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SUMMARY

Retinoic acid (RA) counters insulin’s metabolic actions. Insulin reduces liver RA
biosynthesis by exporting FoxO1 from nuclei. RA induces its catabolism, cata-
lyzed by CYP26A1. A CYP26A1 contribution to RA homeostasis with changes in
energy status had not been investigated. We found that glucagon, cortisol, and
dexamethasone decrease RA-induced CYP26A1 transcription, thereby reducing
RA oxidation during fasting. Interaction between the glucocorticoid receptor
and the RAR/RXR coactivation complex suppresses CYP26A1 expression,
increasing RA’s elimination half-life. Interaction between CCAAT-enhancer-bind-
ing protein beta (C/EBPb) and the major allele of SNP rs2068888 enhances
CYP26A1 expression; the minor allele restricts the C/EBPb effect on CYP26A1.
The major and minor alleles associate with impaired human health or reduction
in blood triglycerides, respectively. Thus, regulating CYP26A1 transcription con-
tributes to adapting RA to coordinate energy availability with metabolism. These
results enhance insight into CYP26A1 effects on RA during changes in energy sta-
tus and glucocorticoid receptor modification of RAR-regulated gene expression.

INTRODUCTION

All-trans-retinoic acid (RA) functions as an autacoid essential to diverse biological processes, encompass-

ing embryonic development, intermediary metabolism, spermatogenesis and cell death, and cell prolifer-

ation or differentiation (Schug et al., 2007; Pino-Lagos et al., 2010; Noy, 2013; Das et al., 2014; Gewiss et al.,

2020; Lin et al., 2020; Wołoszynowska-Fraser et al., 2020). Enzymatic reactions that regulate RA tissue con-

centrations involve interconversion of retinol and retinal by retinol dehydrogenases and retinal reductases,

dehydrogenation of retinal into RA, and catabolism of RA by Cyp26 isozymes (Pennimpede et al., 2010;

Billings et al., 2013; Isoherranen and Zhong, 2019; Belyaeva et al., 2019; Napoli, 2020). RA autoregulates

its tissue concentrations by inducing retinol esterification, to limit substrate for its biosynthesis, and by

Cyp26-catalyzed degradation (White et al., 1996; Ray et al., 1997; Zolfaghari and Ross, 2000; Wolf, 2001;

Liu and Gudas, 2005; Ross and Zolfaghari, 2011; Napoli, 2012). Through binding with RA receptors

(RAR), RA initiates CYP26A1 transcription to establish negative feedback (Abu-Abed et al., 1998; Loudig

et al., 2005; Yamamoto et al., 2000). The embryonic lethality ofCyp26a1 knockout mice illustrates the extent

of its contribution to maintaining physiological RA concentrations during fetal development (Abu-Abed

et al., 2001). Postnatal Cyp26a1 ablation, however, did not cause persistent histopathological damage

of major organs (Zhong et al., 2019). These knockouts were fed a chow diet ad libitum with 20 IU vitamin

A/g and beta carotene, more than the total 4 IU/g recommended for rodents (Reeves, 1997). Because

RA exerts concentration-dependent actions (hormesis), chow diets with copious vitamin A have altered

phenotypes of at least three retinoid-related gene knockouts, Rdh1, Rbp4, and Crbp2 (Quadro et al.,

1999; E et al., 2002; Zhang et al., 2007). Diets copious in vitamin A also impair glucoregulatory mechanisms

(Kane et al., 2011; Napoli, 2022), which were not evaluated in the Cyp26a1 knockout.

RA regulates energy balance by suppressing pre-adipocyte differentiation into mature white adipocytes

(Schwarz et al., 1997; Berry et al., 2012). Ablation of the retinol dehydrogenase Rdh1 leads to adiposity

in mice fed a low-fat diet by disrupting brown adipose tissue adaptation to refeeding (Krois et al., 2019).

Heterozygote ablation of the retinol dehydrogenase Rdh10 increases adiposity in mice fed a high-fat

diet (Yang et al., 2018; Zhao et al., 2021). Rdh10+/� males develop glucose intolerance and insulin
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resistance and have dysfunctional mitochondria in muscle. Rdh10+/� females undergo extensive adipocyte

formation in bone marrow but have improved muscle mitochondria function. These data illustrate the

sexually dimorphic effects of RA over energy metabolism.

RA also regulates energy balance indirectly by specifying pancreatic endocrine cell fate, with effects on

development of a, b, and d cells (Martı́n et al., 2005; Kane et al., 2010; Lorberbaum et al., 2020).

Cyp26a1 contributes to RA regulation of pancreatic development by limiting differentiation (Kinkel

et al., 2009). After development, RA and its isomers regulate glycemia (Miyazaki et al., 2010; Kane et al.,

2011; Trasino et al., 2015, 2016). The impact of retinoids on pancreatic development and glucose-stimu-

lated insulin secretion prompted us to question whether insulin regulates RA homeostasis. In fact, energy

status regulates RA biosynthesis at the rate-limiting step, catalyzed by retinol dehydrogenases (Obrochta

et al., 2015). Refeeding mice decreases Rdh1 and Rdh10 mRNA in the liver, relative to fasted mice, which

decrease RA. Insulin causes the decrease by eliminating FoxO1 from nuclei, which reduces Rdh transcrip-

tion and destabilizes RdhmRNA. These data reveal mechanisms for regulating the opposing effects of RA

and insulin on gluconeogenesis and lipid metabolism and suggest interaction between RA homeostasis

and insulin-signaling-related diseases, such as type II diabetes (Berry and Noy, 2009; Cione et al., 2016).

