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AMPK regulation of Raptor and TSC2
mediate mettormin effects on
transcriptional control of anabolism
and intlammation
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Despite being the frontline therapy for type 2 diabetes, the mechanisms of action of the biguanide drug metformin
are still being discovered. In particular, the detailed molecular interplays between the AMPK and the mTORC1
pathway in the hepatic benefits of metformin are still ill defined. Metformin-dependent activation of AMPK clas-
sically inhibits mMTORC1 via TSC/RHEB, but several lines of evidence suggest additional mechanisms at play in
metformin inhibition of mTORCI1. Here we investigated the role of direct AMPK-mediated serine phosphorylation
of RAPTOR in a new Raptor®* mouse model, in which AMPK phospho-serine sites Ser722 and Ser792 of RAPTOR
were mutated to alanine. Metformin treatment of primary hepatocytes and intact murine liver requires AMPK
regulation of both RAPTOR and TSC2 to fully inhibit mTORC], and this regulation is critical for both the trans-
lational and transcriptional response to metformin. Transcriptionally, AMPK and mTORC1 were both important for
regulation of anabolic metabolism and inflammatory programs triggered by metformin treatment. The hepatic
transcriptional response in mice on high-fat diet treated with metformin was largely ablated by AMPK deficiency
under the conditions examined, indicating the essential role of this kinase and its targets in metformin action in

vivo.
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Type 2 diabetes is a global health crisis affecting 8.3% of
adults worldwide (https://www.diabetesatlas.org). The
frontline treatment and most prescribed antidiabetic
drug is the biguanide metformin, which prevents cardio-
vascular events, limits inflammation, and lowers blood
glucose by decreasing hepatic glucose production, de-
creasing intestinal glucose absorption and increasing pe-
ripheral glucose utilization (Rena et al. 2017; Vial et al.
2019). However, the molecular mechanisms underlying
these benefits of metformin are complex and still not fully
understood.

Metformin has been shown to inhibit mitochondrial re-
spiratory complex I, subsequently decreasing cellular res-
piration and cellular ATP levels (Vial et al. 2019).
Metformin-induced energy depletion rapidly activates
the AMP-activated protein kinase (AMPK), which is a ser-
ine-threonine kinase conserved in all eukaryotes that

Corresponding author: shaw@salk.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.339895.120.

plays a critical role in sensing intracellular energy levels
and suppressing cell growth under low-energy conditions
(Gonzélez et al. 2020). AMPK phosphorylates multiple
downstream targets to restore energy balance by promot-
ing ATP-producing catabolic processes and inhibiting
ATP-consuming anabolic processes (Garcia and Shaw
2017; Gonzilez et al. 2020).

One of the central downstream pathways inhibited by
AMPK is the mechanistic target of rapamycin complex I
(mTORCI1) pathway, a major driver of anabolic metabo-
lism that is inappropriately activated by obesity and im-
plicated in diabetes (Khamzina et al. 2005; Laplante and
Sabatini 2012). mTORCI1 is a highly conserved nutrient-
responsive regulator of cell growth composed of the
mTOR serine-threonine kinase, the scaffold protein
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RAPTOR, and associated subunits (Liu and Sabatini
2020). mTORCI directly phosphorylates downstream
substrates including ribosomal S6 kinase-1 (S6K1), eu-
karyotic initiation factor 4E (eIF4E)-binding protein 1
(4E-BP1), unc-51 like autophagy-activating kinase 1
(ULK1), and transcription factor binding to IGHM enhanc-
er 3 (TFE3), to regulate protein synthesis and autophagy in
order to promote cell proliferation and biogenesis of build-
ing blocks for cell replication (Liu and Sabatini 2020).

mTORCI activity is regulated by nutrients, growth fac-
tors, and energy status through multiple upstream ave-
nues. Growth factor- and insulin-stimulated signaling
pathways signal through the small G protein RHEB,
which activates mTORC1 when GTP-bound (Gomes
and Blenis 2015). The GTP-status of RHEB is directly reg-
ulated by a protein complex composed of the tuberous
sclerosis complex proteins (TSC1 and TSC2), which func-
tions as a GTPase-activating protein (GAP) for RHEB
thereby inhibiting mTORC1 (Huang and Manning
2008). As such, many signals that turn off mTORCI,
such as insulin withdrawal, do so through the TSC com-
plex. Consequently, loss of any component of the TSC
complex leads to sustained mTORCI activity under con-
ditions that would normally inhibit mTORCI1, such as
during fasting in the liver (Sengupta et al. 2010). Energy
levels signal to mTORC1 through AMPK via two mecha-
nisms. AMPK phosphorylates TSC2 on Serine 1387 to ac-
tivate TSC2 and promote inhibition of mTORCI through
the Rheb axis (Inoki et al. 2003; Shaw et al. 2004). AMPK
can also phosphorylate RAPTOR on serine 722 and serine
792 to directly inhibit mTORC1 activity (Gwinn et al.
2008). Additional AMPK-independent mechanisms have
also been suggested to inhibit mTORCI upon energy
stress, particularly in cell culture (Kalender et al. 2010;
Ben Sahra et al. 2011). However, the relative importance
of the various mechanisms by which metformin inhibits
mTORCI and the circumstances under which AMPK
phosphorylation of RAPTOR and TSC2 inhibit mTORC1
are not clearly elucidated.

Previous analyses have shown that metformin is capa-
ble of inhibiting hepatic mTORCI signaling via AMPK
and partially via the TSC complex (Howell et al. 2017).
However, the relative contribution of the AMPK-depen-
dent phosphorylation of RAPTOR on metformin’s inhibi-
tion of mMTORCI1 has not been assessed. Additionally, the
role of mMTORCI in the action of metformin in the physi-
ological context of the liver has been understudied, in part
due to the lack of genetic tools to dissociate mTORC]1 sig-
naling from AMPK. Using novel genetic models, we found
that metformin-induced inhibition of mTORC]1 is depen-
dent on AMPK, TSC2, and AMPK-dependent phosphory-
lation of RAPTOR. We found that metformin regulates
the transcription of a subset of genes that is common to
that observed with direct inhibition of mTORCI1 by
INK128, a portion of which is dependent on AMPK
regulation of mTORCI1. We also reveal that while global
protein synthesis is AMPK-independent, inhibition of
gene-specific translation is dependent on complete
mTORCI inhibition by AMPK via phosphorylation of
RAPTOR and TSC2. Finally, in addition to established
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roles in metabolism, gene expression analysis reveals an
important role for mTORCI regulation and activity in
the anti-inflammatory response to metformin.

