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Abstract

Aim: Lipid kinase class 3 phosphoinositide 3-kinase (PI3K) and nuclear recep-
tor transcription factor glucocorticoid receptor (GR) play essential physiological
roles in metabolic adaptation to fasting by activating lysosomal degradation by
autophagy and metabolic gene expression, yet their functional interaction is un-
known. The requirement of class 3 PI3K for GR function was investigated in liver
tissue.

Methods: Inactivation of class 3 PI3K was achieved through deletion of its es-
sential regulatory subunit Vpsl15, by expressing Cre-recombinase in the livers of
Vpsle/ P mice. The response to both 24-h fasting and synthetic GR ligand, dexa-
methasone (DEX) was evaluated in control and mutant mice. Liver tissue was
analysed by immunoblot, RT-qPCR, and LC-MS.

Results: Vpsl5 mutant mice show decreased transcript levels of GR targets, cou-
pled with lower nuclear levels of total and phosphorylated on Ser211, GR protein.
Acute DEX treatment and 24-h fasting both failed to re-activate expression of
GR targets in the livers of Vps15 mutant mice to the levels observed in controls.
Decreased levels of endogenous GR ligand corticosterone and lower expression
of 11p-hydroxysteroid dehydrogenase 1 (113-HSD1), a metabolic enzyme that
controls corticosterone availability, were found in the livers of Vpsl5 mutants.
Hepatic Vpsl15 depletion resulted in the activation of nuclear Aktl signalling,
which was paralleled by increased polyubiquitination of GR.

Conclusion: In the liver, class 3 PI3K is required for corticosterone metabolism

and GR transcriptional activity.
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1 | INTRODUCTION

Hormone-activated nutrient-sensing signal transduc-
tion pathways control gene expression networks that
are required for metabolic adaptation in response to en-
ergy availability. Multiple functional interactions were
reported between pro-anabolic insulin stimulated class
1 phosphoinositide 3-kinase (PI3K) and pro-catabolic
steroid-induced glucocorticoid receptor (GR) transcrip-
tion factor.'” However, crosstalk between GR and the
pro-catabolic branch of PI3K family, class 3 PI3K, was
never addressed. Class 3 PI3K is critical for cellular pro-
cesses of endocytic trafficking, autophagy, and lysosomal
activity via synthesis of lipid second messenger phospha-
tidylinositol-3 phosphate (PI3P).®” Class 3 PI3K functions
as an obligate complex of regulatory Vps15 and catalytic
Vps34 subunits.® We and others have demonstrated that
class 3 PI3K contributes to metabolic homeostasis by lim-
iting insulin receptor and Akt signalling in physiology.**
The latter is manifested by increased phosphorylation of
Akt substrates such as Forkhead box protein O1 (FoxO1)
transcription factor, and metabolic alterations including
defective gluconeogenesis in hepatic mutants of class 3
PI3K.® Moreover, in fasting, class 3 PI3K plays an essen-
tial role in fatty acid oxidation and mitochondrial biogen-
esis by controlling selective autophagy of transcriptional
repressors Nuclear Receptor Corepressor 1 (NCoR1) and
Histone Deacetylase 3 (Hdac3).!”!" An accumulation of
these transcriptional repressors in the livers of autoph-
agy mutants manifests in the inhibition of transcription
factor Peroxisome proliferator-activated receptor alpha
(PPAR), a master regulator of lipid catabolism. Although
these findings advocate an important role of class 3 PI3K
for transcriptional responses in fasting, its requirement for
an effective GR transcriptional program is not known.
Glucocorticoids (GCs) are steroid hormones secreted
from the adrenal gland, release of which is controlled
by the stress-responsive hypothalamic-pituitary-adrenal
(HPA) system."? Systemic GCs act in hepatocytes by bind-
ing to GR to promote its activation.”> GC-activated GR
acts as a homo- or heterodimer with other transcription
factors such as PPAR«a to inhibit inflammatory gene ex-
pression and to induce gluconeogenesis and lipid metab-
olism.'>*!5> However, excessive activation of GR in the
liver could inflict undesirable metabolic effects such as
induction of lipid synthesis; thus, it is tightly controlled
at multiple levels.!>1%13 First, the balance between ex-
pression of active GRa and inhibitory GRp isoform is
maintained by alternative splicing.'® Second, GR protein
turnover by proteasomal degradation is controlled by
post-translational modifications, including phosphory-
lation downstream of insulin-activated Akt signalling.*
Third, its nuclear translocation and nuclear retention are

impacted by binding to heat shock proteins.*** Finally,
GR ligand levels in hepatocytes are controlled by 11f-
hydroxysteroid dehydrogenase-1 (11pHSD1), an enzyme
that converts inactive 11-Dehydrocorticosterone to its ac-
tive form, corticosterone.?>%*

Although GR could transcriptionally activate au-
tophagy,®?’ the role of class 3 PI3K upstream of GR is
not reported. Here, we show that class 3 PI3K is essential
for GR function in the liver of mice both during physi-
ological fasting (middle of the day) and prolonged 24-h
starvation. Inactivation of class 3 PI3K by deleting its es-
sential regulatory subunit, Vps15, results in defective GR
transcriptional responses. First, liver-specific deletion of
Vps15 manifested in lower expression of GR target genes.
Second, in the livers of Vps15 mutants, both fasting and
DEX treatment did not induce expression of GR targets
to the levels observed in control mice. This defect was
mirrored by decreased phosphorylation of nuclear GR on
Ser211; the residue crucial for its transcriptional activity.
Third, deletion of Vps15 resulted in significantly lower he-
patic levels of GR ligand, corticosterone, without impact-
ing its circulating levels in plasma. Finally, we show that
polyubiquitinated GR is accumulated in hepatic mutants
of Vps15, consistent with increased nuclear Aktl signal-
ling and activation of Mouse double minute 2 homolog
(Mdm?2) E3 ligase. Altogether, these findings place class 3
PI3K upstream of GR transcriptional activity in the liver.