We considered the contribution of CYP26A1 to liver RA concentrations during fasting and re-feeding

because it serves as a major contributor to liver RA catabolism (Thatcher and Isoherranen, 2009). Here

we report that CYP26A1 mRNA decreases during fasting relative to the refed state. Contrary to expecta-

tions, insulin did not have a major effect on regulating CYP26A1, but glucagon and cortisol limited RA in-

duction of CYP26A1mRNA and its catabolic activity. Glucagon and cortisol actions are neither additive nor

synergistic. Cortisol acts through the glucocorticoid receptor (GR) and attenuates activity of the RAR-RXR

transcription coactivation complex. In contrast, interaction between CCAAT-enhancer-binding protein

beta (C/EBPb) and the major allele of SNP rs2068888 enhances CYP26A1 expression. Consequently, hor-

mones secreted during fasting suppress RA catabolism by reducing CYP26A1 transcription and activity,

thereby contributing to increasing the RA concentration relative to refeeding. These data enhance insight

into regulation of RA concentrations during transition between feeding and fasting, by revealing mecha-

nisms of CYP26A1 regulation during adaptation to changes in energy balance in mice fed recommended

amounts of dietary vitamin A.
RESULTS

Glucocorticoids and glucagon down-regulate CYP26A1 transcription

We confirmed a decrease in liver RA after transition from the fasted to the re-fed state (Figure 1A). RA de-

creases �45% in males and �38% in females. At the same time, Cyp26a1 mRNA increases �4- to 6-fold in

livers of re-fedmice compared to fastedmice (Figure 1B). These data suggest that insulin might upregulate

Cyp26a1 mRNA. An insulin challenge in vivo, however, did not increase mouse hepatic Cyp26a1 mRNA

(Figure S1). We then chose the human liver cell line HepG2 to investigate mechanisms of regulation

because RA induces CYP26A1 mRNA in HepG2 cells. HepG2 cells also have been used to characterize

the RA response elements (RAREs) that drive CYP26A1 transcription and the substrate specificity of

CYP26A1 (Tay et al., 2010; Zhang et al., 2010). Moreover, HepG2 cells have revealed mechanisms of insulin

decreasing Rdh1 and Rdh10 transcription (Obrochta et al., 2015). RA (0.5 nM) induced CYP26A1 mRNA

within 1 h, rising �30-fold in 6 h (Figure 1C). Insulin combined with either low (3 mM) or high (20 mM)

glucose did not affect RA-induced CYP26A1 mRNA in HepG2 cells (Figure S2). We re-directed focus to

the fasting-secreted hormones cortisol and glucagon. Cortisol decreased RA-induced CYP26A1 mRNA

by 53% (Figure 1D). Glucagon decreased RA-induced CYP26A1 mRNA by 37%. Cortisol and glucagon ef-

fects were neither additive nor synergistic. The combination caused suppression that averaged the two

alone (44%), suggesting both function competitively through a similar mechanism. 8-Br-cAMP had no effect

on CYP26A1 mRNA, suggesting a cAMP-independent mechanism (Figure 1E).

We substituted dexamethasone (Dex) for cortisol. Dex suppressed induction at �50% regardless of the RA

concentration (Figure 1F). As low as 1 nMDex reducedCYP26A1mRNA (Figure 1G). Dex had amore potent

effect than cortisol, as expected, because Dex has a lower kd for the GR (Pratt et al., 1975). The Dex repres-

sive effect also decreased CYP26A1 enzymatic activity (Figure 1H). The RA concentration decreased more

slowly in HepG2 cells treated with RA and Dex compared to cells treated with RA alone. RA had an

elimination half-life of 6.7 h in the absence of Dex, which Dex increased to 10.6 h. Dex also suppressed

RA-induced CYP26A1 transcription in primary human hepatocytes Figure 1I).
2 iScience 25, 104564, July 15, 2022
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Figure 1. Glucocorticoids and glucagon down-regulate CYP26A1 transcription

(A) Decrease in liver RA 6 h after onset of refeeding male and female C57Bl/6J mice between 16 h fasted and 16 h fasted followed by 6 h refed (males, n = 6,

**p < 0.01 vs fasted; females, n = 3, *p < 0.05 vs fasted).

(B) Comparison ofCyp26a1mRNA in livers of male and female C57Bl/6J mice between 16 h fasted and 16 h fasted followed by 6 h re-fed (n = 9-14, **p < 0.01,

***p < 0.001 vs fasted).

(C) Time-course of CYP26A1 mRNA increase in HepG2 cells induced by 0.5 nM RA (n = 6, **p < 0.01, ***p < 0.001 vs. 0 h).

(D) HepG2 cells were treated 6 h with 0.1% DMSO or 1 nM RA G 1 mM cortisol, G 1 mM glucagon, or G both (n = 6, ***p < 0.001 vs. 0.1% DMSO, #p < 0.05,

##p < 0.01, ###p < 0.001 vs. RA).

(E) HepG2 cells were treated 6 h with 0.1% DMSO or 1 nM RA G increasing concentrations of glucagon or 8-Br-cAMP (n = 3, *p < 0.05 vs. RA).

(F) HepG2 cells were treated 6 h with 0.1% DMSO, 1 or 10 nM RA G 1 mM dexamethasone (n = 6, ***p < 0.001 vs. 0.1% DMSO, ###p < 0.001 vs. RA).

(G) HepG2 cells were treated 6 h with 0.1% DMSO or 1 nM RA G increasing concentrations of cortisol or dexamethasone (n = 3, *p < 0.05 **p < 0.01 vs. RA

only group).

(H) HepG2 cells were treated 3 h with 100 nM RA (n = 3 replicates). The elimination t½ of RA was determined in the presence and absence of 100 nM

dexamethasone, by quantifying ln % remaining in cells by LC/MS/MS. Both slopes differed significantly from 0, p < 0.02.

(I) Primary human hepatocytes were treated 6 h with 0.1%DMSOor 1 nM RAG 100 nMdexamethasone (n = 4, ***p < 0.001 vs. 0.1%DMSO, ##p < 0.01 vs. RA).

See also SF1, SF2, SF3.
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Dexamethasone-induced CYP26A1 repression occurs at or near RA response elements

Dex did not increase the rate of CYP26A1 mRNA degradation (Figure S3), consistent with arresting

transcription. DR5 RARE has been mapped to the CYP26A1 promoter (Loudig et al., 2000, 2005;
iScience 25, 104564, July 15, 2022 3
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Figure 2. Dexamethasone-induced CYP26A1 repression occurs at or near RAREs

(A) CYP26A1 promoter and reporter vector constructs.