Results

Metformin inhibits mTOR-induced transcriptional
induction of anabolism

The kinetics of metformin action on AMPK-mTORCI1
signaling was evaluated in primary hepatocytes. Activa-
tion of AMPK and inhibition of mTORCI1 signaling
through AMPK phosphorylation of RAPTOR Ser722 and
Ser792 and TSC2 Ser1387 was observed after 2 and 5 h
of metformin treatment in a dose dependent manner
(Fig. 1A,B). Since metformin exerts part of its long-term ef-
fects through transcriptional regulation, we analyzed gene
expression after 5 h of metformin treatment. To ascertain
what transcriptional changes were due to mTOR inhibi-
tion, we also treated some primary hepatocytes with the
direct mTOR catalytic kinase inhibitor INK128 (“INK”),
also known as MLNO0128 (Hsieh et al. 2012; Janes et al.
2013). In addition to its inhibition by AMPK, mTORC1
is also positively regulated by insulin through inhibition
of the TSC2 protein. Therefore, to understand the conse-
quences of metformin treatment under conditions of
stimulated mTORCI1 signaling, we also assessed the ef-
fect of metformin in the presence of insulin pretreatment.
We observed 1324 genes or 2017 genes up-regulated by
metformin in the absence or presence of insulin pretreat-
ment, respectively. We also observed 1834 genes or 2051
genes down-regulated by metformin in the absence or
presence of insulin pretreatment, respectively. In compar-
ison, we observed 1210 genes and 1607 genes down-regu-
lated by INK, with and without insulin, and 1010 genes
and 2215 genes up-regulated by INK, with and without in-
sulin, respectively (Supplemental Fig. S1A,B). Notably,
many of the genes regulated with and without insulin
by each treatment were overlapping, suggesting that insu-
lin treatment did not affect the primary response to met-
formin and INK (Fig. 1C; for gene lists for all clusters
and Venn diagrams, see Supplemental Table S1). From
these differentially regulated genes, we observed a wide
variety of interactions between metformin, INK, and insu-
lin (Supplemental Fig. S1A). The metformin-specific sub-
set of genes is responsive to only metformin and not INK
(potentially mTOR-independent genes), whereas the
mTOR-specific subset responds only to INK and not met-
formin (potentially regulated by mTORC2 rather than
mTORCI1). Nevertheless, a substantial fraction of genes
are regulated in the same direction by both metformin
and INK treatments, and are classified as metformin and
mTOR-responsive genes (most likely mTORCI1-depen-
dent genes). We also observed a class of genes that respond
to insulin; a subset of which was also responsive to INK
and/or metformin. Gene set enrichment analysis of genes
modulated by metformin identified the AKT-mTOR
pathway, further validating the role of mTORCI signaling
in the function of metformin (Supplemental Fig. S1C).
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Figure 1. Metformin inhibits mTOR signaling. (A) Schematic of known AMPK and mTORCI regulation. (B) Immunoblot analysis of
primary serum-starved hepatocytes from wild-type mice treated with increasing doses of metformin (0, 0.5, 1, 2 mM) for 2 or 5 h.
(C) Venn diagram of genes regulated in primary hepatocytes by 2 mM metformin (Met) and 0.1 pM INK-128 (INK) in the presence or ab-
sence of a 15 min pretreatment with 1 nM Insulin (Ins). Fold change >1.5, FDR <0.05. (D) Heat map of genes regulated similarly between 2
mM metformin (Met) and 0.1 uM INK-128 (INK) in the absence or presence of 1 nM insulin 15’ pretreatment (Ins) for 5 h. Clusters anno-
tated for metformin (Met), INK-128 (INK), and insulin (Ins) responsiveness (arrow weights) and critical transcription factors driving gene
signatures, according to Enrichr. (E,F) GO biological process and KEGG pathway analyses of genes up-regulated (E) or down-regulated (F)
by metformin and INK as described in D.
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We decided to focus on the 1110 genes regulated in a
similar manner by both metformin and INK in the pres-
ence or absence of insulin pretreatment, expecting that
these genes would be most informative in further under-
standing the role of AMPK regulation of mTORCI signal-
ing. Hierarchical clustering of this gene set revealed
multiple clusters, including those that are dependent on
insulin and those differentially dependent on metformin
or INK (Fig. 1D). GO term and KEGG pathway enrichment
analysis revealed that genes up-regulated by metformin
and INK are involved in the lysosome, central carbon me-
tabolism, cell migration, and stem cell pluripotency,
while genes down-regulated are involved in fatty acid bio-
synthesis, anabolic metabolism, and the HIF pathway (Fig.
1E,F). A closer look at the clusters identified that are reg-
ulated by both metformin and INK uncovered numerous
previously characterized signaling pathways shown to be
responsive to mTORCI such as HIF (cluster 2), SREBP1
(cluster 2), and TFEB (cluster 9) (Duvel et al. 2010; Young
et al. 2016; Collodet et al. 2019). Notably, we also ob-
served multiple understudied potential regulators of these
clusters, such as STAT3 and CLOCK, providing possible
novel avenues to investigate. In all, from these analyses,
we compiled a list of genes regulated by metformin in
an mTOR-dependent manner (Supplemental Table S1).
We suspect that many of these metformin-regulated genes
are AMPK-dependent; however, they could also be regu-
lated through parallel pathways.

Generation of Raptor knock-in mouse model

Previous work has attempted to understand the mecha-
nism of dependency of metformin on mTORC]1 signaling
(Dowling et al. 2007; Kalender et al. 2010; Ning and Clem-
mons 2010). Notably, in hepatocytes, loss of Tscl was
found to only partially recapitulate the effects of AMPK
loss on metformin action (Howell et al. 2017), illustrating
the importance of other targets of AMPK in mTORCI1
regulation. One possible alternate avenue for AMPK regu-
lation of mMTORC]1 upon metformin treatment in hepato-
cytes is via the AMPK-dependent phosphorylation of
RAPTOR, as has been previously demonstrated in fibro-
blasts (Gwinn et al. 2008). In order to address the impor-
tance of RAPTOR regulation by AMPK upon metformin
treatment (and potential other stimuli), we used CRISPR
in utero to generate a whole-body Raptor knock-in mouse
model, in which both AMPK phosphorylation sites
(Ser722/Ser792) in RAPTOR were mutated to alanine
(Fig. 2A; Supplemental Fig. S2). Intercrossing of heterozy-
gous Raptor®’* knock-in mice resulted in viable homo-
zygous Raptor®*/44 (Raptor”*) mice born in Mendelian
ratios. Immunoblot analysis of livers from homozygous
Raptor®* mice on ad lib fed a high-fat diet revealed loss
of both P-§722 and P-S792 with full retention of the RAP-
TOR protein (Fig. 2B). Mice were maintained on a high-fat
diet to mimic metabolic syndrome in humans, including
insulin resistance and obesity, for which metformin is
most commonly prescribed (Garcia and Shaw 2017). We
next assessed the role of RAPTOR phosphorylation
upon fasting, a context under which mTORC]1 is normally
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inhibited (Howell et al. 2017). Surprisingly, loss of AMPK-
dependent phosphorylation of RAPTOR resulted in high-
ermTORCI activity levels, as revealed by increased phos-
phorylation the S6K1 downstream target S6 and the
mTOR site Ser757 in ULK1 (Fig. 2C). This suggests that
AMPK activation is required at least in part for the inhibi-
tion of mMTORCI activity in the fasted state.

