repressor

function of FOXO1, cannot explain the L-GRKO-mediated

reduction in Gck expression (Figure 4A). We suggest that the

function of GR on Gck expression could be based on a direct

interaction with Gck enhancers. Thus, GR-induced activation

ofGck is likely regulated by both direct and indirectmechanisms.

Integration of published circadian H3K27Ac and RNAPII ChIP-

seq data (Sobel et al., 2017) from NRFmice showed pronounced

H3K27Ac at the Gck region throughout the day and RNAPII

recruitment to the Gck promoter already from ZT10 (Figures 5H,

5I, and S5H). Interestingly, the preprandial GR recruitment, high

H3K27Ac levels, and RNAPII occupancy are not reflected on

the Gck mRNA levels. One possible explanation is promoter-

proximal pausing of RNAPII, shown to be a significant regulatory

node in circadian gene expression in the mouse liver (Zhu et al.,

2018). The data presented here suggest that feeding-induced

signaling promotes RNAPII promoter release and increased

transcription of Gck. Another possibility is the contribution of

posttranscriptional mechanisms, such as mRNA processing or

degradation, temporally gating many rhythmic mRNAs in liver

(Le Martelot et al., 2012). This could, for example, involve the

RNA-binding protein NONO, shown to post-transcriptionally co-

ordinate Gck expression (Benegiamo et al., 2018), or oscillating

miRNAs found to regulate fast-refed transitions in liver (Maniya-

dath et al., 2019).

Given the importance of glucokinase in hepatic glucose meta-

bolism (Agius, 2016), we evaluated the functional effect of

L-GRKO on glucose utilization. We observed reduced glucose

uptake in L-GRKO primary mouse hepatocytes, a trend toward

reduced glucose phosphorylation, and a 50% reduction in liver

glycogen level in L-GRKO mice compared to controls. While all

three parameters are used to measure glucokinase activity

(Agius, 2016; Nozaki et al., 2020; O’Doherty et al., 1996), other

L-GRKO effects might contribute to the effects on glucosemeta-

bolism. We showed that L-GRKO leads to reduced temporal

expression ofGck and Ppp1r3b (Figures 1G and 4A), both having

important roles in the hepatic insulin-stimulated glycogen syn-

thesis (Li et al., 2019; Nozaki et al., 2020), potentially contributing

to the reduced amount of glycogen. Mice born with L-GRKO

show reduced levels of glycogen levels in liver, in parallel with

an increase in kidney glycogen, indicating a compensatory

mechanism to maintain glucose homeostasis (Bose et al.,

2016). Importantly, the activity of glucokinase is not solely regu-

lated at the transcriptional level but also by protein translocation

from the nucleus to the cytoplasm, constituting an important
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regulatory step for glycogen storage (Nozaki et al., 2020), mean-

ing that the effects of L-GRKO could be partly compensated by

changes in GCK translocation.

The findings presented in this study propose a model where

the preprandial increase in glucocorticoids, activating GR, leads

to recruitment of GR near a number of feeding-induced genes,

including Gck. This mediates a basal expression and preparing

the chromatin and enhancers for activation as soon as feeding

occurs to ensure a fast and efficient feeding-response. In

conclusion, our study demonstrates that GR binds to, and posi-

tively regulates, the expression of a subset of hepatic feeding-

induced genes, including Gck, involved in hepatic glucose up-

take and glycogen storage.

Limitations of the study
In this study, we provide evidence for the direct regulation of

hepatic Gck expression by GR. The data suggest preprandial

priming of the promoter needed for the immediate boost of tran-

scription in response to feeding. The priming mechanism may

involve paused RNAPII, but additional evidence from for

example nuclear run-on assays is needed. Also, we currently

know little about the mechanisms that pause RNAPII on the

Gck promoter in the preprandial state, which is likely a crucial

step in Gck activation by feeding. Although we do find that dis-

rupted GR expression leads to reduced postprandial Gck

expression, glucose uptake, and glycogen storage in the fed

state, this study does not investigate the contribution of post-

transcriptional regulation ofGck. Also, these studieswere all per-

formed in a rodent model system, and little information is still

available for regulation of Gck expression in human liver.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Glucocorticoid Receptor Polyclonal

Antibody

Invitrogen Cat#PA1-511A; RRID: AB_2236340

Lot#SE2533L8 + Lot#RI236755 +

Lot#SE253368

Glucocorticoid Receptor Monoclonal

Antibody (BuGR2)

Invitrogen Cat#MA1-510; RRID: AB_325427

Lot#SE250123

GR Antibody (M-20) Santa-Cruz Cat#sc-1004; RRID: AB_2155786

Anti-Histone H3 (acetyl K27)

antibody - ChIP Grade

Abcam Cat#ab4729; RRID: AB_2118291

Lot#GR3303561-2

Anti-RNA polymerase II CTD repeat

YSPTSPS antibody [8WG16] - ChIP Grade

Abcam Cat#ab817; RRID: AB_306327

Lot#GR299078-2

HSP 90a/b (H-114) Santa-Cruz Cat#sc-7947; RRID: AB_2121235

GCK Gift from Dr. Magnuson

(Vanderbilt University School of

Medicine, Nashville, TN)

N/A

Anti-b-Tubulin Antibody, clone AA2 Merck Millipore Cat#05-661; RRID: AB_309885

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat#7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology Cat#7076; RRID: AB_330924

Sheep IgG HRP-conjugated Antibody R&D systems Cat#HAF016; RRID: AB_562591

Bacterial and virus strains

One ShotTM INV110 Chemically

Competent E.coli

Invitrogen Cat#C717103

AAV-GFP (AAV8.TBG.PI.eGFP.