(B–D) HepG2 transfected with Luc reporter vector a (B), b (C), or c (D) were treated with 0.1% DMSO, 1 mM RA G 1 mM dexamethasone or 10 mM 8-Br-cAMP

(***p < 0.001 vs. DMSO; ##p < 0.01, ###p < 0.001 vs. 1 mM RA).

(E) Diagram of two variants of the C26AD1 construct generated by site-directed point mutagenesis. The red boxes indicate the putative GR binding sites.

(F) HepG2 transfected with C26AD1, C26AD1mut1 (C to A), or C26AD1mut2 (C to A and. G to T) were compared for Dex responsiveness (***p < 0.001 vs. 0.1%

DMSO, ##p < 0.01, ###p < 0.001 vs. 1 mM RA). See also SF4, SF5, SF6.
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Zhang et al., 2010). Based on the cis-acting RAREs that have been identified, we constructed three Luc

reporter vectors, hypothesizing that these and/or adjacent sequences serve as sites of repression

(Figure 2A).
4 iScience 25, 104564, July 15, 2022
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Construct a, which includes only RARE1, responded to RA with �50% increase of luminescence in HepG2

cells (Figure 2B). Dex nearly totally prevented RA induction of construct a. Construct b, which includes

RARE2/3/4 but not RARE1, responded to RA with �10-fold higher luminescence than DMSO Figure 2C).

Dex suppressed RA induction of construct b by �40%. Construct c, which replicates wild-type, responded

to RA with �26-fold increase in luminescence (Figure 2D). Dex inhibited RA induction of construct c by

�55%. These data indicate that RARE2/3/4 has the stronger effect on transcription. RARE1 alone has a

lesser effect, but apparently synergizes with RARE2/3/4. Overall repression of construct c’s expression

seems a combination of each RARE’s induction potency and the Dex effect. This suggests that Dex

represses through a combination of both RARE1 and RARE2/3/4. Given these data and because the

RAR/RXR heterodimer resides on RARE regardless of RA-binding, we excluded the hypothesis that the

RAR/RXR heterodimer and the GR/GR homodimer compete for the same RARE (Iskakova et al., 2015).

We hypothesized that GR binds to a locus adjacent to an RARE or to an RAR-RXR transcription-regulation

complex. To the best of our knowledge, no ChIP-seq data have demonstrated GR binding up-stream (to

�5,000 bp) of CYP26A1 in any human or mouse liver model. Therefore, we applied PROMO (ver. 3.0.2),

a computational transcription factor search tool, to locate potential GR binding sites (Messeguer et al.,

2002). Using site-directed mutagenesis, we introduced point mutations in two putative GR binding sites

that flank but do not overlap RARE2 Figure 2E). Figure S4 describes the putative GR binding sites estimated

by PROMO and loci of introduced mutations. Neither one point mutation (mut1: C to A) nor two point

mutations (mut2: C to A and G to T) decreased responsiveness to Dex (Figure 2F).

Transient interaction between GR and an activated RAR/RXR complex represses CYP26A1

expression

Negative results from site-directedmutagenesis could imply that the GR interacts with an RAR-RXR co-acti-

vation protein complex, rather than through a GR response element (GRE) interaction or GR binding on or

near an RARE. We verified GR involvement using a GR antagonist, RU486. RU486 prevented the Dex effect

on RA-induced CYP26A1 expression (Figure S5). We then tested whether histone deacetylase (HDAC) me-

diates CYP26A1 repression by the GR using the HDAC inhibitor trichostatin A (TSA). HDAC contributes to

the RAR/RXR co-repressor complex that binds to DR5 RARE, which includes SIN3, N-CoR, and SMRT

(Hörlein et al., 1995; Chen et al., 1996; Al Tanoury et al., 2013). Inhibition by TSA would indicate that the

GR promotes formation of an RARE corepessor complex including recruitment of HDAC (Chen and Evans,

1995; Heinzel et al., 1997). TSA increased CYP26A1mRNA 2.5-fold in the presence of RA but had no effect

on Dex repression of RA-induced CYP26A1mRNA (Figure S6). This suggests that the GR does not function

through an HDAC-containing corepessor complex associated with RAR. Next, we designed a ChIP-qPCR

experiment, scanning RARE1 and RARE2/3/4 upstream of CYP26A1 and a GRE-RARE, upstream of the

phosphoenolpyruvate carboxykinase 1 gene (PCK1), as a positive control. RARa was associated with the

PCK1 promoter in the presence and absence of RA, consistent with constitutive association of RAR with

the PCK1 RARE (Figure 3A). The same results occurred with Dex and the combination of Dex and RA, as

expected for constitutive residence of RAR on the PCK1 RARE. RARa was also associated with RARE2/3/

4 of the CYP26A1 promoter, regardless of treatment, also consistent with constitutive binding to the

RARE. RARg enrichment occurred at a much lower intensity, consistent with having a much lower presence

in HepG2 cells (Tay et al., 2010; Li et al., 2013) (Figure 3B). GR enrichment in the PCK1 promoter was not

affected by RA, but Dex increased the GR association nearly by 2.5-fold. RA amplified the Dex effect further

by 2.5-fold (Figure 3C). The Dex effect on GR enrichment in RARE1 and RARE2/3/4 requires RA, as neither

RA alone nor Dex alone was effective. This indicates that the GR interaction occurs only with an RA-bound

RAR-RXR coactivation complex. We next conducted a co-immunoprecipitation assay (Figure 3D). Western

blot detected the GR following immunoprecipitation with a RARa antibody when cells were treated with

disuccinimidyl glutarate (DSG), a protein cross-linker. Without DSG, there was no GR band. In addition,

the GR was not detected when cells were treated with Dex for 1 h, even though its repressive effect lasts

at least several hours (Figure S7).