2 | RESULTS
2.1 | Inhibited GR transcriptional
activity in Vps15-null liver

To test if hepatic class 3 PI3K has a role in GR-driven tran-
scriptional responses, we performed comparative analyses
of differentially expressed genes in published microar-
ray sets of liver tissues from GR' and Vps15 mutants.'
Notably, although these transcriptomic data sets were gen-
erated independently, they were performed with internal
controls allowing the filtering of differentially expressed
genes. These analyses demonstrated that transcript lev-
els of 3901 and 2120 unique genes were modified more
than 1.2-fold compared with internal controls in Vps15-
LKO and GR-LKO respectively (Figure 1A). Intersection
of differentially expressed genes revealed 443 genes that
were common in both data sets (Figure 1A). The findings
of 443 genes among 3901 of all differentially expressed
genes in Vps15-LKO mice suggested that class 3 PI3K
might act upstream of GR transcriptional factor function.
Among these 443 shared genes, 350 genes (79%) were
co-regulated similarly in both mutants with 139 genes of
350 were downregulated, whereas 211 genes of 350 were
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FIGURE 1 Repressed transcriptional activity of GR in hepatic mutants of Vps15. A, Venn diagram showing the overlap of the
differentially expressed genes in the liver in microarray sets of GR-LKO (GSE75682) and Vps15-LKO (MTAB-7685) mice. The numbers of
unique genes modified above 1.2-fold in each microarray and overlap between two data sets are shown. Functional clustering analysis of
significantly enriched biological processes by DAVID-GO for co-regulated genes (downregulated (B) or upregulated (C)) in the livers of
GR-LKO and in Vps15-LKO mice. D, Transcript levels by RT-qPCR of GR target genes functioning in different processes. The liver tissue of
random-fed, 6-week-old Vps15”f and AlbCre™; Vps15”f mice was collected in the middle of the day corresponding to physiological fasting

period. Data are means + SEM (n = 4 for Vps157%, n = 4 for AlbCre*; Vps157%, *P < .05, 'P <.01, *P <.001: vs Vps15” mice, two-tailed,

unpaired Student's ¢ test)

upregulated. The subsequent Gene Ontology (GO) path-
way analyses among the co-regulated downregulated
genes showed a significant enrichment of 30 biological
processes (Figure 1B). As expected, those encompassed
processes clustered around response to DEX, amino acid
and glucose metabolism, and more generally, liver and
hepatobiliary system development (Figure 1B). Moreover,
consistent with GR’s role in repressing inflammation, GO
pathway analyses of genes upregulated in both mutants
highlighted the processes of immune cell activation, mi-
gration and proliferation (leukocytes, neutrophils, T-cells,
mononuclear cells) (Figure 1C).

Next, to validate these observations of transcrip-
tomic analyses, we used liver-specific Vpsl5-deficient

AlbCre*; Vpsle/ f mice, hereafter referred to as Vpsl5-
LKO.® Notably, analyses by real-time quantitative PCR
(RT-gPCR) in the livers of Vps15-LKO mice, further sup-
ported initial observations of GR inhibition upon class
3 PI3K inactivation in the liver (Figure 1D). To this end,
significantly decreased transcript levels in the livers of
Vps15-LKO mice were detected for bona fide gene targets
of GR in gluconeogenesis (G6pc, Pepck), lipid metabolism
(Fabpl, Insig2, Lpinl, Mttp, Dgat2), bile acid transport
(Angptl4, Abcbl11), tyrosine metabolism (Tat) and inflam-
mation (Gilz). Moreover, consistently with the repressive
role of GR for their transcription, the transcript levels of
Hes1 and Heyl were significantly increased in the liver of
Vps15-LKO mice (Figure 1D). Altogether, these findings
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suggest that GR is inhibited in the livers of Vps15-LKO
mice.