Further analysis of livers from mice fasted overnight, re-
fed for 1 h to induce mTORCI activity, and then treated
with metformin for 2 h revealed induction of AMPK sig-
naling. This fasting-refeeding model has been established
as a method to consistently elevate mTORC]I activity to
reveal the pharmacological effects of metformin on
AMPK activation and mTORCI inhibition in the liver.
Additionally, dosing mice with 200-250 mg/kg met-
formin has been shown to result in plasma metformin
concentrations similar to those seen in humans on met-
formin treatment (Howell et al. 2017). Following this met-
formin treatment scheme, RAPTOR was phosphorylated
at Ser722 and Ser792, and mTORCI activity was inhibit-
ed in wild-type livers, as measured by P-S6K1, P-S6, and
P-4E-BP1 and their corresponding mobility shifts. Impor-
tantly, in the Raptor®® mice following metformin
treatment, phosphorylation of RAPTOR was absent and
the inhibition of mTORCI1 was attenuated (red arrows,
Fig. 2D). Therefore, phosphorylation of RAPTOR by
AMPXK is partially necessary for mTORCI1 inhibition by
metformin.

We next assessed the effect of Raptor®* mutation on
metformin-induced mTORCI inhibition in primary hepa-
tocytes. Primary hepatocytes derived from wild-type or
Raptor®* livers were treated with metformin and
mTORCI signaling was assessed 2 or 5 h later (Supplemen-
tal Fig. S2B). We observed that while mTORC1 was inhib-
ited in wild-type cells, Raptor®* hepatocytes showed
modest attenuation of mTORCI] inhibition at high doses,
as measured by P-S6K1 and P-S6 (Supplemental Fig. S2B).
We next assessed whether any of the transcriptional
changes we observed in wild-type hepatocytes treated
with metformin and INK were due to inhibition of
mTORCI1 via AMPK-dependent phosphorylation of RAP-
TOR. Comparison of genes regulated in wild-type primary
hepatocytes upon metformin and INK treatment and
genes regulated in Raptor®® primary hepatocytes upon
metformin treatment revealed ~30% were dependent on
RAPTOR phosphorylation (Supplemental Fig. S2C). GO
term and KEGG pathway analysis of RAPTOR*-de-
pendent genes that change upon metformin and INK
treatment identified ER stress, glucose response, and regu-
lation of cell growth (Supplemental Fig. S2D,E). Therefore,
Raptor phosphorylation by AMPK is partly necessary
for mTORC1-dependent transcriptional changes upon
metformin.

RAPTOR phosphorylation and TSC2 are both required
for metformin-dependent inhibition of mTORC1
signaling

Since we observed that RAPTOR phosphorylation by
AMPX is required for partial inhibition of mTORC1 by
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Figure 2. Generation and validation of Rap-
tor knock-in mouse model. (A) Targeting
schematic to mutate serine 722 and serine
792 to alanines in Raptor in utero. (Red text)
PAM (NGG] site, (blue text) gRNA sequence,
(green text) Ser/Ala residue, (yellow highlight)
wobble base pairs, (italics) recombinant en-
zyme sites added or deleted by recombination.
(B) Immunoblot analysis of ad lib fed wild-
type and Raptor?? homozygous mice follow-
ing 20 wk on a high-fat diet (HFD). (C) Immu-
noblot analysis of livers from wild-type and
Raptor®® homozygous mice fasted overnight
(O/N) following 20 wk on a high-fat diet. (Bot-
tom) Quantification of P-S6 and P-S6K relative
to total protein levels (n=6-12). SEM. Welch
t-test, (*) P-value <0.05 compared with wild
type. (D) Immunoblot analysis of livers from
wild-type and Raptor®* homozygous mice
fasted overnight, refed for 1 h with HFD, and
treated with saline or 250 mg/kg metformin
for 2 h following 20 wk on HFD. (Bottom)
Quantification of P-S6 and P-S6K relative to
total protein levels and ratio of untreated (n=
6). SEM. Welch t-test, (*) P-value <0.05 com-
pared with wild type.
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mice crossed with Albumin-Cre mice) or to iLiver-
Tsc2KO mice (Tsc2-floxed mice crossed with inducible
Albumin-CreER™ mice in which liver deletion is induced
upon tamoxifen treatment) (Supplemental Fig. S3A,B).
Using Raptor®* mutant mice, or Tsc2'; Alb-Cre mice, or
mice combined for these two mutations (Raptor®4;
Tsc2 Alb-Cre [AA;Tsc2)), we assessed the effect of met-
formin on mTORCI signaling in the livers of mice fed a
high-fat diet. Mice were fasted overnight, refed for 1 h,
and treated with metformin for 2 h before analysis of liver
signaling (Fig. 3A). In agreement with previous results, we
observed induction of AMPK signaling upon metformin,
as seen by increased P-AMPK and P-RAPTOR, and inhibi-
tion of mTORC]1 signaling as seen by decreased P-S6K1,
P-S6, and P-4E-BP1 in wild-type livers. In contrast, we
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saw an allelic dose dependency of the resistance to
mTORC1 inhibition in Raptor®*, Tsc2-null, and Rap-
tor®®; Tsc2-null livers, as determined by P-4E-BP1 and
P-S6, with the strongest effect observed in Raptor’4;
Tsc2-null livers. Thus, regulation of both RAPTOR and
TSC2 by AMPK is required in vivo in the liver for the com-
plete acute inhibition of mTORC]1 signaling by metformin.