C/EBPb enhances CYP26A1 expression: SNP rs2068888 regulates the C/EBPb effect

A genome-wide association study (GWAS) has associated the minor allele (adenine) of SNP rs2068888 with

a 2.28 mg/dL reduction in blood triglycerides. CYP26A1 is the nearest annotated gene to the SNP (Teslo-

vich et al., 2010). A major allele of rs2068888 has been linked to increased acute coronary syndrome risk in

the AIM-HIGH (Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High Triglycerides

and Impact on Global Health Outcomes) trial (Tuteja et al., 2018). ChIP-seq assays have revealed that

the C/EBPb binds to the SNP in five different human cell lines, including HepG2 (Partridge et al., 2020).
iScience 25, 104564, July 15, 2022 5
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Figure 3. Transient interaction between GR and an activated RAR/RXR complex represses CYP26A1 expression

(A–C) HepG2 cells were treated 30 min with 0.1% DMSO or 1 nM RA G 100 nM Dex, followed by crosslinking, lysis, and sonication for ChIP. Chromatin

samples were reacted with RARa (A), RARg (B), or GR (C) antibodies. DNA samples obtained by reverse-crosslinking were used for qPCR with primers

designed to scan (i) the GRE + RARE of the PCK1 promoter (positive control), (ii) RARE1, and (iii) RARE2/3/4 in the CYP26A1 promoter.

(D) Co-immunoprecipitation without over-expression. HepG2 were treated with 0.1% DMSO or 1 nM RA G 100 nM Dex. A set of treatment groups was

treated with crosslinker DSG. Isolated protein samples were immunoprecipitated with RARa antibody. The precipitated complex was resolved by western

blotting using a GR antibody. See also SF7, SF8.
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RegulomeDB evaluates the SNP as ‘‘likely to affect binding’’ to C/EBPb (Boyle et al., 2012). Based on these

data, we hypothesized that 1) C/EBPb binding to themajor allele of the SNP enhancesCYP26A1 expression

and 2) the minor allele reduces C/EBPb binding to the SNP, thereby decreasing CYP26A1 expression. RA

does not induceCEBPB transcription, indicated by no increase with time after exposure to RA (Figure 4A). A

siRNA knockdown of CEBPB reduced its expression by 50% in HepG2 cells, which decreased RA-induced

CYP26A1 expression by 46 to 67% (Figure 4B). This result complements the C/EBPb inhibitor genistein,

which repressed CYP26A1 expression in HepG2/C3A cells (Harmon et al., 2002; Lepri et al., 2018). We

confirmed the ability of genistein to repress RA-induced CYP26A1 expression in HepG2 cells (Figure S8).

We conducted ChIP-qPCR to test effects of RA and Dex on C/EBPb induction of CYP26A1. RA recruited

C/EBPb to the vicinity of the SNP (Figure 4C). Dex did not interfere with the RA effect. Dex, however, pro-

moted association of RA-liganded RARawith the SNP. Dex treatment also enriched C/EBPb in RARE1 of the

CYP26A1 promoter (Figure 4D). C/EBPb association with RARE2/3/4 was not affected by RA, Dex, or the

combination. We then generated an rs2068888 model system in HeLa cells, which are more amenable to

CRISPR/Cas9 mutation than HepG2 cells. A single-base edit, G to A, increased the minor allele frequency

from�33 to 50% (Figure 4E). C/EBPb enrichment increased�3-fold inWT HeLa cells treated with RA, which

Dex did not affect (Figure 4F). Dex decreased RA induction of CYP26A1 mRNA in WT HeLa cells �50%

(Figure 4G). In contrast, edited cells did not respond to RA or Dex (Figure 4G).

DISCUSSION

The current data show that 1) Dex and glucagon reduce RA-induction of CYP26A1 (Figures 1B, 1C, and 1E,

Figures 2B–2D); 2) Dex does not alter constitutive binding of RARa to RARE (Figure 3A); and 3) the GR binds

to an RAR/RXR co-transcription complex only in the presence of RA (Figures 3A, 3C, 3D, and S3B). These

data indicate that Dex weakens RA induction ofCYP26A1 by promoting an inhibitory GR interaction with an

RAR/RXR coactivation complex associated with a RARE. The GR thereby impairs RA induction of CYP26A1

expression during the fasted state to preserve a higher RA concentration than during feeding.

Insulin, via expelling FoxO1 from the nucleus, reduces Rdh1 and Rdh10 transcription, resulting in a 50%

decrease in the RA liver concentration relative to fasting (Obrochta et al., 2015). Data here complement

the insight that RA levels are highest during fasting, by revealing that hormones secreted during fasting
6 iScience 25, 104564, July 15, 2022
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Figure 4. C/EBPb enhances CYP26A1 expression: SNP rs2068888 retards C/EBPb modulation of CYP26A1

(A and B) HepG2 cells cultured in EMEM containing 10% charcoal-stripped FBS were transfected 24 h with scrambled siRNA (control) or siRNA, then treated

with 1 nM RA in FBS-free medium (n = 3). WT differed significantly from siRNA in both A and B: p < 0.001, two-way ANOVA. (A) Time-course of CEBPBmRNA

(controls, black circles; siRNA, red squares). (B) Time-course of CYP26A1 mRNA in the presence of siRNA controls and siRNA CEBPB (controls, black circles;

siRNA, red squares) (n = 3).

(C and D) HepG2 cells were treated 30 min with 0.1% DMSO or 1 nM RAG 100 nM Dex, followed by crosslinking, lysis, and sonication for ChIP. DNA samples

obtained by reversing crosslinking were used in qPCR with primers designed to amplify RARE1 and RARE2/3/4 in the CYP26A1 promoter or C/EBPb and

RARa in SNP rs2068888. Antibodies were applied against C/EBPb or RARa.

(E) Chromatogram showing DNA sequencing of WT HeLa vs. CRISPR-edited cells. HeLa cells have trisomy in chromosome 10: two with the major allele and

another with theminor allele, deriving�33%minor allele frequency. CRISPR editing introduced one copy of a single base replacement (G to A), resulting in a

50% minor allele frequency after a cycle of cell division.

