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SUMMARY

Brown adipose tissue (BAT) regulates systemic metabolism by releasing signaling lipids.
N6-methyladenosine (m8A) is the most prevalent and abundant post-transcriptional MRNA
modification and has been reported to regulate BAT adipogenesis and energy expenditure. Here,
we demonstrate that the absence of m®A methyltransferase-like 14 (METTL14) modifies the
BAT secretome to improve systemic insulin sensitivity independent of UCP1. Using lipidomics,
we identify prostaglandin E2 (PGE2) and prostaglandin F2a (PGF2a) as BAT-secreted insulin
sensitizers. PGE2 and PGF2a inversely correlate with insulin sensitivity in humans and protect
mice from high-fat-diet-induced insulin resistance by suppressing specific AKT phosphatases.
Mechanistically, METTL14-mediated m8A promotes the decay of PTGES2and CBRI, the
genes encoding PGE2 and PGF2a biosynthesis enzymes, in brown adipocytes via YTHDF2/3.
Consistently, BAT-specific knockdown of Ptges2or Cbrl reverses the insulin-sensitizing effects
in M14K0 mice. Overall, these findings reveal a novel biological mechanism through which
mBA-dependent regulation of the BAT secretome regulates systemic insulin sensitivity.

In brief

m®A mRNA modification has been reported to play pivotal roles in various metabolic tissues.
Here, Xiao et al. reveal a novel mechanism whereby m8A controls whole-body insulin sensitivity
via regulating prostaglandin biosynthesis in brown adipocytes.

Graphical Abstract
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INTRODUCTION

Brown adipose tissue (BAT) has emerged as a potential target for the treatment and
prevention of human obesity and related metabolic disorders secondary to its thermogenic
function mediated by uncoupling protein 1 (UCP1). In humans, BAT-mediated energy
expenditure under cold exposure contributes to body fat reduction.}:2 BAT has also been
reported to promote cardiometabolic health, especially in individuals who are overweight

or obese.3 Although BAT has been traditionally recognized for its thermogenic capacity
upon cold stimulation, it can also provide metabolic benefits by its ability to assist in the
utilization of nutrients (e.g., glucose, fatty acids, branched-chain amino acids) during energy
dissipation and via actions of secreted factors.*

Notably, BAT has been reported to exert positive effects on systemic metabolism via
secreted factors that include peptides, proteins, lipids, or microRNAs.*® In particular, a
class of lipids known as “BAT lipokines” has attracted attention in recent years.*> The term
“lipokine” was first defined as an adipose tissue-secreted lipid hormone linking to systemic
metabolic processes, including the regulation of insulin sensitivity, glucose tolerance, and
inflammation.® For example, 12,13-diHOME, induced by cold and exercise, enhances fatty
acid transport into BAT, reducing circulating triglycerides,” and promotes fatty acid uptake
in skeletal muscle.8 12-HEPE, another cold-induced BAT lipokine, stimulates glucose
uptake into BAT and muscle.® Additionally, BAT-secreted lipids such as maresin 2 mediate
anti-inflammatory BAT-liver crosstalk.10
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NB-methyladenosine (m®A) is the most prevalent, abundant, and conserved internal
post-transcriptional modification in eukaryotic nRNAs.! The modification is primarily
orchestrated by the writer complex, which consists of methyltransferase-like 14
(METTLZ14), methyltransferase-like 3 (METTL3), and Wilms’ tumor 1-associated protein
(WTAP),12 among other proteins. Removal of m6A is performed by demethylases such as
fat mass and obesity-associated protein (FTO) or alkB homolog 5 (ALKBH5). The effects of
the m8A modification on mRNA metabolism depend largely on the recognition by different
mBA reader proteins to allow for regulation of mMRNA stability, translation, splicing, and/or
export. For instance, recognition of m6A by YTH N(6)-methyladenosine RNA binding
protein 2 (YTHDF2) or YTH N(6)-methyladenosine RNA binding protein 3 (YTHDF3)
controls MRNA decay of the targeted mRNAs.11:13

While recent studies have implicated m8A modification in diverse physiological processes
including the regulation of human p cell biology4-16 and in brown/beige adipogenesis
and/or thermogenesis,1’~19 its significance in modifying the BAT secretome to regulate
systemic insulin sensitivity remains unexplored.

In the present study, we propose that METTL14 regulates BAT secretory function by a
unique mechanism that is independent of UCP1 to regulate systemic insulin sensitivity. BAT-
specific Mettl14 knockout (M14%0) mice displayed improved insulin sensitivity and glucose
tolerance independent of body weight, sex, or canonical BAT thermogenesis. Untargeted
lipidomics profiling of mouse BAT and human brown adipocytes (hBATS) identified an
upregulation of prostaglandin E2 (PGE2), prostaglandin D2 (PGD2), prostaglandin F2

alpha (PGF2a), and 13,14-dh-15-keto-PGE2 secondary to METTL14 deficiency. PGE2

and PGF2a improve systemic insulin sensitivity by suppressing AKT phosphatases in key
peripheral metabolic tissues. Mechanistically, METTL14 deficiency in BAT prevents the
decay of PTGESZ2and CBRI transcripts encoding prostaglandin biosynthesis enzymes to
enable an increase in their protein levels. Downregulation of Ptges2or Cbri gene in M14KO-
interscapular BAT (iBAT) reverses the insulin-sensitizing phenotype.