We next looked at the requirement for RAPTOR phos-
phorylation and TSC2 in primary hepatocytes treated
with metformin. Primary hepatocytes were collected, se-
rum starved, then treated with metformin for 2 or 5 h (Fig.
3B). With increasing doses of metformin, we observed con-
comitant induction of AMPK and inhibition of mTORC1
in wild-type cells. Similar to previous results, we observed
an allelic dose-dependent attenuation of mTORCI inhibi-
tion, with Raptor®?;Tsc2 double-mutant cells being the
most resistant to metformin’s effects.

We observed that the basal rate of mTORCI signaling,
as assessed by basal P-S6K and P-S6 levels, were
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Figure 3. RAPTOR phosphorylation and TSC2 are both required for metformin-induced inhibition of mMTORC]1. (A) Immunoblot anal-
ysis of wild-type (WT), Raptor®? (AA), Tsc2;Alb-Cre (TSC2), and Raptor®4;Tsc2;Alb-Cre (AA; TSC2) livers fasted overnight, refed for 1 h,
and treated with saline or 250 mg/kg metformin for 2 h. (Bottom) Quantification of P-56K and P-S6 relative to total protein and ratio of

saline treatment (n=3-6). SEM. t-test, (*) P-value =0.05 compared with

wild type. (B) Immunoblot analysis of serum-starved primary he-

patocytes derived from wild-type (WT), Raptor®4 (AA), Tsc2;AIbCreER (TSC2), or Raptor;Tsc2;Alb-CreER (AA;T) mice treated with in-
creasing doses of metformin (0, 1, or 2 mM) for 2 or 5 h. (Bottom) Quantification of P-S6K and P-S6 relative to total protein. (C,D)
Immunoblot analysis of primary hepatocytes serum-starved or pretreated with 1 nM insulin for 15’ prior to treatment with 2 mM met-
formin for 2 h (C) or 5 h (D). Treatment with 0.1 uM INK-128 (INK) was used as a positive control for mTOR inhibition.

significantly increased in Tsc2-null and Raptor4;Tsc2-
null hepatocytes. We hypothesized that this was due to
the insulin-independent hyperactivation of mTORC]1 sig-
naling due to Tsc2 deficiency (Sengupta et al. 2010).
Therefore, we examined the impact of metformin treat-
ment in the context of a pretreatment of serum-starved
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cells with a low dose of insulin to physiologically potenti-
ate mTORCI1 signaling in the wild-type cells. Insulin pre-
treatment indeed induced basal mTORCI signaling in
wild-type and Raptor®* hepatocytes to levels comparable
with Tsc2 loss (Fig. 3C,D). Furthermore, treatment with
insulin partially rescued the mTORCI] inhibition due to
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metformin in both wild-type and Raptor®4 cells after
2 and 5 h, suggesting that the inhibition of TSC2 by insu-
lin signaling forces AMPK to rely more on RAPTOR regu-
lation to inhibit mTORCI (hepatocytes treated with INK-
128 as a positive control for mTOR inhibition) (Fig. 3C,D;
Supplemental Fig. S3C,D).

AMPK and AMPK phosphorylation of RAPTOR and
TSC2 play critical roles in select, but not global, protein
translation in response to metformin

mTORCI1 plays a critical role in protein translation and
metformin has been shown to inhibit global translation
in part through the TSC complex (Howell et al. 2017).
Therefore, using our genetic system in primary hepato-
cytes, we tested whether AMPK regulation of RAPTOR
phosphorylation and TSC2 plays a role in decreased trans-
lation upon metformin treatment. In addition to Rap-
tor*; Tsc2-null cells, we also generated Ampk-null
primary hepatocytes to test the AMPK dependency of
metformin treatment. Ampk-null primary hepatocytes
were generated from Ampkal and Ampka2 double floxed
mice harboring Albumin-CreER that were treated with ta-
moxifen at 8 wk of age to create adult liver-specific dele-
tion of both isoforms of the AMPK catalytic subunits.
Global protein synthesis was assayed using the Sunset
assay, which quantifies puromycin incorporation into
newly synthesized proteins (Schmidt et al. 2009). Hepato-
cytes of each genotype were treated with metformin in the
absence or presence of insulin pretreatment for 2 h and
pulsed with puromycin in the last 10 min prior to collec-
tion (Supplemental Fig. S4A). In agreement with previous
literature, we observed that metformin inhibited global
protein synthesis and this was tempered by TSC2 loss,
presumably due to hyperactivation of mTORCI in T'sc2-
deficient cells (Fig. 4A; Supplemental Fig. S4B). Surpris-
ingly, neither Raptor?? nor Ampk deficiency rescued

AMPK, raptor, and TSC2 control metformin response

acute protein synthesis inhibition by metformin. Howev-
er, insulin treatment did blunt the percent inhibition by
metformin (Supplemental Fig. S4B). Thus, global transla-
tion inhibition by metformin is not mediated by AMPK
but can be buffered by Tsc2 deficiency.

Because mTORCI plays a well-established role in pro-
moting translation, we analyzed the ability of metformin
to regulate cap-dependent translation initiation in hepato-
cytes of each genotype. When mTORCI signaling is in-
hibited, 4E-BP1 becomes dephosphorylated and is able to
associate with the translation initiation protein eIF4E
at the 7-methylguanosine moiety (m’GTP) cap at the
5" end of mRNA, thereby blocking translation initiation.
Consistent with their suppression of mTORCI signaling
in hepatocytes, metformin and INK treatments in wild-
type primary hepatocytes induced binding of 4E-BP1 to
eIF4E on m’GTP-agrose beads, which mimic the mRNA
5" cap structure (Fig. 4B). Similarly, induction of 4E-BP1
association with eIF4E was observed in Raptor®* and
Tsc2-null cells treated with metformin. In contrast, the
ability of metformin to induce 4E-BP1 association with
eIF4E was greatly diminished in Raptor**;Tsc2-null and
Ampk-null cells, validating the mTORC1 and AMPK
dependency of metformin effects on cap-dependent trans-
lation initiation.