(F) Effects of RA and Dex on C/EBPb enrichment of rs2068888 in WT and edited HeLa cells.
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Figure 4. Continued

(G) Time-course of 1 nM RAGDex effects on CYP26A1mRNA in WT and CRISPR-edited HeLa cells (n = 3, p% 0.0001 by two-way ANOVA for Dex and gene

edited effects). (H) Regulation of RA homeostasis by fasting and refeeding. During fasting FoxO1 activity induces Rdh transcriptionally. RA inducesCYP26A1.

To prevent futile cycling during fasting, glucagon and cortisol retardCYP26A1 transcription. During refeeding, insulin causes FoxO1 to leave the nucleus and

undergo proteolysis. This decreases Rdh and RA. Inhibition of CYP26A1 expression ceases allowing RA to auto-induce its catabolism. These actions result in

higher RA during fasting vs refeeding, permitting RA to antagonize insulin action during fasting, while permitting optimum insulin action during feeding.
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suppress RA catabolism by reducing CYP26A1 mRNA and activity. RA serves as a potent inducer of

CYP26A1 transcription (White et al., 1996; Ray et al., 1997, and current data). This presents a potential

contradiction. Increasing RA during fasting should enhance CYP26A1 transcription to reduce RA levels,

rendering short-lived substantial RA increase. The demonstration that hormones secreted during fasting

impair CYP26A1 transcription and activity indicates a mechanism for maintaining increased RA concentra-

tions during fasting. Thus, control of CYP26A1 seems essential to RA regulating energy balance in the tran-

sition between fasting and re-feeding. Figure 4H presents a model of regulation during changes in energy

status, illustrating the contributions of insulin, glucagon, and cortisol to RA biosynthesis vs catabolism.

Cyp26a1mRNAdecreases in the livers ofmice injectedwithDex (Surjit et al., 2011). Amechanismsuggestedwas

recruitment of a GR-SMRT/NCoR repressing complex onto a negativeGRE located on an intron of neighboring

gene Cyp26c1, 8,287 (mouse), or 8,851 bp (human) upstream of Cyp26a1/CYP26A1. The current data show an

alternative and/or coexisting mechanism. Another study showed that oral treatment with lipopolysaccharide

(LPS) or poly-I:C suppresses RA-induced Cyp26a1 expression in rat liver (Zolfaghari et al., 2007). The present

data complement this observation because LPS stimulates cortisol secretion (Vakharia and Hinson, 2005). A

liver-specificmouseGRknockout resulted ina2.3-fold increase inCyp26a1expression,which supportsGR-medi-

ated Cyp26a1 repression (Engblom et al., 2007). Contrary to these findings, an increase in hepatic Cyp26a1

mRNA mediated by the pregnane X receptor was reported in mice treated with Dex (Wang et al., 2008). This

study relied on chronically dosing toxic RA concentrations in vivo (10 mg/kg) and used in vitro concentrations

�1000-fold higher (5 mM) than physiological because it evaluated RA as an anti-cancer treatment. Under these

conditions, the report concluded thatCYP26A1does not serve as themajor RAcatabolic enzyme in the liver. The

hormesis effects of RA likely affected this outcome, relative to physiological concentrations (Napoli, 2020).

Severalmechanismsbywhich theGRsuppresses transcriptionhavebeensuggested:GR-(n)GREbinding,disrup-

tion of transcriptional elongation, chromatin remodeling, and tethering to transcription factors (Granner et al.,

2015). Our data propose a role of nuclear co-activators in recruitingGRbecauseGR enrichment did not increase

in the absence of RA, indicating that GR doesn’t bind to an RAR/RXR corepessor complex. In a RARa-RXRa-DR5

model, a primary co-activator of the p160 family (SRC1 or TIF2) binds to LxxLL binding motifs of both RARa and

RXRa, which associates the RAR-RXR activation complex with pol II transcriptionmachinery (Osz et al., 2012; Ro-

chel et al., 2011; Senicourt et al., 2021). In fact, the TIF2 co-activator reportedly interacts with theGR to activate or

suppress gene expression. For instance, TIF2/GRIP1 is recruited to AP-1 subunits to facilitate GR-mediated

repression of the collagenase-3 gene (Rogatsky et al., 2001). Thus, TIF2/GRIP1, a part of the RAR-RXR activation

complex, could function as a switch to suppress CYP26A1 expression by interaction with the GR.

The present data further show that 4) RA does not increase C/EBPb transcription in HepG2 cells (Figure 4A); 5)

C/EBPb enhances Cyp26A1 transcription (a CEBPB knockdown decreases CYP26A1 transcription) (Figures 4A

and 4B); 6) RA increases C/EBPb association with SNP rs2068888; this is not blocked by Dex (Figure 4C); 7)

Dex increases C/EBPb association with a transcriptional complex associated with RARE1 in the absence of

RA, suggesting a corepressor interaction (Figure 4D); 8) RA and Dex together increase RARa binding to SNP

rs2068888, but neither alone has an effect (Figure 4C); 9) the minor allele prevents C/EBPb binding to the

SNP (Figure 4F); 10) theminor alleleof the SNP inhibits RA induction ofCYP26A1 (Figure 4G). Thesedata indicate

specific actions of RA vs Dex concerning C/EBPb induction of CYP26A1. Namely, RA recruits C/EBPb to the ma-

jor allele of SNP rs206888, which enhances CYP26A1 transcription, an effect diminished by the minor allele. By

decreasing RA-induced CYP26A1 transcription, the minor allele promotes an increase in liver RA. These data

suggest another mechanism of GR action; reducing C/EBPb-enhanced CYP26A1 transcription. Plausibly, this

would occur by Dex promoting C/EBPb association with a ligand unoccupied RAR bound to RARE1, i.e., a core-

pressor complex. Recruitment of RARa to the SNP by Dex in the presence of RA suggests another potential

mechanism whereby the GR would inhibit RA-induced CYP26A1 transcription.