2.2 | Decreased nuclear expression of GR
in Vps15-null liver

Given the findings of decreased transcript levels of GR
targets genes, we asked if inactivation of class 3 PI3K im-
pacts GR protein expression. As we reported earlier, he-
patic Vps15 depletion results in degradation of the lipid
kinase, Vps34 protein.® This leads to the severe inhibi-
tion of endocytic trafficking and lysosomal degradation
by autophagy, witnessed by significant accumulation of
lysosomal membrane protein Lamp2, autophagy recep-
tor p62 and autophagosome-associated protein LC3-II
(Figure 2A). These defects in proteostasis in the livers of
Vps15-LKO mice were accompanied by significantly de-
creased GR protein levels (Figure 2A). Of note, the anti-
GR antibody that we used recognizes both GRa and GRf
splicing isoforms that differ only in 15aa. Notably, GRf
does not bind to GC and also is reported to act as an in-
hibitor of GRa transcriptional activity.”® In physiology,
the expression of GRp in the liver is low, with GRa act-
ing as a predominant isoform of GR in this tissue. The
lack of compensatory GRf overexpression in Vps15-LKO
mice was demonstrated by RT-qPCR analyses using iso-
form discriminating primer pairs. In line with decreased
protein expression of GR, we found lower levels of GRa
isoform and unmodified GRp transcript levels in Vps15-
LKO mice (Figure 2B). Next, given that GR phosphoryl-
ation on Ser211 is the mark of its transcriptional activity
in response to GCs,?’ we analysed the phosphorylation
of GR in Vps15-LKO mice. Consistent with lower levels
of GR total protein, the levels of its phosphorylated on
Ser211 form were significantly decreased in the livers of
Vps15-LKO mice (Figure 2A). Of note, the quantifica-
tion of phosphorylated on Ser211 GR normalized to total
GR levels showed similar ratio in the livers of control
and Vps15-LKO mice further confirming that there is
no compensatory hyper-phosphorylation of GR protein
in Vps15 mutants. Furthermore, given the observations
of decreased GR protein levels in total liver extracts of
Vps15-LKO mice, we analysed the expression of GR and
GR phosphorylated at Ser211 in nuclear fractions of the
liver tissue. Consistent with findings in total protein ex-
tracts, significant depletion of GR and phosphorylated
GR was observed in liver nuclear fractions of Vpsl5-
LKO mice (Figure 2C). In sum, these transcript and pro-
tein expression analyses in the livers of Vps15 mutants
suggest that class 3 PI3K acts upstream of GR by main-
taining its nuclear expression and phosphorylation.

2.3 | Fasting and DEX treatment does not
fully rescue GR target levels in Vps15-
LKO mice

Next, we asked whether expression of GR targets in the
livers of Vps15-LKO mice could be rescued by fasting or
pharmacologically, by its synthetic agonist DEX. First,
we tested the impact of fasting and for this, control and
Vps15-LKO mice were killed at the onset of darkness
(active feeding phase) with or without 24-h starvation.
As seen from Figure 3A, in the livers of control mice,
24-h fasting induced the transcript levels of genes in
gluconeogenesis (G6pc, Pepck) and in lipid metabolism
(Lpinl, Mttp, Insig2). Notably, in line with transcrip-
tomic analyses presented on Figure 1D, the expression
of GR targets significantly decreased (increased for
Heyl, consistent with the repressive role of GR for its
expression) in the livers of Vps15-LKO mice. Although
fasting did not fully rescue expression of GR-gene tar-
gets in Vps15-LKO mice to the levels observed in control
mice (Figure 3A), the magnitude of changes in response
to fasting was comparable between both genotypes for
most targets with the exception of Mttp gene. Next,
given these observations in fasting, we asked whether
acute administration of potent GR agonist, DEX, for
5 h could fully restore its activity in the livers of Vps15
mutants. The transcript analyses by RT-qPCR showed
that, in the livers of control mice, the majority of GR
targets were responsive to short-term DEX administra-
tion (Tat, Gilz, Lpinl, Insig2, Dgat2, Heyl), except for the
gluconeogenesis genes (G6pc and Pepck) (Figure 3B).
Moreover, similar to fasting, acute DEX administration,
did not rescue the transcript levels of GR targets in the
livers of Vps15-LKO mice to the levels observed in con-
trols (Figure 3B). Of note, the magnitude of responses
to DEX treatment in the livers of Vpsl5 mutants was
gene-dependent. The first group of responsive genes
(Lpinl, Gilz and Heyl genes) showed similar magnitude
of changes in both control and mutant mice, whereas in
the second group (Dgat2, Insig2 and Tat genes) it was
lower in Vpsl5 mutants compared with control mice
(Figure 3B). Furthermore, in agreement with its tran-
scriptional inhibition, nuclear GR protein and its phos-
phorylated form on Ser211 were decreased in the livers
of Vps15-LKO mice both in fasting and in response to
DEX treatment (Figure 3C). Notably, the phosphoryla-
tion of GR on Ser211 was induced on DEX treatment in
the livers of control mice, whereas it was unmodified in
the livers of Vps15-LKO mice (Figure 3C). Altogether,
neither fasting nor acute administration of DEX could
restore the expression of GR target genes in the livers of
Vps15-LKO mice to the levels of control mice.
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FIGURE 2 Decreased nuclear expression of GR in the livers of Vps15-LKO mice. A, Immunoblot analysis of total protein of liver

extracts from random-fed, 6-week-old Vps15”/fand AlbCre*; Vps15” mice using indicated antibodies. The liver tissue was collected in
the middle of the day corresponding to physiological fasting period. Immunoblot with anti-GAPDH antibody served as a loading control.