We further explored which proteins were specifically
regulated by metformin to assess the role of AMPK, RAP-
TOR phosphorylation, and TSC2 in directed translation.
In order to focus on the direct translational effects of
mTORCI and avoid secondary effects, we performed poly-
some profiling on hepatocytes treated with metformin for
2 h in the absence or presence of insulin pretreatment
(Supplemental Fig. S4C). In order to uncouple the tran-
scriptional and translational effects of metformin, we cal-
culated the translational efficiency of each mRNA. As
previously described, due to the robust inhibition of global
translation, which was in part genotype-dependent, we
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Figure 4. RAPTOR phosphorylation and TSC2 regulate translational changes observed upon metformin. (A) Sunset assay on primary
hepatocytes treated with 2 mM metformin (Met) or 0.1 uM INK-128 (INK) for 2 h. (Bottom) Puromycin incorporation was quantified
with Image]. t-test, (**) P-value <0.01. (B) mRNA 5’ cap-binding complexes were isolated with m7GTP-agarose from primary hepatocytes
treated with 2 mM metformin or 0.1 pM INK-128 (INK) for 2 h and analyzed by immunoblotting. (C) Analysis of the fold change in trans-
lational efficiency between treated and untreated in genes with 1.5-fold down-regulation in translational efficiency upon metformin and
INK treatment as described in A in wild-type cells. Kolmogorov-Smirnov test comparing with wild-type treated with metformin. n=3.
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chose to focus on genes most down-regulated in the pres-
ence of metformin (Supplemental Fig. S4D; Thoreen et al.
2012). We identified the genes with down-regulated trans-
lation efficiency by at least a 1.5-fold upon metformin
treatment between untreated and metformin treatment
in three independent rounds of polysome profiling, two
in the presence of insulin pretreatment and one in the ab-
sence of insulin. Using wild-type cells, we identified 82
genes that exhibited decreased translation efficiency
upon metformin treatment in all three experiments and
plotted the average translation efficiency (Fig. 4C). GO
term and KEGG pathway analysis of these genes revealed
enrichment in genes involved in translation and oxidative
phosphorylation (Supplemental Fig. S4E). Comparing
with INK-treated samples, 62 of the 82 genes were regulat-
ed by both metformin and INK. Using previously reported
gene lists for genes down-regulated with the mTORC1 in-
hibitor Torinl in MEFs or PP242 in prostrate cancer cells,
we observed 23 genes with TOP motifs or PRTE motifs
down-regulated upon metformin (Hsieh et al. 2012;
Thoreen et al. 2012; Philippe et al. 2020). Thus, we were
able to generate a list of 82 genes with decreased transla-
tion upon metformin treatment that correlates with
mTORCI inhibition (Supplemental Table S2). We next
used this list of metformin-responsive genes to assess
the effect of the various genotypes on translation. We ob-
served an allelic dose dependency of metformin on trans-
lation inhibition with Ampk-null cells having the
strongest effect on translation and Raptor*®; Tsc2-null he-
patocytes closely mimicking Ampk-null cells, while Rap-
tor™ and Tsc2-null hepatocytes had a partial response
(Fig. 4C). Performing similar analyses of genes identified
with reduced translational efficiency in wild-type cells
upon INK treatment (Supplemental Fig. S4F,G) or genes
previously identified as containing TOP motifs (Supple-
mental Fig. S4H) revealed similar allelic dose dependency
of metformin on translation inhibition. Overall, we con-
clude that inhibition of select translation by metformin
is regulated by mTORC1 in an AMPK-dependent manner.

Metformin requires RAPTOR phosphorylation and TSC2
to regulate transcriptional control of mTORC1-
dependent pathways

With the observations that metformin regulates mTORC1
signaling and mTORC 1 -specific translation via TSC2 and
phosphorylation of RAPTOR, we wanted to explore which
of the transcriptional effects of metformin were also depen-
dent on regulation of RAPTOR phosphorylation and TSC2.
Therefore, we performed transcriptional analysis of prima-
ry hepatocytes treated with metformin for 5 h in the ab-
sence or presence of insulin pretreatment. We then
assessed the effect of Raptor®* mutation, Tsc2 loss, com-
bined Raptor®®;Tsc2 loss or Ampk loss on those genes
identified as being regulated by metformin and INK in
the same direction. Analysis of the various genotypes re-
veals multiple types of gene interactions, including genes
that are independent of AMPK or are dependent on
AMPK, RAPTOR phosphorylation, TSC2, or both RAP-
TOR phosphorylation and TSC2 (Supplemental Fig. S5,
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S6). Comparison of genes regulated in wild-type primary
hepatocytes upon metformin and INK treatment and genes
regulated in Tsc2-null and Raptor®4; Tsc2-null primary he-
patocytes upon metformin treatment revealed about 80%
and 50% of genes up-regulated and down-regulated, respec-
tively, in a TSC2 and RAPTOR; TSC2-dependent manner
(Supplemental Fig. S6A). Similarly, comparison of genes
regulated in wild-type primary hepatocytes upon metfor-
min and INK treatment and genes regulated in Raptor™4;
Tsc2-null or Ampk-null primary hepatocytes upon metfor-
min treatment revealed 70%-80% of genes up-regulated in
wild-type hepatocytes were dependent on AMPK and RAP-
TOR;TSC2; in contrast, only 35%-50% of genes down-reg-
ulated in wild-type hepatocytes were found to be dependent
on AMPK and RAPTOR;TSC2 (Supplemental Fig. S6B).

A more focused analysis of pathways known to be af-
fected by mTOR, such as lysosome/TFEB, the HIF path-
way, and lipogenesis, revealed dependence on RAPTOR
phosphorylation and TSC2, and AMPK for metformin-in-
duced expression changes as expected (Fig. 5A; Supple-
mental Fig. S7A-C). Notably, a number of key HIF and
SREBP target genes are greater impacted in AA;Tsc2-
null than in Tsc2-null alone, including Fasn, Acaca/
Accl, Pdk1, and Eglnl. Additionally, the relative effect
of INK and metformin appeared to vary among these sig-
naling pathways, with INK having comparable strength
in transcriptional modulation to metformin in HIF signal-
ing but having a less robust effect on TFEB signaling.

To identify additional pathways that show dependency
on AMPK and RAPTOR;TSC2, we performed GO term
and KEGG pathway analysis on genes down-regulated by
metformin and INK in an Raptor®®;Tsc2- and Ampk-de-
pendent manner (Supplemental Fig. S6B). In addition to
an expected signature for lipid metabolism and HIF1 sig-
naling, we also observed signatures for genes responsive
to interferon-p and viral defense (Fig. 5B; Supplemental
Fig. S6B). We were intrigued by the presence of inflamma-
tory gene signatures, considering metformin’s purported
role to inhibit inflammation in patients (Saisho 2015;
Cameron et al. 2016), and decided to investigate whether
this effect is AMPK- and mTORCI1-dependent.