C/EBPb interacts with other transcription regulators, including the GR, nuclear factor Kappa B, and Acti-

vator Protein-1, to increase chromatin opening (Davis et al., 2018; Grøntved et al., 2013; Kabotyanski
8 iScience 25, 104564, July 15, 2022
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et al., 2006; Lane et al., 1999). C/EBPb binding sites have beenmapped to promoters regulated by retinoids

(Elizondo et al., 2000; Wang et al., 2001), and an interaction between C/EBPb and the RAR/RXR transcrip-

tion complex occurs during adipogenesis (Schwarz et al., 1997). These data suggest that C/EBPb augments

RA-induced CYP26A1 transcription by contributing to chromatin opening. The ability of C/EBPb to interact

with both rs2068888 and RARE1 indicates that C/EBPb/rs2068888 likely locates to the vicinity of RARE1 in

3D genomic space, and/or C/EBPb may transfer between rs2068888 and RARE1 in the CYP26A1 promoter

region depending on metabolic status. SMRT (Silencing Mediator of Retinoid and Thyroid Hormone Re-

ceptors), an element of the RAR/RXR corepessor complex, binds to the transactivation domain of

C/EBPb, which represses GSTA2 expression (Ki et al., 2005). Thus, it is reasonable to suggest that

C/EBPb transfers from rs2068888 to the RAR repression complex associated with SMRT or a

3-dimensional association of C/EBPb bound to rs2068888, and SMRT closes chromatin in theCYP26A1 pro-

moter region, contributing to epigenetic prevention of transcription.

GWASs have mapped thousands of loci to complex traits (Gallagher and Chen-Plotkin, 2018).

These associations may reveal underlying mechanisms disrupted in various diseases. It is difficult, however,

to verify which genes these loci regulate and in which tissues or circumstances regulation develops. Hence,

GWAS findings are translated slowly into drug development or clinical therapy. Although CYP26A1 is the

nearest gene from SNP rs2068888, there has been no human expression quantitative trait loci data associ-

ating the SNP alleles with CYP26A1. We demonstrated an rs2068888-allele-dependent change in CYP26A1

expression, which explains the lower level of blood triglyceride in the population with the minor allele, as

the increase in RA would diminish VLDL (very low density lipoprotein) particle secretion from liver (Amen-

gual et al., 2010; Li et al., 2013).

The current data provide new insight into retinoid regulation of energy metabolism, glucoregulatory control,

mechanisms of the GR regulating RAR-driven gene expression, and Cyp26a1 effects on retinoid functions.
Limitations of the study

Much remains to learn about the mechanism(s) of the GR interaction with RAR and C/EBPb. This report es-

tablished interactions but focused on the physiological significance of regulating CYP26A1 transcription

during fasting to prevent counter-productive RA oxidation. We showed that RA in the whole liver varies

with fasting and refeeding and explored mechanisms in hepatocytes, which provide 90% of liver cells.

Yet, contributions of other liver cell types cannot be excluded.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-IgG Abcam Cat# ab2410; RRID AB_303052

Rabbit monoclonal anti-GR Cell Signaling Technology Cat# 12041; RRID: AB_2631286

Rabbit monoclonal anti-RARa Cell Signaling Technology Cat# 62294; RRID: AB_2799625

Rabbit monoclonal anti-RARg Cell Signaling Technology Cat# 8965; RRID: AB_10998934

Rabbit polyclonal anti-C/EBPb Cell Signaling Technology Cat# 90081; RRID: AB_2078052

Bacterial and virus strains

Subcloning Efficiency� DH5a Competent Cells ThermoFisher Cat# 18265017

Biological samples

Human: Cryopreserved pooled plateable human hepatocytes ThermoFisher Cat# HMCPP5

Critical commercial assays

Dual-Luciferase Reporter Assay System Promega Cat# E1910

QuikChange XL Site-Directed Mutagenesis Kit Agilent Cat# 200516

Lipofectamine 3000 ThermoFisher Cat# L3000008

Experimental models: Cell lines

Human: HepG2 Cell Culture Facility at University

of California, Berkeley

N/A

Human: HeLa Cell Culture Facility at University

of California, Berkeley

N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Oligonucleotides

siRNA-negative control ThermoFisher Cat# 4390843

siRNA-CEBPB ThermoFisher Cat# 4392420

ss oligo DNA (50-GGACTCACTCTGGAAAATGA

CCCTTCGGGCTCCTAGCAGCATGGTGTAGCA

ATAGTGGTGCTGTGCTGTCCAGGGCTGCTGC

GGGTGGGCGACCAAGCTGG-30 )

This paper N/A

Recombinant DNA

pGL4.10[luc2] Promoterless Firefly Luciferase Basic Vector Promega Cat# E6651

pGL4.73[hRluc/SV40] control vector Promega Cat# E6911

Software and algorithms

GraphPad Prism 7
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Joseph L. Napoli (jna@berkeley.edu).
Materials availability

� Plasmids generated in this study will be made available upon request to the Lead contact.

� Edited HeLa cells generated in this study will be made available upon request to the Lead contact.
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Data and code availability

d All dataset generated or analyzed during this study are included in the published article. Detailed data-

sets supporting the current study are available from the Lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

Lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiments

C57BL/6J (000664) male and female mice were purchased from The Jackson Laboratory and bred >3 gen-

erations fed a purified AIN93G diet containing 4 IU vitamin A/g (Research Diets, D10012G), because

copious vitamin A affects experimental models (Obrochta et al., 2014). Littermates of the same sex were

randomly assigned to experimental groups (8-12 weeks old). Liver samples were collected frommice fasted

16 hr and compared to those refed 6 h after a 16 h fast, following anesthesia in an isoflurane chamber. Tis-

sues were snap-frozen in liquid nitrogen and stored at �80�C until assay. Animal experiment protocols

were approved by the University of California Berkeley Animal Care and Use Committee.