Densitometric analyses of protein levels normalized to GAPDH levels presented as folds over Vps15”' mice. Data are means + SEM (n = 4
for Vps15”%, n = 4 for AlbCre*; Vps15"%, *P <.05, TP <.01, *P <.001: vs Vps15”", two-tailed, unpaired Student's  test). B, Relative transcript
levels of GR isoforms, GRa and GR in the livers of Vps157f and AlbCre™; Vps157 analysed by RT-qPCR (liver tissue collected as in (A).
Data are means + SEM (n = 8 for Vps157', n = 9 for AlbCre*; Vps15”%, *P <.05: vs Vps15"" mice, two-tailed, unpaired Student's ¢ test). C,
Immunoblot analysis using indicated antibodies of nuclear fraction of liver extracts from Vps15” and AlbCre*; Vps15” mice (liver tissue

collected as in (A). Immunoblot with p-catenin antibody served as a loading control. Densitometric analyses of protein levels normalized to
B-catenin levels presented as folds over Vps15”%. Data are means + SEM (n = 4 for Vps15”%, n = 4 for AlbCre™; Vps157%, *P <.001: vs Vps157",

two-tailed, unpaired Student's ¢ test)

2.4 | Expression of nuclear co-
regulators of GR is altered in Vps15-LKO

GR resides in the cytosol in a repressive complex with Hsp90
and Hsp70 chaperone proteins.”>*° To test whether the in-
hibition of GR observed in the livers of Vps15-LKO mice is
associated with overexpression of the chaperones, we ana-
lysed their levels in total protein extracts. These immunob-
lot analyses showed that expression of Hsp70 is significantly
decreased while levels of Hsp90 are not modified in the
livers of Vps15-LKO mice (Figure 4A). Given that nuclear

Hsp90 was also reported to bind GR to repress its transcrip-
tional activity,”® we next asked whether nuclear levels of
Hsp90 are modified in Vps15-LKO mice. Immunoblot anal-
yses of nuclear fractions showed significantly upregulated
Hsp90 expression in the livers of Vps15-LKO mice com-
pared with controls (Figure 4B). Recent BioRxiv pre-print
study suggested that nuclear Fabp1 protein could act as a co-
activator of GR, similarly to its effect on PPAR«** (https://
doi.org/10.1101/2021.07.02.450968). Consistent with the
inhibition of GR observed in Vps15-LKO mice, nuclear lev-
els of Fabpl were depleted in the livers of Vpsl5 mutant
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FIGURE 3

ACTA PHYSIOLOGICA Mikkaka

Incomplete reactivation of GR in the livers of Vps15-LKO mice in response to fasting and acute DEX treatment. A, Relative

transcript levels of GR target genes in the livers of Vpsle/ fand AlbCre*; Vpsle/ f by RT-qPCR. The 6-week-old mice were fasted at the

onset of night (active feeding period) and both treatment groups sacrificed 24 h after. Data are means + SEM (Vpsle/ T(n = 6 for fed and
fast group), AlbCre™; Vps1577(n = 4 and n = 5 for fed and fast group), *P <.05, P <.01, *P <.001: two-tailed, unpaired Student's ¢ test). B,
Relative transcript levels of GR target genes in the livers of Vpsle/ fand AlbCre*; Vpsle/ " mice by RT-qPCR. The 6-week-old mice were
injected IP with DEX (50 mg/kg) at the onset of the day phase and liver tissue collected 5 h later (middle of the day corresponding to
physiological fasting period). Data are means + SEM (Vps157t (n = 4 for placebo and DEX group), AlbCre™; Vps157f (n = 5 for placebo and
DEX group), *P <.05, P <.01, *P <.001: two-tailed, unpaired Student's ¢ test). C, Immunoblot analysis of nuclear extracts of the liver tissue
collected under the conditions as in (A) and (B) using indicated antibodies. Densitometric analyses of protein levels normalized to p-catenin
levels presented as folds over Vps15”-placebo condition. Data are means + SEM (Vps15”" (n = 4 for fed and fast group), AlbCre™*; Vps157f
(n = 4 for fed and fast group), Vps15” (n = 3 and n = 4 for placebo and DEX group), AlbCre™; Vps15” (n = 3 and n = 4 for placebo and

DEX group), *P <.05, P <.01, two-tailed, unpaired Student's ¢ test)

(Figure 4B). Altogether, these expression analyses suggest
that class 3 PI3K might impact nuclear GR function through
availability of its co-regulators.

2.5 | Metabolism of GC ligand in the
liver is dependent on Vps15

GC availability is controlled by the activity of two cy-
tosolic enzymes, 11p-hydroxysteroid dehydrogenase
(HSD1) and 11p-hydroxysteroid dehydrogenase-2
(11pHSD2).** In mice, 11pHSD1 converts non-active GC,
11-dehydrocorticosterone, to its active form corticoster-
one. Inversely, corticosterone inactivation is mediated by
11p-HSD2. 11pHSD1 is highly expressed in the liver, while
expression of 11HSD?2 is limited to the kidney, colon and
sweat gland.* To test whether the inhibition of GR tran-
scriptional activity in the liver of Vps15-LKO mice could
be due to changes in its ligand metabolism, we measured
11pHSD1 transcript levels. Expression analyses showed
that in line with GR inhibition, 11pHSD1 transcript lev-
els were significantly decreased in the livers of Vps15-
LKO mice (Figure 4C). These findings were mirrored by
decreased transcript levels of C/EBPa and C/EBPp, two
transcription factors upstream of 11pHSD1** (Figure 4C).
Finally, in accordance with the findings of decreased
11pHSD1 expression, hepatic corticosterone levels were
reduced in the livers of Vps15 mutants (Figure 4D). Of
note, corticosterone levels in plasma were not different
between Vps15-LKO and control mice, ruling out defects
of its secretion from adrenal glands (Figure 4D). In sum,
inhibition of GR is accompanied by decreased availability
of its ligand in the livers of Vps15-LKO mice.