Interferon p signaling is modulated by STAT1, STAT2,
and STAT3 transcription factors and mTOR has previous-
ly been associated with STAT1 and STAT3 activity. Of
note, mTOR activation has been associated with de-
creased STATI activity, yet increased STAT3 activity
suggesting that the signature we observed following met-
formin may be more closely related to changes in STAT3
activity (Fielhaber et al. 2009; Kim et al. 2009; Karonitsch
etal. 2018). To query whether STATSs are indeed regulated
by mTORCI in response to metformin, we first assessed
gene expression of GSEA- and ChEA-annotated STAT3
pathway modulated genes and observed that many
“STAT3 target” genes are down-regulated by metformin
in wild-type hepatocytes, but this regulation is blunted
in Raptor®*;Tsc2-null and Ampk-null hepatocytes (Fig.
5C; Supplemental Fig. S7D). To validate that regulation
of these genes in primary hepatocytes is STAT3-depen-
dent, we assessed gene expression of a subset of these genes
following treatment with the specific small molecule
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Figure 5. RAPTOR phosphorylation and TSC2 regulate transcriptional changes observed upon metformin. (A) Heat map of fold change
for genes involved in HIF signaling and SREBP signaling upon 2 mM metformin or 0.1 uM INK-128 (INK] treatment for 5 h compared with
untreated. (Right) Quantification of fold change of genes identified with fold change >1.5 in wild type. Box plot with bars denoting min-
imum to maximum. Kolmogorov-Smirnov test comparing wild-type treated with metformin. (B) GO term analysis of genes down-regu-
lated in wild-type hepatocytes with metformin and INK as described in Figure 1D (FC >1.5, FDR <0.05) in an AA;TSC- and AMPK-
dependent manner. (C) Heat map of fold change for genes involved in STAT signaling upon metformin and INK as described in Figure
1D. Genes with fold change >1.5 are denoted in black; >1.2 are denoted in blue. (Right) Quantification of fold change of genes identified
with fold change >1.2 in wild type. Kolmogorov-Smirnov test comparing with wild type treated with metformin. (D) qRT-PCR analysis of
STAT3-dependent genes in wild-type primary hepatocytes treated with 2 mM metformin or 50 uM S31-201 (STAT3 inhibitor) for5h. n=3,
t-test, (*) P-value <0.05, (**) P-value <0.01. (E) Heat map of the average FPKM value of STAT3-dependent genes upon 2 mM metformin or
0.1 uM INK treatment for 5 h, as shown in Figure 4F, in primary hepatocytes of each genotype. (F) Immunoblot analysis of primary he-
patocytes treated with 2 mM of metformin or 0.1 uM INK for 2 h. (Bottom) Quantification of P-S727 STAT3 (left) and P-Y705 STAT3 (right)

relative to STAT3. n=4-7. Mean = SEM, t-test, (*) P value <0.05.

STAT3 inhibitor S31-201 in wild-type cells. Treatment
with either metformin or S31-201 was able to reduce ex-
pression of these annotated STAT3 genes, confirming
these genes are STAT3-dependent in the context of prima-
ry hepatocytes (Fig. 5D). Intriguingly, closer analysis of a

subset of these STAT3-dependent genes revealed down-
regulation of the basal gene expression in conditions of
mTORCI1 hyperactivation caused by Tsc2 or Ampk loss,
suggesting that dysregulation of some STAT3 target genes
may be due to adaptation to mTORCI1 hyperactivation,
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perhaps due to mRNA changes in cytokines or other regu-
lators of STAT3 (Fig. 5E).

Previous reports have suggested that mTORCI can
phosphorylate both STAT1 and STAT3 at serine 727
(Yokogami et al. 2000; Fielhaber et al. 2009; Kim et al.
2009), so we decided to query whether this occurred in
our system using our genetic models. Analysis of P-S727
of STAT1 in hepatocytes showed no reduction upon met-
formin treatments. However, analysis of P-S727 of
STATS3 in hepatocytes treated with metformin revealed
decreased P-STAT3 in wild-type cells, but not Raptor**:
Tsc2-null or Ampk-null cells (compare with P-S6K1) (Fig.
5F). Intriguingly, P-S727 STAT3 was unchanged upon
INK treatment, suggesting that the regulation of this site
is more likely to be caused by a secondary effect of chronic
mTORCI activity caused by Tsc2 and Ampk loss (Fig. 5F;
Supplemental Fig. S7E). STAT3 can also be phosphorylat-
ed at Tyr705 by the JAK proteins and other RTKs, and this
phosphorylation is required for STAT3 dimerization and
nuclear translocation. Analysis of P-Y705 STAT3 revealed
a similar decrease upon metformin in wild-type cells,
which was partially, but significantly, rescued in Rap-
tor*#:Tsc2-null or Ampk-null cells (Fig. 5F). Importantly,
unlike STAT3 P-S727, INK treatment significantly re-
duced P-Y705 STATS3 levels. Furthermore, treatment of
wild-type cells with AZD8055 (mTOR inhibitor), 991
(AMPK activator), and MK2206 (AKT inhibitor) reduced
P-Y705 STATS3 levels but not P-S727 STAT3 levels (Sup-
plemental Fig. S7E), confirming the acute mTORCI1
dependency of P-Y705 STAT3 in primary hepatocytes.
Thus, STAT3 can be modulated by mTORCI1 via two
distinct mechanisms: (1) chronic mTORCI1 activation
ameliorates the inhibition of P-§727 by metformin treat-
ment, while acute mTOR inhibition in wild-type cells
doesnot affect P-S727, and (2) acute mTOR inhibition sup-
presses P-Y705. Both of these mechanisms could contrib-
ute to the overall STAT3-dependent gene signature
observed upon metformin treatment. Thus, we found
that STAT3 is regulated by AMPK in an mTORCI1-depen-
dent manner in these cells and may elicit part of the tran-
scriptional changes triggered by metformin that control its
effects on inflammation.

Metformin inhibits inflammatory signature in vivo

We next wanted to extend our findings in hepatocytes to
the intact mouse liver, a major target tissue for metformin
action (Johnson et al. 1993; Rena et al. 2017). Therefore,
we treated mice with metformin for 4 h following our fast-
ing/refeeding protocol, and evaluated effects of the vari-
ous genotypes on signaling. Similar to mice treated for 2
h (Fig. 3A), we observed that metformin activated
AMPK signaling and inhibited mTORCI1 signaling in
wild-type livers. This inhibition was attenuated in the
various genotypes, with the strongest attenuation occur-
ring in the Raptor?;Tsc2-null and Ampk-null livers
(Fig. 6A). In addition to inhibition of P-S6K and P-TFE3
in wild-type livers, we also observed inhibition of P-
§727 STATS3 that occurred in an mTORC1/AMPK-depen-
dent manner. Thus, our observation in hepatocytes that
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metformin inhibition of STAT3 is dependent on
mTORC]1 was recapitulated in vivo.