Cell culture

HepG2 and HeLa cells were obtained from the Cell Culture Facility, University of California, Berkeley and

maintained in EMEM (ATCC, 30-2003), supplemented with 10% heat-inactivated fetal bovine serum (FBS)

(Gibco, 10082) at 37�C under 5%CO2
. Cells were cultured no >20 passages. Tominimize effects of unknown

factors, growth medium was replaced with serum-free medium and incubated 18 h prior to experiments.

Cryopreserved pooled plateable human hepatocytes (ThermoFisher, HMCPP5) were purchased and

seeded on a 12-well plate in William’s E medium (ThermoFisher, A1217601) and primary hepatocyte thaw-

ing and plating supplements (ThermoFisher, CM3000), following manufacturer’s instructions, and then

incubated 12 h at 37�C under 5% CO2. The medium was replaced with William’s E medium and primary

hepatocyte maintenance supplements (ThermoFisher, CM4000) and incubated 2 h, followed by the exper-

imental protocol.

METHOD DETAILS

Gene expression assays

Total RNAwas isolated using TRI Reagent (Sigma, T9424), quantified using NanoDropOne (ThermoFisher),

and reverse-transcribed using iScript cDNA Synthesis Kit (Bio-Rad, 1708891. qPCR was performed with a

Bio-Rad CFX Connect Real-Time Detection System using PrimeTime Gene Expression Master Mix (Inte-

grated DNA Technologies (IDT), 1055772). Gene expression was analyzed by the DD-Ct method, normal-

ized to GusB and expressed as fold change relative to controls. Primers used were: GUSB (IDT,

Hs.PT.58v.27737538), Gusb (IDT, Mm.PT.39a.22214848), CYP26A1 (IDT, Hs.PT.58.2905296), Cyp26a1 (IDT,

Mm.PT.58.10791878) and CEBPB (ThermoFisher, Hs00270923_s1).

Quantification of RA in tissues and cells

RA was quantified by LC-MS/MS, following a published method with the modification that homogenates

were centrifuged 5 min at 1,200 3 g to remove precipitates (Kane et al., 2008). LC was modified as pub-

lished (Arnold et al., 2012).

To measure the RA elimination t½, HepG2 (7 x 105 cells) were seeded on 6-well plates in EMEM +10% FBS.

After 24 h, cells were FBS-starved for 18 h, then treated with 100 nM RAG 100 nM Dex for 3 h. The medium

was removed, and cells were rinsed with 1 mL PBS. Cells were collected by adding 1 mL of passive lysis

buffer (Promega, E194) at 0, 2, 3, 6, 8 h. A Bradford assay quantified protein in 50 mL cell lysate. The remain-

ing material was mixed with 2 mL methanol to extract and quantify RA as described above.

Cloning reporter vectors

Inserts of constructs a, b and c were prepared by PCR amplification of CYP26A1 promoter regions using

primers listed in Table S1 and DNA isolated from HepG2 cells. Amplified DNA fragments were isolated

by gel electrophoresis and digested with restriction enzymes, KpnI (NEB, R0142), HindIII (NEB, R0104),
14 iScience 25, 104564, July 15, 2022
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BglII (NEB, R0144) or NheI (NEB, R0131) and ligated into the pGL4.10[luc2] Promoterless Firefly Luciferase

Basic Vector (Promega, E6651). Subcloning Efficiency� DH5a Competent Cells (ThermoFisher, 18265017)

were transformed with the ligated products and plated onto LB agar including 100 mg/mL ampicillin. After

incubation overnight at 37�C, five CFUs were placed into LB Broth/ampicillin and incubated overnight at

37�C. Vectors were isolated using Plasmid Maxi Kit (Qiagen, 12,162). Sequences were confirmed by

DNA sequencing.
Transfection and luciferase assay

HepG2 cells were seeded onto 24-well plates with EMEM and 10% FBS at 60-70% confluence. After 24 h

incubation, the medium was replaced with EMEM with 10% charcoal-stripped FBS (ThermoFisher,

A3382101). Cells were transfected with 100 ng/well reporter vector and 10 ng/well control vector,

pGL4.73[hRluc/SV40] (Promega, E6911) using Lipofectamine 3000 (ThermoFisher, L3000008), followed by

24 h incubation. The medium was replaced with FBS-free EMEM. Cells were treated 6 h with 0.1%

DMSO or 1 mM RA G 1 mM Dex. Cells were washed with 500 mL PBS (pH 7.4) and lysed with 120 mL passive

lysis buffer (Promega, #E194A). Luminescence was measured with a mix of 20 mL cell lysate and 75 mL sub-

strate in a 96-well plate using the Dual-Luciferase Reporter Assay System (Promega, E1910) and a

SpectraMax i3 plate reader (Molecular Devices).
ChIP-qPCR

HepG2 cells, seeded onto 15 cm dishes, were treated 30 min with 0.1% DMSO, 1 nM RA, 100 nM Dex or

both. Cross-linking was done 10 min with 1% formaldehyde at room temperature. The reaction was

quenched by addition of 125 mM glycine. Cells were rinsed with 10 mL ice-cold PBS plus protease inhibitor

(ThermoFisher, A32963). After addition of 5 mL ice-cold PBS plus protease inhibitor, cells were collected

into a 15 mL conical tube, centrifuged 3 min at 500 3 g at 4�C. Supernatant was removed. One mL cold

RIPA buffer (ThermoFisher, 89900) and protease inhibitor were applied to lyse the pellet, then sheared

17 min using Covaris S220 Focused-ultrasonicator at PIP 140, DF 5, CBP 200 at 4�C. Samples were centri-

fuged 10 min at 15,000 3 g at 4�C. The sheared chromatin sample was divided for immunoprecipitation—

20 mL for input and 150 mL for immunoprecipitation; 26.2 mL IgG Ab (Abcam, ab2410), 2 mL GR Ab (Cell

Signaling Technology, 12041), 2 mL RARa Ab (Cell Signaling Technology, 62294), 2 mL RARg1 Ab (Cell

Signaling Technology, 8965), 2 mL C/EBPb Ab (Cell Signaling Technology, 90081). Thirty mL protein A/G

plus-agarose bead (Santa Cruz Biotechnology, sc-2003), prepared in 1 mL RIPA buffer and 10 mL salmon

sperm DNA (Abcam ab229278), were added. Samples were rotated 2 h at 4�C. 500 mL washes were

done: twice with RIPA; twice with RIPA and NaCl adjusted to 500 mM; twice with LiCl buffer (20 mM Tris-

HCl at pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, and 0.5% sodium deoxycholate), once with RIPA.