WPRE.bGH)

James M. Wilson Addgene viral prep #105535-AAV8

AAV-Cre (AAV8.TBG.PI.Cre.rBG) James M. Wilson Addgene viral prep #107787-AAV8

Chemicals, peptides, and recombinant proteins

Liberase TM Research Grade Sigma Cat#05401127001

Collagenase Sigma Cat#C1889

D-glucose (U-13C6, 99%) Cambridge Isotope Lab Cat#CLM-1396-5

LipofectamineTM LTX and PLUSTM reagent Invitrogen Cat#15338-100

Critical commercial assays

Ultra-Sensitive Mouse Insulin ELISA kit Crystal Chem Cat#90080; RRID: AB_2783626

Corticosterone ELISA kit Enzo Life Sciences Cat#ADI-900-097; RRID: AB_2307314

Glycogen Assay kit (Sigma-Aldrich,

Cat#MAK016)

Sigma-Aldrich Cat#MAK016

Screen Quest Colorimetric Glucose Uptake

Assay Kit

AAT Bioquest Cat#36503

Deposited data

RNA-seq and GR ChIP-seq data This paper GEO: GSE173723

RNAPII ChIP-seq data. https://doi.org/10.

1371/journal.pbio.2001069.

Sobel et al., 2017 GEO: GSE60430

H3K27Ac ChIP-seq data. https://doi.org/

10.1371/journal.pbio.2001069.

Sobel et al., 2017 GEO: GSE60430

Experimental models: Cell lines

H4IIE cells ATCC Cat#CRL-1548; RRID: CVCL_0284

HEK293T cells N/A N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57BL/6N male mice Taconic Model#B6-M

FVB/N-Nr3c1fl/fl mice Professor Dr. Jan Tuckermann, Institute of

Comparative Molecular Endocrinology,

Ulm, Germany (Tronche et al., 1999)

N/A

Sprague Dawley male rats Charles River N/A

Oligonucleotides

qPCR primers are listed in Table S3. This paper N/A

dSaCas9 DNA fragment PCR primer.

F: TACAGGACATGCTATAAAAATGG

AAAGATACCGGTGCCACCATGGCCC

This paper N/A

dSaCas9 DNA fragment PCR primer. R:

GGATCCCTTTTTCTTTTTTGCCTGGC

This paper N/A

AAV2 ITR qPCR primer. F: GGAACCC

CTAGTGATGGAGTT

Aurnhammer et al., 2012 N/A

AAV2 ITR qPCR primer. R: CGGCCT

CAGTGAGCGA

Aurnhammer et al., 2012 N/A

Sanger sequencing primer. F: GGG

AGGTGTGGGAGGTTTTTTA

This paper N/A

Sanger sequencing primer. R:

GGAAGGAGCTGACTGGGTTGAA

This paper N/A

Recombinant DNA

pX602-AAV-TBG::NLS-SaCas9-NLS-HA-

OLLAS-bGHpA;U6::Bsal-sgRNA

Ran et al., 2015 Addgene, plasmid #61593

pX603 AAV CMV::NLS-dSaCas9

(D10A,N580A)-NLS-3xHA-bGHpA

Ran et al., 2015 Addgene, plasmid #61594

pAAV2/8 James M. Wilson Addgene, plasmid #112864

pAd5 helper plasmid N/A N/A

STARR-seq luciferase validation

vector_ORI_empty

Muerdter et al., 2018 Addgene, plasmid #99297

STARR-seq luciferase validation

vector_ORI_CMV plasmid

Muerdter et al., 2018 Addgene, plasmid #99312

Software and algorithms

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/

VSClust Schwämmle and Jensen, 2018 https://bitbucket.org/veitveit/vsclust/src/

master/

UCSC Genome Browser Kent et al., 2002 https://genome.ucsc.edu
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lars

Grøntved (larsgr@bmb.sdu.dk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All sequencing data is deposited at GEO: GSE173723 and are publicly available as of the date of publication. A summary of

sequencing data is available in Table S1. This study also analyzes existing publicly available data. The accession numbers for these

datasets are listed in the Key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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Mice
All animal work was performed in accordance with local rules and approved by the Danish Animal Inspectorate. FVB/N-Nr3c1fl/fl

mice, with loxP sites flanking exon 3 (Nr3c1m2Gsc) (Tronche et al., 1999), were kindly provided by Professor Dr. Jan Tuckermann,