2.6 | Acute depletion of Vpsl5 in the liver
results in GR inhibition

Next, we asked to which extent GR inhibition in Vps15-
LKO mice could be reproduced by acute depletion of

Vpsl5 in the liver. For this, we transduced Vpsle/ ! mice

with adenoviral vectors expressing CRE-recombinase
or, as a control, GFP protein and collected the liver tis-
sue 10 days after transduction. In our previous study, we
validated the selectivity and effectiveness of this acute ap-
proach for class 3 PI3K inactivation in the livers of adult
mice.® Similar to chronic inactivation of class 3 PI3K, acute
depletion of Vpsl15 led to decreased transcript levels of nu-
merous GR gene targets (Figure S1A). However, compar-
ing the magnitude of decrease in these two conditions,
the acute depletion of Vpsl5 was less potent (compare
Figure 1D and Figure S1A). This is illustrated by the ten-
dency to decrease of Insig2, Tat and Gilg transcript levels.
Notably, both acute and chronic depletion of Vps15 mani-
fested in profound defects of autophagy, witnessed by sim-
ilar magnitude of p62 protein accumulation (Figure 2A
and Figure S1B). Unlike on chronic inactivation, protein
levels of GR and its form phosphorylated on Ser211 were
largely unmodified by acute Vpsl5 depletion (minor de-
crease in phosphorylated form of GR upon Vps15 deple-
tion was significant) (Figure S1B). Furthermore, acute
loss of Vps15 did not lead to significant changes in protein
levels of chaperones Hsp70 or Hsp90 (Figure S1B). As in
Vps15-LKO mice, acute inactivation of Vps15 led to a de-
crease in transcript levels of 11pHSD1; however, it did not
significantly impact transcript levels of C/EBPp (Figure
S1C). Finally, these expression changes were accompa-
nied by a tendency to decrease of corticosterone levels
in the livers of mice with acute Vps15 depletion (Figure
S1D). Overall, these findings in mice upon acute deletion
of Vps15 suggest an inhibition of GR transcriptional activ-
ity without impacting its protein levels.

2.7 | Increased ubiquitination of GR
in the livers of Vps15-LKO mice

To gain further insights into mechanisms of GR dysfunc-
tion upon chronic inactivation of class 3 PI3K, we asked
whether it could be because of its repression by activated
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Akt signalling and increased GR protein turnover by poly-
ubiquitination. We and others have previously demon-
strated that due to inhibited endosomal trafficking and
blocked lysosomal degradation of insulin receptor, Vps15-
LKO mice show persistent activation of Akt signalling.®’
Two Akt substrates were reported to act upstream of GR.
Namely, GSK3p/a was reported as a kinase of Ser211
while Mdm?2 is a known E3 ubiquitin ligase of GR to
promote its polyubiquitination for proteasomal degrada-
tion.***** Phosphorylation of Mdm2 by Akt stimulates
its nuclear localization and E3 ligase activity.”®?” At the
same time, phosphorylation of GSK3 by Akt inhibits its
protein kinase activity.*® To interfere with nuclear GR,
Akt signalling should reside in nucleus and, consistently,
we found increased phospho-Ser473Aktl, a mark of its
activation, as well as upregulated phospho-Ser166Mdm?2
and phospho-Ser9/21 GSK3p/a in liver nuclear extracts
of Vps15-LKO mice (Figure 4E). Interestingly, increased
phosphorylation of Ser473 in Aktl was also evident in the
livers of mice upon acute depletion of Vps15 (Figure S1B).
Given that poly-ubiquitination and subsequent proteaso-
mal degradation control GR protein turnover, we tested
whether ubiquitination of GR is impacted by chronic in-
activation of class 3 PI3K. Immunoprecipitation of GR
followed by immunoblot with anti-ubiquitin antibodies
demonstrated that in line with its decreased protein lev-
els in Vps15-LKO mice, poly-ubiquitination of GR was
significantly augmented in the livers of Vpsl5 mutants
compared with controls (Figure 4F). Increased poly-
ubiquitination of GR in the livers of Vps15-LKO mice
was accompanied by accumulation of polyubiquitinated
proteins in total liver extracts (Figure 4F). The latter is a
hallmark of defective proteostasis commonly observed in
autophagy mutants.* **** Altogether, these findings show
positive correlation of increased nuclear Aktl signalling
and GR polyubiquitination in the livers of Vps15-LKO
mice.