To reverse cross-linking, 74 mL TE/SDS buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.9% SDS) and 1 mL

of 20 mg/mL protease K were added to each sample. Samples were incubated 3 h at 55�C, then 3 M

NaCl (6.6 mL) and 10 mg/mL RNase A (1 mL) were added and incubated overnight at 65�C. DNA was ex-

tracted with a QIAquick PCR Purification Kit (Qiagen, 28104). Real-time qPCR was done for analysis. Primers

are listed in Table S2.
Co-immunoprecipitation and western blotting

HepG2 cells were treated 30 min with 0.1% DMSO, 1 nM RA, 100 nM dexamethasone or both, then cross-

linked 30min with 3mMdisuccinimidyl glutarate (ThermoFisher, 20593), followed by 15min quenching with

30 mM glycine. Cells were rinsed with 10 mL ice-cold PBS plus protease inhibitor (ThermoFisher, A32963).

After addition of 5 mL ice-cold PBS plus the protease inhibitor, cells were collected into a 15 mL conical

tube, centrifuged 3 min 500 3 g at 4�C, followed by removal of supernatant. One mL RIPA buffer

(ThermoFisher, 89900) and the protease inhibitor were added to lyse the pellet. Cell lysates were centri-

fuged 10 min at 15,000 3 g at 4�C. Two hundred mL supernatant were collected, mixed with 2 mL of

RARa Ab and mixed overnight at 4�C. Thirty mL of protein A/G plus-agarose beads were added. Samples

were mixed 2 h at 4�C. 500 mL washes were done: 5 times with RIPA; once with PBS. After removing super-

natant, 30 mL of Laemmli sample buffer (Bio-Rad, 1610737) including 5% b-mercaptoethanol were added.

Samples were heated 5 min at 95�C and cooled on ice.

Proteins were separated by 7.5% SDS-PAGE (Bio-Rad, 4561024), transferred onto nitrocellulose mem-

branes (Bio-Rad, 1620115), and immunoblotted overnight at 4�C with antibodies against GR, RARa

and b-actin (Abcam, ab8226). Primary antibodies were diluted 1: 2,000. Near-infrared fluorescent
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dye-conjugated secondary antibodies were: anti-rabbit (LI-COR, 926-32211) and anti-mouse (LI-COR, 926-

68070) at 1: 5,000. Immunoblots were developed with an Odyssey Imaging System (LI-COR).
Site-directed mutagenesis

Site-directed mutagenesis was done using the QuikChange XL Site-Directed Mutagenesis Kit (Agilent,

200516).
CEBPB knock down

HepG2 cells were seeded onto a 12-well plate with EMEM supplemented with 10% FBS at 60-70% conflu-

ence. After 24 h incubation, cells were transfected with 5 pmol siRNA-negative control (ThermoFisher,

4390843) or 5 pmol siRNA-CEBPB (ThermoFisher, 4392420) using Lipofectamine 3000 then incubated 12

h. Cells were FBS-starved 2 h before treatment with 1 nM RA. CEBPB and CYP26A1mRNAs were measured

by the gene expression assay protocol.
CRISPR/Cas9-mediated single ‘base edit

SNP rs2068888 minor allele was generated in HeLa cells using the CRISPR/Cas9 system, following Cas9/

sgRNA manufacturer’s instruction. Cells were seeded onto a 24-well plate and were transfected at 60-

70% confluence. Prior to transfection, Cas9 ribonucleoproteins (RNPs) were generated with 25 mL.

Opti-MEM� medium, 1250 ng (7.5 pmol) TrueCut� Cas9 Protein v2 (ThermoFisher, A36496), 240 ng (7.5

pmol) sgRNA (50-TAGCAGCATGGTGTAGCGAT-30) and 2.5 mL Cas9 Plus� Reagent (all amounts are pro-

vided for a single well). The mixture was incubated 5 min to allow formation of Cas9 RNPs. Five hundred ng

of the ss oligo DNA (50- GGACTCACTCTGGAAAATGACCCTTCGGGCTCCTAGCAGCATGGTGTAGC

AATAGTGGTGCT GTGCTGTCCAGGGCTGCTGCGGGTGGGCGACCAAGCTGG-30) were added to the

Cas9 RNPs in each well. A Lipofectamine� CRISPRMAX� tube was prepared with 25 mL of Opti-MEM me-

dium and 1.5 mL of Lipofectamine� CRISPRMAX� (ThermoFisher, CMAX00001). This solution was incu-

bated 2min. Cas9 RNPs were added and incubated 15min at room temperature. Fifty mL of the transfection

complex were added to each well. Cells were incubated 48 h at 37�C.
DNA sequencing

The region of DNA sequenced was amplified by PCR with forward primer 50- ATGTTTTATGG

CACAGTCAC-30 and reverse primer 50-ACAGTCCTGATTGAAGAGAAC-30. PCR amplification was done

with Taq DNA Polymerase with 1,000 ng of genomic DNA as template (New England BioLabs, M0273S).

After PCR, 2% agarose gel electrophoresis was done to visualize products, which were extracted using

the Monarch� DNA Gel Extraction Kit (New England BioLabs, T1020S). Isolated DNA was sequenced by

the UC Berkeley DNA Sequencing Facility with the PCR forward primer as sequencing primer.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are means G SEM. Two-tailed unpaired t-tests compared data between two groups. Two-way

ANOVA was used as noted. Statistical testing was done using GraphPad Prism 7 (San Diego, CA).
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