Institute of Comparative Molecular Endocrinology, Ulm, Germany. Mice were backcrossed with C57BL/6N mice (Taconic, Mod-

el#B6-M) and intercrossed. Nr3c1fl/fl and WT mice were fed a standard chow diet (Altromin cat: 1324) and preferentially housed in

groups of 2-4 littermates in ventilated cages at �23�C in a 12-hour light-dark cycle. At 8-9 weeks of age male Nr3c1fl/fl mice were

randomly assigned into groups and received an intravenous tail vein injection with AAV-GFP (AAV8.TBG.PI.eGFP.WPRE.bGH)

(Addgene, viral prep #105535-AAV8; RRID: Addgene_105535) or AAV-Cre (AAV8.TBG.PI.Cre.rBG) (Addgene, viral prep

#107787-AAV8; RRID: Addgene_107787) in a concentration of 1011 genome copies per mouse. Ten days after AAV administra-

tion, the mice were single-caged and subjected to night-restricted feeding (NRF) for 4 days with food only available during the

active period ZT12-ZT24 (6:00 PM – 6:00 AM). Water was provided ad libitum. Feeding experiment: on the day of the experiment

mice were sacrificed at different time points; preprandial time points ZT2 (8:00 AM), ZT6 (noon), ZT10 (4:00 PM) or the postpran-

dial time points ZT13 (7:00 PM), ZT14 (8:00 PM), ZT18 (midnight), ZT22 (04:00 AM). Dex injection experiment: GFP and L-GRKO

mice received an IP injection with dex (Sigma, cat: D2915) dissolved in 1xPBS (1 mg/kg mouse) at ZT11.5 and were sacrificed at

ZT14. CRISPR-dSaCas9 experiment: WT mice were injected with AAV8/2 solution (410 genome copies per mouse) in 1xPBS and

after ten days the mice were subjected to NRF for 4 days and sacrificed at ZT12. 13C-glucose experiment: mice were adminis-

tered 2 g/kg of D-glucose (U-13C6, 99%) (Cambridge Isotope Lab, cat: CLM-1396-5) diluted in 1xPBS (0.3 g/mL) via IP injection

at ZT12 and sacrificed 5, 20 or 40 min after injection. At the end of all animal experiments body weight and blood glucose levels

were measured and blood samples were collected and livers isolated. Livers were immediately frozen in liquid nitrogen and stored

at �80�C.

Primary rat hepatocytes
Male Sprague Dawley� rats from Charles River 200-300 g were anesthetized with a mix of hypnorm and dormicum. Hepatocytes

were isolated in a 2-step perfusion. First, the livers were perfused with a perfusion buffer: 0.1 MNaCl, 5.4 mMKCl, 0.3 mMNa2HPO4,

0.35 mM KH2PO4, 22 mM glucose and 25 mM HEPES. Next, the livers were perfused with perfusion buffer containing 0.61 mg/mL

collagenase (Sigma-Aldrich, cat: C1889) and 4.9 mM CaCl2. Hepatocytes from 2-3 rats were pooled together and washed in perfu-

sion buffer containing 17.7 mM HEPES and 2 mM CaCl2. The cells were seeded on 12-well collagen coated plates (Corning� Bio-

CoatTM, cat: 354500) and cultured in Gibo Medium 199 + GlutaMAX (GIBCO life technologies, cat: 41150-020) supplemented with

100 nM Decadron (dex), 1% P/S, 4% FCS and 1 nM human insulin. 2-3 hours after isolation, cell attachment was confirmed and

the medium was changed to Gibo Medium 199 + GlutaMAX supplemented with 1% P/S, 0.1% FCS, 1 nM human Insulin and

kept overnight at 37�C. The primary hepatocytes were serum depleted in Gibo Medium 199 + GlutaMAX supplemented with 1%

P/S and 0.1% HSA for 4 hours before cells were stimulated with 500 nM dex for 2.5 hours, human insulin for 2 hours or in a combi-

nation and RNA was harvested from 3 wells per condition (n = 3).

Primary mouse hepatocytes
Primary mouse hepatocytes were isolated from male C57BL/6 mice at 12-14 weeks of age. Mice were sacrificed by cervical dislo-

cation and livers were perfused with HBSS (GIBCO, cat: A14430-01) containing 0.5 mM EGTA, 37 �C, 0.3 mL/min via the portal

vein with an outlet through a puncture in the vena cava. The flow rate was gradually increased to 7 mL/min and the perfusion

medium was changed to DMEM-low glucose (GIBCO, cat: 11880-028) containing 10 mg/100 mL Liberase TM Research Grade