3 | DISCUSSION

In this work, we demonstrated that chronic inactivation of
class 3 PI3K by hepatocyte-specific deletion of its essential
regulatory subunit, Vps15, manifests in decreased protein
levels of the transcription factor nuclear receptor, GR. We
also show that activatory phosphorylation of GR at Ser211
is significantly lower in the livers of Vps15-LKO mice. We
demonstrate that fasting or acute administration of DEX,
two potent stimuli for GR activation, did not restore ex-
pression of GR target genes in Vps15 mutants to the levels
observed in the livers of control mice. Finally, we provide
the molecular insights into potential mechanisms of GR
dysfunction in Vps15 mutants. To this end, we show that
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consistent with GR inhibition, the expression of 11pHSD1
that converts inactive GC precursor into its active corticos-
terone form, as well as levels of corticosterone are signifi-
cantly decreased in the livers of Vps15-LKO mice. We also
demonstrate that nuclear Aktl signalling is augmented in
the livers of Vps15 mutants. In line with the reported re-
pressive role of Akt on GR activity and protein stability,
we observed enhanced polyubiquitination of GR protein
in the livers of Vps15-LKO mice. Although GR is reported
to activate transcription of autophagy related genes and to
promote autophagy,”’ our findings point to unappreci-
ated feedback of class 3 PI3K on GR activity.

In the liver, GC-activated GR activates transcription of
a broad range of gene targets involved in glucose and lipid
metabolism, bile acid transport, amino acid metabolism,
inflammatory pathways and transcriptional regulation.'?
Notably, our findings suggest that inactivation of class
3 PI3K impacts general transcriptional activity of GR,
consistent with decreased protein expression of nuclear
GR and its phosphorylated at Ser211 form in the livers
of Vpsl5 mutants. However, potential selectivity is sug-
gested by lower magnitude of transcriptional induction in
response to DEX treatment for Dgat2, Isigl and Tat genes
in the livers of Vpsl5 mutants compared with controls.
Future works using an unbiased GR ChIP-Seq approach
in class 3 PI3K mutants will provide a wider view of its
gene targets and might reveal specific GR gene signatures
selectively affected by class 3 PI3K activation or inhibition.
Notably, specific inhibition of autophagy or endocytic traf-
ficking in hepatocytes, two processes controlled by class 3
PI3K, could point to molecular mechanisms upstream of
GR transcriptional activation in the liver.

Our study, although descriptive, provides a few molec-
ular insights into how class 3 PI3K might control GR tran-
scriptional activity. First, we show that class 3 PI3K might
controls GR ligand levels, possibly by promoting C/EBPf
expression. C/EBPp is a transcription factor of 11HSD1,
which is essential for production of active GC in the liver.
Moreover, C/EBPp has dual actions on GR, both activat-
ing and repressing transcription of its targets by changing
chromatin accessibility in GR binding sites.** Thus, given
that Vps15-LKO mutants showed decreased transcripts
levels of C/EBPa and C/EBP, inhibited transcriptional
activity of GR might be due to defects in steroid hormone
metabolism as well as lower expression of GR transcrip-
tional co-factors. Second, expression of chaperones and
Fabps could represent another layer of GR control by
class 3 PI3K. We found decreased levels of cytosolic and
increased nuclear levels of Hsp90 in the livers of Vps15-
LKO mice. These could be the consequence of defective
proteostasis in cells lacking class 3 PI3K because of inac-
tive lysosomal degradation and an overloaded proteasome
degradation. The latter is consistent with observations in
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autophagy mutants and backed by findings of accumulated
polyubiquitinated proteins in liver extracts of Vps15-LKO
mice (Figure 4F).***? Yet, there is no consensus on the im-
pact of the nuclear Hsp90 on GR transcriptional activity.
Hsp90 was reported to stabilize the association of ligand-
bound GR to DNA and to stimulate its transcriptional ac-
tivity.** Another report demonstrated that nuclear Hsp90
inhibited GR transcription by reducing its association with
GC response elements at chromatin.*! Thus, future works
should clarify functional impacts of class 3 PI3K on nu-
clear Hsp90 turnover and its contribution to GR regulation
in the liver. Moreover, recent pre-print study suggested
that nuclear Fabpl might act as a co-activator of GR, sim-
ilar to its effect on nuclear receptor PPARo** (https://doi.
0rg/10.1101/2021.07.02.450968). It will be interesting to
test whether the rescue of nuclear Fabpl levels could re-
activate GR transcription in Vpsl5-depleted hepatocytes.
Finally, given that class 3 PI3K activates selective autoph-
agy of transcriptional repressors, Hdac3 and NcoR1,' jt
is tempting to propose that their inhibition might restore
GR function in Vps15 mutants. These mechanistic exper-
iments may reveal the molecular interconnection of auto-
phagy and transcriptional control of nuclear receptors in
physiological fasting-feeding cycles.