We next decided to explore the transcriptional effects of
metformin in the liver. We performed RNA-seq on livers
from the varying genotypes treated with saline or metfor-
min for 4 h (Supplemental Fig. S8A). From this analysis,
we observed 391 and 576 genes down-regulated or up-reg-
ulated, respectively, in wild-type livers. In contrast, we
observed only 116 and 188 gene down-regulated or up-reg-
ulated, respectively, in Raptor®4 livers and only three and
16 genes down-regulated or up-regulated, respectively, in
Ampk-null livers, suggesting that the majority of metfor-
min’s function in vivo in the liver is through AMPK (Sup-
plemental Fig. S8B). GO term analysis of metformin-
responsive genes in wild-type livers revealed signatures
for immune processes, extracellular matrix, and transla-
tion (Fig. 6B; Supplemental Fig. S8C). Analysis of genes in-
volved in HIF signaling, SREBP signaling, and TFEB
signaling revealed only minor changes with a fold change
of >1.5, but a larger percent with a fold change of 1.2 or
greater (Fig. 6C; Supplemental Fig. S8D).

Because we saw a STAT3 signature in hepatocytes and a
genotype-dependent inhibition of P-STAT3 in the livers,
we next performed a more directed evaluation of genes in-
volved in STAT3 signaling. Analysis of STAT3-responsive
genes indeed revealed that many were down-regulated in
wild-type livers and this down-regulation was largely di-
minished in the Raptor*#;Tsc2-null and Ampk-null livers
(Fig. 6D). Notably, more genes in the STAT3 signature
were significantly regulated by AMPK and mTORCI1 in
the liver of mice on a high-fat diet than were the genes
in the HIF, SREBP1, or TFEB signatures under these condi-
tions. Since it has been established previously that met-
formin can reduce inflammation in patients (Saisho
2015; Cameron et al. 2016), we propose that AMPK-de-
pendent suppression of mTORC]1-activation of STAT3
may be mediating some of metformin’s anti-inflammato-
ry effects.

Discussion

Altogether, our data support the hypothesis that AMPK-
dependent regulation of mTORCI1 requires RAPTOR
phosphorylation and TSC2. Furthermore, metformin in-
duces gene expression changes and translational changes
in part through regulation of mTORC1 downstream
from AMPK. Finally, metformin regulates known tran-
scriptional programs, such as those mediated by TFEB,
HIF, and SREBPI1, as well as less-appreciated pathways,
such as STATS3 signaling, through inhibition of mTORC1
downstream from AMPK (Fig. 7). Metformin inhibition of
mTORCI1 requires both RAPTOR phosphorylation and
TSC activity, and only with loss of both of these axes
does metformin fail to inhibit mTORCI1 signaling and
the resulting repression of translation and transcription
in a manner comparable with AMPK loss. Notably, this
study highlights the importance of RAPTOR phosphory-
lation as a mechanism of mTORCI regulation by AMPK
and metformin, both alone and in combination with
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of saline treatment (n=3-5). SEM. (*) P-value=0.05, (**) P-value=0.01 compared with wild type. (B) GO biological process analysis of
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in A with a fold change of >1.5 (black) or 1.2 (blue) in wild-type livers. Asterisks represent adjusted P-value in WT livers. (Right) Quanti-
fication of fold change of genes identified with fold change >1.2 in wild type. Kolmogorov-Smirnov test compared with wild-type treated

with metformin.

Tsc2 loss. Analysis of our panel of mutants revealed that
even at higher doses of metformin, Raptor®4;Tsc2 double
mutants largely maintain loss of mTORCI regulation fol-
lowing both the acute and long-term treatment, unlike
what we observed in the Tsc2-null state. A confounding
factor here is that complete loss of Tsc2 causes basal
hyperactivation of mTORC]1 equivalent to the signal
from chronic growth factor signaling from AKT that inac-
tivates TSC2 biochemically (Hopkins et al. 2020). Thus,
in the Tsc2-null state, basal mTORCI1 is hyperactive,
and the effects of Tsc2 deficiency on transcription appear

more prominent and potentially obscures some of the
metformin-induced transcriptional changes. In the future
it will be important to generate mice with knock-in Ser-
Ala mutations in the AMPK phosphorylation sites in
TSC2 (e.g., Ser1387), as they will not bear constitutive
basal hyperactivation of mTORCI1 like the Tsc2-null cells
do. Such Tsc2 AMPK-site Ser-Ala knock-in mice can be
combined with Raptor®* mice to more clearly define
the role of AMPK regulation of mTORC]1. Regardless,
the observation that Raptor®®;Tsc2-null primary hepato-
cytes and livers show additional activation of mTORC1

GENES & DEVELOPMENT 11
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signaling and transcriptional effects beyond what is ob-
served in Tsc2-null mice illustrates that RAPTOR phos-
phorylation is necessary for a full response of mTORC1
inhibition by AMPK.

A major controversy in the metformin field has related
to how important a role AMPK plays in different pharma-
cological outcomes of metformin treatment (An and He
2016; Rena et al. 2017). Issues surrounding dosage used;
volumetric rodent:human comparisons and the potential
for cell culture artifacts from an absence of physiological
clearance from hepatocytes in the intact organism have
led to a range of discrepancies and debates among re-
searchers (He and Wondisford 2015; Chandel et al.
2016). Interestingly, under the conditions used here, at
4 h after a single dose of 200 mg/kg metformin treatment
of refed C57/Bl6 mice on a high-fat diet for 12 wk, we ob-
served that metformin-induced transcription changes
were all nearly completely AMPK-dependent in vivo (Sup-
plemental Fig. S8B). This is in comparison with the large
number of genes that change in response to metformin
in primary hepatocytes in AMPK-deficient hepatocytes
(Supplemental Fig. S6B), suggesting that the AMPK-inde-
pendent effects observed in hepatocytes are largely reme-
diated in the liver. It has been reported in multiple other
contexts that AMPK-deficient cells are unable to survive
energetic stress (Shaw et al. 2004; Eichner et al. 2019), so
one possibility is that AMPK-deficient hepatocytes in cul-
ture begin undergoing apoptosis after 5 h, unlike the
AMPK-deficient livers in the intact mouse where ATP
loss from metformin may be balanced by nutrients avail-
able in vivo.