(Sigma, cat: 05401127001) and 15 mM HEPES (GIBCO, cat: 15630-049) to facilitate liver digestion. The liver was isolated, and

hepatocytes liberated by gentle shaking. Hepatocytes were passed through a 70 mm cell strainer and washed 3x in DMEM-

low glucose medium (GIBCO, cat: 11880-028) containing 10% FBS and 1% P/S with spin down at 50 xg at 4 �C. Cell viability
was assessed and only isolations with > 85% live cells were used. Cells were seeded on collagen-coated plates (Corning, cat:

354500). FOXO1 expression: Cells were treated with Ad-GFP or Ad-FOXO1-GFP right after cell plating. 1-2 hours after seeding,

when cells had attached to the plates, the medium was changed to medium without serum and the cells were incubated ON at

37 �C with 5% CO2. The next day, cells were stimulated with 500 nM dex (Sigma, cat: D2915), dissolved in 100% EtOH or 1xPBS,

and/or 10 nM insulin (Sigma-Aldrich, cat: I9278) 30 min later. RNA was harvested after 2.5 hours. Cells for protein work were stim-

ulated for 4 hours before harvest.

Cell lines
H4IIEcells (ATCC,cat:CRL-1548,RRID:CVCL_0284),originated frommale rats,werecultured inMEMmedium(GIBCO,cat:41090-028)

containing10%FBS,1%NaP (GIBCO,cat: 11360-039), 1%NEAA (GIBCO,cat: 11140-035)and1%P/S.HEK293Tcells,originated from

human female fetus, were cultured in DMEM high glucose medium (Sigma-Aldrich, cat: D6429) supplemented with 10% FBS. All cells

were cultured at 37 �C with 5% CO2 and used at a low passage.
e3 Cell Reports 37, 109938, November 2, 2021
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Serum insulin and corticosterone measurements
Mouse blood samples were centrifuged at 10,000 xg at 4�C and serum was isolated. Serum insulin and corticosterone levels were

measured using the Ultra-Sensitive Mouse Insulin ELISA kit (Crystal Chem, cat: 90080, RRID: AB_2783626) and the Corticosterone

ELISA kit (Enzo Life Sciences, cat: ADI-900-097, RRID: AB_2307314), respectively, following manufacturer instructions.

Liver glycogen content
10 mg frozen liver samples were homogenized in 100-250 mL MilliQ H2O. Liver homogenates were boiled for 5 min and cell debris

removed by centrifugation. Glycogen levels were determined using the Glycogen Assay kit (Sigma-Aldrich, cat: MAK016) following

manufactures protocol and colorimetric detection (A570).

Plasmid Construction
pX602-AAV-TBG::NLS-SaCas9-NLS-HA-OLLAS-bGHpA;U6::Bsal-sgRNA (Addgene plasmid #61593; RRID:Addgene_61593) and

pX603 AAV CMV::NLS-dSaCas9(D10A,N580A)-NLS-3xHA-bGHpA (Addgene, plasmid #61594; RRID:Addgene_61594). pX602-

AAV-TBG::NLS-dSaCas9-3xFlag-bGHpA;U6::Bsal-sgRNA was cloned via Gibson assembly (NEBuilder HiFi DNA Assembly) based

on the SaCas9 and dSaCas9 plasmids. A dSaCas9 DNA fragment was PCR amplified from the dSaCas9 plasmid using the primers

F: TACAGGACATGCTATAAAAATGGAAAGATACCGGTGCCACCATGGCCC; R: GGATCCCTTTTTCTTTTTTGCCTGGC. A synthetic

DNA carrying a 3xFlag tag was ordered from IDT (Integrated DNA Technologies): AAAAGGCCGGCCAGGCAAAAAAGAAAAAG-

GATCCGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGTAAGAATTCCTAGAG

CTCGCTGATCAGCCTCGACTGTGC. The plasmid containing SaCas9 was digested with AgeI, EcoRI and HindIII and the fragment

containing the linearized vector backbone pX602-AAV-TBG;U6::BsaI-sgRNA was purified. Three DNA fragments were used for the

Gibson assembly: the linearized vector backbone (AgeI/ExoRI), the PCR amplified fragment containing dSaCas9 coding sequence

and the synthetic DNA carrying the 3xFlag tag. The resulting construct pX602-AAV-TBG::NLS-dSaCas9-3xFlag-bGHpA;U6::Bsal-

sgRNA was verified by Sanger sequencing (Eurofins Genomics (GATC), GATC Biotech AG, Cologne).

sgRNA design
Staphylococcus aureus (Sa) gRNAs were designed using the Cas-Designer tool from CRISPR RGEN Tools (Park et al., 2016). To

select the target sequences of dSaCas9, we used as template the DNA sequence corresponding to the GR binding regions. We

searched for the closest 5-N(21)-NNGRRT-3 to target the peak summit of GR. NNGRRT is the PAM sequence recognized by SaCas9

protein which was reported previously (Ran et al., 2015). To search for potential off-target sites of the sgRNA candidates we used

Cas-OFFinder from CRISPR RGEN Tools (Bae et al., 2014). If the guide did not begin with a ‘‘G’’ we added a G to the 50, as it is advis-
able to enhance transcription from theU6 promoter. For cloning purposes, the guide sequenceswere ordered as standard oligoswith