Transcriptional activity of GR is controlled by phos-
phorylation at Ser residues in the N-terminal domain
(S113, S134, S141, S143, S203, S211, S226, S4O4).45 We fo-
cused on Ser211 phosphorylation which is strongly linked
to full GC-induced activation of GR.**** Our analyses show
that levels of phospho-Ser211GR are decreased and cannot
be recovered by acute DEX treatment in Vps15-LKO mice.
This observation could be due to low GR protein expres-
sion or because class 3 PI3K is required for specific protein
kinase/phosphatase activity in hepatocytes. Several pro-
tein kinases were reported to phosphorylate GR on Ser211,
including MAPK kinases, cyclin-dependent kinases and
GSK-3p.1%45% Although we cannot totally rule out the de-
fects in AMPK/p38MAPK signalling as the cause of lower
phosphorylation of Ser211GR in Vps15-LKO mice, we did
not observe differences in their activation (phosphoThr172
AMPK and phosphoThr180/phosphoTyr182 p38) in the
livers of fed mutants (data not shown). In our previous
study, we reported increased Akt signalling in hepatocytes
lacking class 3 PI3K.® Our findings of lower GR phosphor-
ylation in the livers of Vps15-LKO mice are also consistent
with repressive functions of activated Akt signalling on
GSK3[3/oc.38 Furthermore, while Akt and GSK3 are most
often discussed as cytosolic signal transduction cascade,
both kinases and their different substrates (eg, FoxO1/3a,
GR, PGCla, p300, Mdm?2, p-catenin) also function in the
nucleus.*”>! In addition, as soon as GC-GR activity is in-
duced, an inhibitory feed-back loop for GR repression and
degradation is activated to prevent its over-activation.>

One of the E3 ligases that facilitates polyubiquitination for
proteasomal degradation of GR is Mdm2.2%**** It is also a
well-known substrate of Aktl which activates its E3 ligase
activity.***” Thus, our observations of accumulated nu-
clear phospho-Ser473 Aktl as well as increased phospho-
Ser9/21 GSK3p/a and phospho-Ser166 Mdm?2 in the livers
of Vpsl5 mutants might contribute to GR suppression.
Future mechanistic analyses using pharmacological and
genetic approaches targeting the Akt1-Mdm2/GSK3 axis
in the livers of Vps15-LKO mice will be instrumental to
dissect functional crosstalk between class 3 PI3K and GR.
Finally, increased proteasomal degradation in the livers of
Vps15 mutants might be the cause of higher GR protein
turnover. Both inhibition and activation of proteasomal
degradation were reported in models of disrupted auto-
phagy, reflecting a complex relationship between these
two cellular degradation pathways.”>* Acute depletion
of Vpsl15 in the liver led to decrease in transcript levels
of GR target genes without changes in GR protein levels.
Thus, it is plausible that defect in GC availability in Vps15-
depleted hepatocytes precedes activation of GR proteaso-
mal degradation. In this scenario, decreased protein levels
of GRin the livers of Vps15-LKO mice might be secondary
to severe proteostasis defects due to chronic inactivation
of class 3 PI3K. Altogether, our study opens to future mo-
lecular investigations of class 3 PI3K functions upstream
of GC-GR transcriptional activity and its function for met-
abolic control.

4 | MATERIALS AND METHODS

4.1 | Reagents

The following primary antibodies were used: GR (1:1000,
Cell Signaling, 3660S); pSer211 GR (1:1000, Cell Signaling,
4161S); Lamp2 (1:1000, Abcam, ab13524); p62 (1:2000,
Abnova, H00008878-M01); LC3 (1:500, NanoTools, 0231-
100/LC3-5F10); GAPDH (1:2000, Cell Signaling, 5174); f-
catenin (1:1000, BD Biosciences, 610 153); HSP90 (1:1000,
Proteintech, 13171-1-AP); HSP70 (1:1000, Proteintech,
10995-1-AP); Fabpl (1:3000, Santa Cruz, sc-374537);
Ubiquitin (1:1000, Cell Signaling, 3936); pSer473 Aktl
(1:1000, Cell Signaling, 9018); pSer9/21 GSK3p/a (1:1000,
Cell Signaling, 9331) and pSerl66 MDM2 (1:1000, Cell
Signaling, 3521). GFP and GFP-Cre adenoviral vectors
were described previously.”

4.2 | Animals

The Vspl5 conditional mutant mouse line was estab-
lished at the MCI/ICS (Mouse Clinical Institute - Institute
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Clinique de la Souris, Illkirch, France) as described.”®
Liver-specific Vps15 knockout mouse line was generated
as described.® Mice were housed in specific pathogen-free
conditions. Male mice (6-week-old) were used for the
experimentation. Mice were randomly allocated to ex-
perimental groups and to ensure statistics analyses and
at least three animals were used for each condition (as
indicated in figure legends). Animal numbers were cho-
sen to reflect the expected magnitude of response taking
into account the variability observed in previous experi-
ments. All animals used in the study were fed ad libitum
standard chow diet (Teklad global protein diet; 20% pro-
tein, 75% carbohydrate, 5% fat) and kept under 12/12 h
(8 Am /8 PM) light on/off cycle. For liver tissue collection,
animals were Kkilled between 2 and 4 PM (ZT6-ZT8) un-
less indicated. For plasma collection, venous blood was
collected in ad libitum fed mice at the peak of GC levels
(8 PM, ZT12). For fasting experiment, mice were food de-
prived for 24 h starting at 8 PM (ZT12). For in vivo liver
transduction, the adenoviral vectors expressing either
GFP or GPF-Cre were administered by retroorbital in-
jection (10"9/mouse), and the liver tissue was collected
ten days later.® All animal studies were performed by au-
thorized users in compliance with ethical regulations for
animal testing and research. The study was approved by
the Direction Départementale des Services Vétérinaires,
Préfecture de Police, Paris, France and the ethical com-
mittee of Paris Descartes University (authorization num-
ber APAFIS#14968-2017110812164999 v6).