Using Raptor**;Tsc2-null double-mutant primary he-
patocytes and livers, we show that mTORCI is necessary
for transcriptional changes in multiple signaling path-
ways including STAT3 signaling pathway, suggesting

12 GENES & DEVELOPMENT

that an AMPK/mTORCI1/STAT3 pathway play an essen-
tial role in the anti-inflammatory effects of metformin.
Obesity is associated with low-grade inflammation, and
patients on metformin have decreased levels of chronic in-
flammation markers, irrespective of diabetes status (Cam-
eron et al. 2016; Jing et al. 2018). Additionally, mTOR has
been associated with inhibition of NFxB and activation of
STATS, although this has largely been shown in macro-
phages and other immune cells as opposed to the liver
(Yokogami et al. 2000; Weichhart et al. 2008; Kim et al.
2009; Li et al. 2014; Karonitsch et al. 2018). Notably, there
has been little evidence of a direct role of mMTORC1 down-
stream from metformin in the liver for STAT3 inhibition
or its effect on inflammation. Thus, the finding that
mTORCI can regulate STAT3 phosphorylation and tran-
scriptional activity in primary hepatocytes and the liver
upon metformin treatment reveals a new mechanism for
the action of metformin and validates the importance of
the liver for metformin’s immunosuppressive function.
Notably, we observed both a chronic and acute role for
mTORCI regulation of STAT3 affecting phosphorylation
of both S727 and Y705, respectively, suggesting that
mTORC1’s ability to inhibit STAT3-dependent transcrip-
tion may be in part dependent on additional pathways ac-
tivated by metformin. Additionally, the observation that
AA;Tsc2-null cells are not able to completely rescue the
inhibition of P-Y705 STAT3, suggests that metformin
also uses a secondary mTORC1-independent mechanism
to inhibit STATS3. In subsequent studies, it will be impor-
tant explore the kinases or phosphatases downstream
from mTORC]1 that are activated or inhibited to modulate
STAT3 phosphorylation both in the chronic and acute
context. Additionally, it will be worth investigating the
physiological consequences of metformin inhibition of
mTORCI activity on circulating cytokines and inflam-
mation, as well as the impact of new selective AMPK ag-
onists on STAT3 signaling and the inflammatory response
(Myers et al. 2017). The discovery that metformin controls
STAT3-dependent transcription in an AMPK- and
mTORCI1-dependent manner in the liver of mice on a
high-fat diet suggests new therapeutic possibilities for
metabolic diseases (including type 2 diabetes and
NAFLD), as well as a range of diseases where inflamma-
tion is a prime contributor to pathology.

Materials and methods

Animals

RaptorS7224:57924 mice were generated using CRISPR in utero us-

ing gRNAs, donor dsDNA (IDT) and Cas9 mRNA (Thermo Fisher
A25640) as shown in Figure 2A and as described previously (Yang
et al. 2014). Raptor** double-mutant mice were crossed to Tsc2
floxed mice (Jackson Laboratory 027458) (Hernandez et al. 2007)
and Albumin-Cre (Jackson Laboratory 003574) or Albumin-
CreER (Imai et al. 2000) mice on a predominately C57/B16 back-
ground. Ampkal(Prkaal)™" and Ampka2(Prkaa2)™" mice on
C57/Bl6 were previously described (Hasenour et al. 2014). The fi-
nal cohorts were generated from the genotypes described (Supple-
mental Fig. S3A) and tamoxifen (1.5 mg) treatment every other
day for a total of 3 i.p. injections (Supplemental Fig. S3B).
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Experiments or primary hepatocyte isolation was carried out ~2—
4 wk after tamoxifen injection. For fasting-refeeding studies,
mice were fed a high-fat diet (45% kcal from fat) (Research Diets
D12451) for at least 8 wk prior to the experiment. Mice were fast-
ed overnight and either euthanized or refed a high-fat diet for 3-5
h before euthanasia. Vehicle (0.9% saline) or 250 mg/kg metfor-
min (Sigma PHR1084) reconstituted in 0.9% saline was adminis-
tered via intraperitoneal injection 2 or 4 h prior to euthanasia. All
animal procedures were approved by the Salk Institute’s Institu-
tional Animal Care and Use Committee. Detailed methods are
in the Supplemental Material.

Primary hepatocytes

Primary mouse hepatocytes were isolated as described previously
(Garcia et al. 2019) from 8- to 16-wk-old mice. For global protein
synthesis analysis, we used the sunset assay as described previ-
ously (Schmidt et al. 2009) following 2 h of treatment. For poly-
some profiling, primary hepatocytes were treated for 2 h prior
to collection. Cells were lysed in polysome lysis buffer containing
cycloheximide, centrifuged in a sucrose gradient, and fractions
collected and pooled. RNA was purified and sequenced on the
Tllumina HiSeq 2500 platform at the Salk Next-Generation Se-
quencing Core. Detailed methods are provided in the Supplemen-
tal Material.

Protein extraction and immunoblotting Upon euthanization, liver
tissue was harvested immediately and flash-frozen in liquid nitro-
gen. Liver tissue lysates were generated from 50- to 100-mg pieces
of frozen liver tissue homogenized in CST lysis buffer. Hepato-
cytes were lysed using CST lysis buffer or pull-down buffer. De-
tailed methods regarding cell and tissue lysis, m’GTP pull-
down, immunoblotting, and antibodies used are provided in the
Supplemental Material.

RNA isolation and sequencing Primary hepatocytes and livers were
treated as described. RNA was isolated using the RNeasy lipid tis-
sue mini kit (Qiagen). mRNA-seq libraries were prepared using
the TruSeq RNA library preparation kit (version 2), according to
the manufacturer’s instructions (Illumina) and sequenced by us-
ing the llumina HiSeq 2500 or NovsSeq SP platform at the Salk
Next-Generation Sequencing Core. Detailed methods are in the
Supplemental Material. Gene lists for all clusters and Venn dia-
grams are in Supplemental Table S1. Data have been submitted
to Gene Expression Omnibus.

Statistical analyses Data are presented as mean = SEM and statis-
tical significance was determined using a Welsh’s two-tailed
t-test, with significance at P-values of <0.05 (*) and <0.01 (**), or
Kolmogorov-Smirnov test, with significance at P-values of
<0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****).
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