5-CACC and 5-AAAC overhangs. The guide sequences of sgRNAs used in this paper are listed in Table S2.

sgRNA cloning
To clone sgRNAs we followed the instructions from the SaCas9 user manual. Briefly, complementary strands were annealed, phos-

phorylated, and cloned into the BsaI site of pX602-AAV-TBG::NLS-dSaCas9-3xFlag-bGHpA;U6::Bsal-sgRNA. Since BsaI is a dam/

dcm methylation-sensitive restriction enzymes, we prepared unmethylated vector using a One Shot INV110 Chemically Competent

E. coli (Invitrogen, cat: C717103) transformed with the dSaCas9-3xFlag::BsaI-sgRNA plasmid. The cloned gRNA sequences were

verified by Sanger sequencing (Eurofins Genomics (GATC), GATC Biotech AG, Cologne).

AAV production and titration
For in house viral production, HEK293T cells were transfected with PEI (1 mg/mL, pH 7.0) in a CF5 Polystyrene CellSTACK culture

chamber (Corning, cat: 3319). For each transfection, 313 mg of pAAV2/8 serotype packaging plasmid (Addgene, plasmid #112864),

1.9 mg of pAd5 helper plasmid and 311 mg of AAV2 plasmid carrying the construct of interest were added to 176 mL of Opti-MEM

Reduced Serum Medium (GIBCO, cat: 31985070), i.e., a 1:1:1 molar ratio of each plasmid and 2.5 mg total DNA. 7.5 mL of PEI so-

lution was then added to the mixture, i.e., 1:3 DNA:PEI ratio, and incubated at room temperature for 15 min. After incubation, the

mixture was added to 350mL of warmmedia (DMEM+ 2%FBS) and applied to the CF5 CELLSTACK. Cells were harvested between

72 and 96 hours post transfection by gentle tapping the sides of the CF5. Cells suspensions were centrifuged at 500 xg for 5 min and

the AAV2/8 (AAV2 inverted terminal repeat (ITR) vectors pseudo-typed with AAV8 capsid) viral particles were then purified from the

pellet and supernatant. The supernatant was filtered through a 0.22 mmPESmembrane, mixed with PEG solution (40%PEG8000; 24

g/L NaCl) at a ratio 1:4 PEG:supernatant and stirred during 1 hour at 4�C, followed by 3 hours (or ON) incubation at 4�C without stir-

ring. The mixture was then centrifuged at 2900 xg for 15 min at 4�C and the pellet (viral particles) was resuspended in 2 mL of AAV

storage solution (in 0.001% pluronic F-68 + 200mMNaCl). The cell pellet was resuspended in 3mL of Benzonase buffer (50 mM Tris-

HCl pH 8.5; 2 mMMgCl2) and lysed by repeated freeze-thaw-freeze cycles and x5 passage through a 23G needle-syringe each time.

The lysate was cleared by centrifugation at 3000 xg for 15 min at 4�C and mixed with the viral particles obtained from the cell super-

natant. Benzonase was added to a final concentration of 300 U/mL and incubated for 1 hour at 37�C to degrade any residual DNA
Cell Reports 37, 109938, November 2, 2021 e4
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carried over from the packaging process followed by centrifugation at 2400 xg for 10 min at 4�C. The viral particles contained in the

clarified supernatant were subjected to purification by iodixanol gradient using OptiPrep (Stemcell, cat: 07820). A discontinued

gradient composed by 15%, 25%, 40% and 60% iodixanol layers was created in Open-Top Polyclear centrifuge tubes (Seton).

15% Iodixanol solution was prepared diluting OptiPrep (60% iodixanol solution) in 1 M NaCl/PBS-MK buffer (1 mM MgCl2;

2.5 mM KCl). 40% and 25% Iodixanol solutions were prepared by diluting OptiPrep in PBS-MK buffer. Phenol red was used in

the 60% iodixanol layer to clearly distinguish the layers. The clarified supernatant containing the viral particles was added on top

of the gradient and ultracentrifuged at 150000 g for 18-24 hours at 10�C (swinging-bucket rotor AH-629-36 mL). The 40% layer

was collected and subjected to concentration and buffer exchange using a 50 mL Amicon�Ultra-15 filter unit 100kDaMWCOmem-

brane (Millipore, cat: UFC910008). The membrane of the filter unit was prepared by first cover it with 0.1% pluronic F-68 in PBS and

incubated for 10 min at room temperature (RT) and then covered with 0.01% pluronic F-68 in PBS followed by centrifugation at 5000

xg for 15 min at 4�C. The flow through was discarded and 15 mL of AAV storage solution was passed through the filter unit by centri-

fugation. The sample was added to the filter unit and centrifuged at 5000 xg for 15 min at 4�C and 5 min centrifugation steps were

added until concentrate to a volume < 500 mL. AAV vectors were tittered by real-time qPCR using FastStart Essential DNA Green

Master (Roche, cat: 069242204001) and a primer pair targeting AAV2 ITR, F: 5-GGAACCCCTAGTGATGGAGTT and R: 5-

CGGCCTCAGTGAGCGA (Aurnhammer et al., 2012). Titer was determined using a standard curve from an ITR-containing plasmid.