4.3 | Targeted metabolomics

Targeted metabolomics analyses were performed as
described.”’ Briefly, extraction solution used was 50%
methanol, 30% ACN and 20% water. The volume of ex-
traction solution added was calculated from the weight of
powdered tissue (60 mg/mL) or the volume of the plasma
(33ul/ml). After addition of extraction solution, samples
were vortexed for 5 min at 4°C, and then centrifuged
at 16 000 x g for 15 min at 4°C. The supernatants were
collected and analysed by liquid chromatography-mass
spectrometry using SeQuant ZIC-pHilic column (Merck)
for the liquid chromatography separation. Mobile phase
A consisted of 20 mM of ammonium carbonate plus 0.1%
ammonia hydroxide in water. Mobile phase B consisted
of ACN. The flow rate was kept at 200 ml/min, and the
gradient was 0 min, 80% of B; 30 min, 20% of B; 31 min,
80% of B; and 45 min, 80% of B. The mass spectrometer
(QExactive Orbitrap, Thermo Fisher Scientific) was oper-
ated in a polarity switching mode, and metabolites were
identified using TraceFinder Software (Thermo Fisher
Scientific). The specific peak area is presented.
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4.4 | Protein extraction,
immunoprecipitation and immunoblotting

To prepare total protein extracts for immunoblot analy-
ses, the liver tissue was powdered in liquid nitrogen, and
proteins were extracted in lysis buffer containing 20 mM
Tris-HCI (pH 8.0), 5% glycerol, 138 mM NaCl, 2.7 mM
KCl, 1% NP-40, 20 mM NaF, 5 mM EDTA, 1X protease
inhibitors (Roche), 1x PhosphoStop Inhibitors (Roche).
Homogenates were spun at 12,000g for 10 min at 4°C.
For immunoprecipitation, 1 mg of total extract was in-
cubated overnight with 5 pul of anti-GR antibody (Cell
Signaling, 3660S). The protein complexes were washed
four times with lysis buffer and then eluted by boiling
the beads in 1xSDS-sample buffer for 10 min. Protein
extracts were resolved by SDS-PAGE on Tris-Bis/MOPS
running buffer before transfer onto the PVDF membrane
followed by incubation with primary antibodies and
HRP-linked secondary antibodies. Immobilon Western
Chemiluminescent HRP Substrate (Millipore) was used
for the detection. Images were acquired on ChemiDocTM
Imager (Biorad). Nuclear soluble fractions were prepared
from 50 mg of frozen tissue of the liver as reported.’®
Briefly, tissue powder was homogenized in 1 mL of hy-
potonic buffer (10 mM HEPES pH7.9, 0.5 mM DTT) and
incubated on ice for 30 min with vortexing for 10 s every
5 min. Samples were brought to 0.4% NP40 and were in-
cubated on ice for 2 min then vortexed for 10 s. Nuclei
were pelleted by centrifugation at 800g for 1min at 4°C.
Supernatants were collected as cytosolic fraction. Prior
to nuclei extraction, the pellet was washed as follows:
three times with 1 mL of hypotonic buffer, once with
1 mL of hypotonic buffer complemented with 14% NP40,
three times with 1 mL of hypotonic buffer. Nuclear pellet
was re-suspended in 300 pl of hypertonic buffer (20 mM
HEPES pH7.9, 0.5 mM DTT, 0.42 M NaCl, 25% Glycerol,
0.2 mM EDTA pH 8) and incubated on ice for 40 min
with vortexing for 10 s every 10 min. Nuclear soluble
fraction was recovered by centrifugation at 10,000g for
1 min at 4°C.

4.5 | Real-time quantitative PCR

Total RNA was isolated from the liver tissue using
RNAeasy Lipid Tissue Mini Kit (Qiagen). Single-strand
complementary DNA was synthesized from 1 pg of total
RNA using 125 ng of random hexamer primers and
SuperScript II (Life Technologies). RT-qPCR was per-
formed on QuantStudio 1 (Thermo Fisher Scientific)
using an iTaq Universal SYBR Green Supermix (Bio Rad).
Relative amounts of mRNA were determined by means of
the 2—AACT method, with eIF2a as reference gene and
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control treatment or control genotype as the invariant
control. Primer sequences are listed in Table S1.

4.6 | Bioinformatic analyses

The source data for microarray analyses are ArrayExpress
database (Vpsl5 depleted liver, E-MTAB-7685)"° and
Gene Expression Omnibus (GR LKO, GSE75682)."° The
gene list of all significantly modified genes (filtered fold
change 1.2) was used to compare two data sets. GO analy-
ses of co-regulated genes (upregulated or downregulated)
were performed using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) V6.8.
The functional GO enrichment tests have been made with
the R package enrichGO used to create the graphics with
the R package clusterProfiler and IDs converted with the
R package AnnotationDbi. For GO term analysis, the bio-
logical process categories are presented as emapplots.

4.7 | Statistical analysis

Data are shown as means + SEM. The unpaired two-tailed
Student's ¢ test was applied for statistical analysis. Results
were considered significant in all experiments at P <.05.
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