Titters were always > 1x1012 GC/mL.

Glucose uptake assay
Primary mouse hepatocytes isolated from GFP and L-GRKO mice were cultured in a 96-well collagen-coated plate (Corning, cat:

354649). Cells were stimulated with 500 nMdex and 10 nM insulin for 4 hours. Glucose uptake wasmeasured using the Screen Quest

Colorimetric Glucose Uptake Assay Kit (AAT Bioquest, cat: 36503) following manufactures instructions treating hepatocytes with

2-DG for 10 min before measurement.

H4IIE luciferase reporter assay
The insert constituting the GRBSs near Gck: Gck promoter, Gck �1 kb and Gck �4.6 kb, and the truncated Gck �4.6 kb enhancers

sequences: Gck �4.6 kbDA, Gck �4.6 kbDB and Gck �4.6 kbDC were cloned via Gibson Assembly using the plasmid STARR-seq

luciferase validation vector_ORI_empty (Addgene, plasmid #99297; RRID:Addgene_99297). The open vector plasmid was generated

by incubation with the restriction enzymes, BamHI-HF� (NEB, cat: R3136S) and SalI-HF� (NEB, cat: R3138S) in CutSmart� Buffer

(NEB, cat: B7204S) at 37 �C for 4 hours. The Gck enhancer insert was incorporated into the plasmid using NEBuilder� HiFi DNA As-

sembly Master Mix (NEB, cat: E2621) following manufacture’s protocol. The STARR-seq luciferase validation vector_ORI_CMV

plasmid,expressing theCMVenhancer (Addgene,plasmid#99312;RRID:Addgene_99312)wasusedasapositivecontrol. Theassem-

bledproductswere transformedandamplified inOneShotTM INV110ChemicallyCompetentE.coli (Invitrogen, cat:C717103).Miniprep

wasperformedusingGenEluteTMPlasmidMiniprepKit (Sigma-Aldrich, cat: PLN350) followingmanufacture’s protocol. The sequences

were verified by Sanger sequencing analysis using the primers: F: 50- GGGAGGTGTGGGAGGTTTTTTA-’3. Reverse: 50-GGAAG-

GAGCTGACTGGGTTGAA-3. Sequencing was performed by Eurofins Genomics (GATC), GATC Biotech AG in Cologne.

H4IIE cells were cultured in MEM medium (GIBCO, cat: 41090-028) containing 10% FBS, 1% NaP (GIBCO, cat: 11360-039), 1%

NEAA (GIBCO, cat: 11140-035) and 1% P/S at 37 �C with 5% CO2 and used at a low passage. 24-45 hours before transfection cells

were cultured in media without P/S. Cells were reverse transfected with the reporter ON using LipofectamineTM LTX and PLUSTM

reagent (Invitrogen, cat: 15338-100) and OptiMEM (GIBCO, cat: 31985-062). Next day media was change to serum depleted

MEM medium followed by 4 hours incubation. Cells were stimulated with 500 nM dex or PBS (control) for additional 4 hours before

RNA harvest.

RNA isolation and RT-qPCR
Cell extracts or �10-15mg of frozen liver material was used for RNA isolation. The samples were homogenized and RNA extracted

using TRI-Reagent (Sigma, cat: T9424), EconoSpinTM Columns (Epoch Life Science, cat: 1920-250) and RPE wash buffer according

to the manufacturer’s protocol. RNA concentration was determined by NanoDrop� ND-1000 Spectrophotometer or BMG Labtech

CLARIOstar Microplate Reader. RNAwas treated with 10U DNase (Invitrogen, cat: 18047019) for 15min at 37�C followed by addition

of 3 mg random hexamers (Roche, cat: 11034731001) and 5 min incubation at 85�C. RNA was reverse-transcribed to cDNA by incu-

bating RNA with M-MLV reverse transcriptase (Invitrogen, cat: 28025-013), DTT, 1st Strand Buffer (Invitrogen, cat: y02321) and

dNTPs (Invitrogen, cat: DNTP100A) for 1 hour at 37 �C. qPCR was performed using FastStart Essential DNA Green Master (Roche,

cat: 069242204001) and primers listed in Table S2 and a Lightcycler� 480 Instrument. RNA samples for sequencing were quality

tested using the Agilent Fragment Analyzer instrument and the Standard Sensitivity RNA Analysis Kit (Advanced analytical, cat:

DNF-471). RNA concentration was determined using KAPA library Quantification Kit (Roche, cat: KK4854) following manufacturer’s

instructions before library construction.

ChIP
50mg frozen liver tissue from single mice, or pooled liver material, was homogenized in 1% formaldehyde and crosslinked for 10min.

Samples were washed 2x in PBS and the cell pellet was resuspended in ChIP lysis buffer (0.1%SDS, 1mMEDTA, 150mMNaCl, 1%
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Triton and 20 mM Tris-HCl pH 8.0) containing 1x cOmplete Protease Inhibitor Cocktail (Roche, cat: 04693116001) and 1 mg/mL BSA.

Chromatin was sonicated using the Covaris ME220 followed by pre-clearing with 30 mL Protein A/G beads (Santa Cruz, cat: sc-2003).

ChIP was performed using the antibodies: 1) GR ChIP: a cocktail of 3 different antibodies: Invitrogen cat: PA1-511A (RRID:

AB_2236340), Invitrogen cat: MA1-510 (RRID: AB_325427) and Santa-Cruz cat: sc-1004 (RRID: AB_2155786) using 1 mg of each

per IP. 2) H3K27Ac ChIP: Abcam cat: ab4729 (RRID: AB_2118291), 0.2 mg/IP. 3) RNAPII (8WG16) ChIP: Abcam cat: ab817 (RRID:

AB_306327), 1 mg/IP. The samples were incubatedwith antibody for 5 hours at 4 �C. 100 mL beadswere added per IP and the samples

were incubated ON at 4 �C. ChIP samples were washed extensively, followed by DNA elution from the beads and decrosslinking ON

at 65 �C. DNAwas extracted with phenol-chloroform and precipitated in EtOH. qPCRwas performed using primers listed in Table S2.

Protein extraction and western blotting
Protein was extracted from frozen mouse liver samples or primary mouse hepatocytes in 1 mL of lysis buffer containing phospho-

proteinase inhibitors (50 mM Tris-HCl pH 6.8, 10% glycerol, 2.5% SDS, 10 mM b-glycerophosphate, 10 mM NaF, 20 mM

Na3VO4, 1 mMPMSF, 1x cOmplete Protease Inhibitor Cocktail (Roche, cat: 04693116001)) using a FastPrep-24TM 5G homogenizer

(MP Biomedicals). After treatment with benzonase (Millipore, cat: 71205) (2 mL, 15 min, RT), the samples were centrifuged and the

supernatant containing the protein fraction was stored at �80�C until further use. Protein concentration was measured using the bi-

cinchoninic acid assay kit PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, cat: 23225) according to the manufacturer’s

guidelines, in 10 mL of diluted samples and using a BSA standard curve ranging from 0 to 4 mg/mL. The colorimetric determination

was performed on 96-well Nunc MicroWell Optical-Bottom plates measured on the CLARIOstar Plus Multimode Microplate Reader

(BMG Labtech).

Samples containing 40 mg of protein, bromophenol blue, b-mercaptoethanol and lysis buffer were loaded onto polyacrylamide gels

(10% separation gel, 5% stacking gel), which were run at maximum voltage (20 mA per gel) in Tris-Glycine-SDS running buffer (1x

TGS) for 2 to 2.5 hours. The separated proteins on the gels were transferred onto activated polyvinylidene fluoride (PVDF)membranes

by applying a current of 400 mA (constant voltage of 100 V) for 1 hour in transfer buffer (1x TGS containing 20% ethanol). The mem-

branes were briefly incubated with AmidoBlack dye to confirm the presence of the protein bands, then blocked for 1 hour at RT in 5%

BSA dissolved in Tris-buffered saline solution containing 1:1000 Tween-20 (1x TBS-T). After being washed 3x in Tris-buffered saline

(TBS) and 3x 10 min in TBS-T, the membranes were incubated overnight at 4�C with the primary antibody recognizing GR (Santa

Cruz, cat: sc-1004, RRID: AB_2155786) 1:1000, HSP 90a/b (Santa Cruz, cat: sc-7947, RRID: AB_2121235) 1:10.000, GCK (gift

from Dr. Magnuson (Vanderbilt University School of Medicine, Nashville, TN) 1:10.000, or b-tubulin (Merck Millipore, cat: 05-661,

RRID: AB_309885) 1:2500, diluted in TBS-T containing 5% BSA, and subsequently with the corresponding horseradish peroxidase

(HRP)-conjugated secondary antibody: HRP goat anti-rabbit (Cell Signaling Technology, cat: 7074, RRID: AB_2099233) 1:3000,

HRP-anti-mouse (Cell Signaling Technology, cat: 7076, RRID: AB_330924) 1:2000, and HRP-anti-sheep (R&D systems, cat:

HAF016, RRID: AB_562591) diluted in TBS containing 5% BSA, for 1 hour at RT. Each antibody incubation step was followed by

washes as described above. For detection of HRP, the membranes were incubated with the Immobilon Classico Western HRP Sub-

strate (Millipore, cat: WBLUC0500) 1min at RT. The resulting signals were captured by the Amersham Imager 680 (GE Life Sciences).

Glucose phosphorylation
Metabolites from frozen liver samples were extracted in cold (�20 �C) extraction solvent (50% methanol, 30% acetonitrile and 20%

water), 10 mL per mg tissue. Samples were homogenized by sonication in the Biorupter sonicator (10 cycles, 30 s, high power) and

mixed in a thermomixer at 4 �C before a 30 min incubation at �20 �C. Cell debris and proteins were removed from the samples by

15 min centrifugation at 16.000 xg at 4 �C. The supernatant was lyophilized in a SpeedVac instrument. Identification of polar metab-

olites was essential performed as described previously (Sustarsic et al., 2018) except that metabolites were separated on an Agilent

InfinityLab Poroshell 120 HILIC-Z (2.1x150mm,2.7 um) column using 10 mM ammonium acetate in water with 2.5 mM InfinityLab

Deactivator Additive, pH = 9 solvent as solvent A, and 10 mM ammonium acetate in water/acetonitrile 15:85 (v:v) with 2.5 mM Infin-

ityLab Deactivator Additive, pH = 9 as solvent B. Gradient: Time (min) %B 0, 96 2, 96 5.5, 88 8.5, 88 9, 86 14, 86 17, 82 23, 65 24, 65

24.5, 96 26, 96. The samples were analyzed in negative ion mode.

Library construction and Illumina sequencing
Libraries fromRNA andChIP samples were generated as described in (Præstholm et al., 2020) using NEBNext� reagents and kits for

Illumina� Sequencing following manufacturer’s instrcutions. Samples were sequenced on an Illumina HiSeq� 1500 or Illumina No-

vaSeq 6000 instrument.

Sequencing data analysis
RNA-seq and ChIP-seq data from mice were aligned to mm10 and primary rat hepatocytes to rn5 using STAR (Dobin et al., 2013).

Sequencing data is summarized in Table S1. ChIP-seq analysis: Peaks from GR ChIP-seqs were identified by HOMER (Heinz et al.,

2010) using either input chromatin or GR ChIP-seq from L-GRKO livers. Overlapping peaks between the two different peak calling

approaches (replicant concordant peaks) were identified using bedtools intersect. GR ChIP-seq data was visualized using the UCSC

Genome Browser (Kent et al., 2002). DNAmotif analysis was performed by HOMER and the top five most enriched motifs were visu-

alized. Circadian H3K27Ac and RNAPII ZT2, ZT6, ZT10, ZT14, ZT18, ZT22 and ZT26 ChIP-seq bigwig files were downloaded from
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GEO: GSE60430 and visualized in UCSC Genome Browser. RNA-seq analysis: Aligned fragments were quantified using HOMER

(Count tables are avaliable at GEO: GSE173723) and normalized by the DESeq2 pipeline (Love et al., 2014). Identification of direct

GR target genes: DESeq2 analysis was performed on RNA-seq data from L-GRKO and control livers isolated at ZT10, ZT12, ZT13,

ZT14, ZT18 and ZT22. Differentially expressed genes (WT versus L-GRKO) at the individual time points were extracted, pooled and

categorized as induced (FDR < 0.05 and log2 fold change > 0) and repressed (FDR < 0.05 and log2 fold change > 0) by L-GRKO.

Genes repressed by the L-GRKOwere extracted and repressed genes harboring GR peaks within 100kb from the TSS were consid-

ered putative positively regulated GR targets. Temporal (ZT10-ZT22) gene expression was analyzed by VSClust (Schwämmle and

Jensen, 2018) and genes from four defined clusters were extracted with maxMembership > 0.3. Genes assigned to clusters can

be found in Table S3. Gene expression from the individual clusters were normalized to a z-score (z = [x–m]/s). Analysis of genes regu-

lated by extended fasting: Differential gene expression (fed versus fasted at ZT13, ZT14, ZT18 and ZT22) was analyzed by DESeq2

and genes regulated by extended fasting was extracted at FDR < 0.05. Fasting-regulated genes at each circadian time point were

grouped and merged with the RNA-seq data from L-GRKOmice. DESeq2 normalized RNA-seq data was z-score normalized before

visualization. Analysis of gene expression in primary hepatocytes: Differential expressed genes were identified by DESeq2. Data

visualization: Heatmaps were generated in R using the pheatmap package. Gene expression in primary hepatocytes was clustered

using hierarchical clustering (method = ’’ward.D’’). The mean temporal gene expression from mouse livers (z-score normalized) was

visualized using ggplot with 95% confidence intervals or boxplots in R. GO analysis was performed using PANTHER biological path-

ways (Mi et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of each of the experiments can be found in the figure legends and in the main text describing the results. In

summary, ‘‘n=’’ indicates biological replicates unless otherwise indicated. Error bars indicate standard deviation. 2-way ANOVA

and/or 1 or 2-tailed t tests: *p < 0.05, **p < 0.01 and ***p < 0.001 has been performed to evaluate statistical significance. For exper-

iments involving multiple t tests, significance was corrected by Bonferroni correction for multiple testing. The statistical details of the

RNA-seq and ChIP-seq analysis can be found in the ‘‘Sequencing data analysis’’ section.
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