Taken together, these results argue for a novel mechanism coupling m®A methylation with
the BAT secretome to regulate systemic insulin sensitivity, independent of canonical BAT
thermogenesis.

Mettl14 deficiency in BAT improves systemic insulin sensitivity and glucose tolerance
independent of UCP1-mediated thermogenesis in mice

First, to determine whether the expression of m8A writers is altered in obesity and insulin-
resistant states, we performed RT-gPCR analyses in human BAT biopsies obtained from
non-obese (body mass index [BMI] < 30) or obese (BMI = 30) humans. Gene expression

of METTL 14, but not METTL3or WTAP, was dramatically upregulated in BAT from
individuals who are obese compared with those who are non-obese (Figure 1A). To
investigate the involvement of BAT mBA in systemic insulin sensitivity, we examined mouse
models of systemic insulin resistance. We analyzed the expression levels of m6A writers
METTL14, METTL3, and WTAP in the iBAT samples of a genetic hyperphagic mouse
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model of insulin resistance,2? namely, the leptin receptor-deficient ab/ab mouse. db/db

mice exhibited higher Mettl14 at both mRNA (Figure 1B) and protein (Figures 1C and

S1A) levels, compared with controls. Next, to distinguish insulin sensitivity from obesity,
we took advantage of the liver-specific insulin receptor knockout (LIRKO) mouse model,
which exhibits severe insulin resistance in the absence of obesity.2 Mert/14 gene and
protein expression levels in iBAT were upregulated in the LIRKOs, compared with littermate
controls (Figures 1D, 1E, and S1B). These findings suggest a potential role for METTL14 in
modulating BAT function to regulate systemic insulin sensitivity and metabolic homeostasis.

To directly interrogate the role of METTL14, we generated BAT-specific M14KC mice by
crossing Mettl14-floxed (M147f) animals4 with Ucpi-cre mice.22 We verified specific
depletion of Mett/14in iBAT and did not observe significant alterations in protein
abundance or gene expression in other metabolic tissues such as inguinal white adipose
tissue (IWAT), epididymal white adipose tissue (eWAT), liver, or muscle (Figures SIC-S1F),
or in non-metabolic tissues including kidney, thymus, hypothalamus, or adrenal gland (data
not shown), of M147/fl_.UCP1-cre (referred to as M14KO) mice, compared with controls
(M14f) M14KO and control mice were born in a normal Mendelian ratio and exhibited no
developmental defects (data not shown).

To explore the role of METTL14 under physiological conditions, we first placed both
female and male mice on a chow diet (CD). Deficiency of Mett/14 did not show significant
differences in body weights between the groups fed with CD (Figure 1F). However, both
sexes of M14KO mice showed improved insulin sensitivity and glucose tolerance (Figures
1G-1)).

To further examine the ability of M14KC mice to handle insulin resistance, we fed mice with
a high-fat diet (HFD) (60% fat) and compared them with mice fed a low-fat diet (LFD)
(10% fat). M14%O mice on HFD were smaller in body size (Figure S1G) and exhibited
increased iBAT but decreased iWAT, eWAT, and liver mass (Figure S1H). Consistently,
hematoxylin and eosin (H&E) staining revealed larger brown adipocytes (Figure S11) while
smaller adipocytes were detected in iWAT (Figure S1J) and eWAT (Figure S1K) in HFD-fed
M14KO mice. Interestingly, although HFD increased the brown adipocyte size in controls,

it did not significantly affect that of M14KO mice (Figure S1lI), suggesting increased
adipocyte numbers in the mutants. Adipocytes in the iWAT (Figure S1J) and eWAT (Figure
S1K) from HFD-M14KO mice were visually smaller, compared with controls. Surprisingly,
immunohistochemical (IHC) staining revealed lower UCP1 abundance in M14KO-iBAT
(Figure S11). Conversely, UCP1-positive cells were present in the iWAT of LFD-M14KO
mice (Figure S1J), suggesting the browning of WAT. In contrast to controls, M14KX0 mice
were protected from HFD-induced macrophage infiltration, as indicated by F8/ 40 IHC
staining in eWAT (Figure S1K), and hepatic steatosis (Figure S1L).

As expected, control female mice fed HFD presented increased body weights, elevated
fasting insulin levels, and insulin resistance as measured by the homeostatic model
assessment of insulin resistance (HOMA-IR), compared with control female mice fed

an LFD (Figures 1K-1P). In contrast, female M14KO mice were protected against HFD-
induced insulin resistance and presented lower fasting insulin levels and improved HOMA-
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IR, compared with controls on HFD (Figures 1K-1N). Thus, female M14K© mice presented
improved insulin sensitivity and glucose tolerance profiles independent of the diet, compared
with controls (Figures 10 and 1P). Similar changes were observed in males (Figures 1Q—
1V).

Serum adiponectin levels were elevated in M14KO female mice, compared with littermate
controls, on the LFD (Figure S1IM) but were similar between males (Figure S10).
Circulating leptin levels were similar between groups on LFD in both sexes (Figures SIN
and S1P, left); however, the HFD-induced elevation in leptin in controls in both sexes was
blunted in the M14KO mice (Figures SIN and S1P, right). Overall, these data suggest that
Mettl14 ablation in BAT improves insulin sensitivity and glucose tolerance independent of
body weight changes or diet.

Finally, we investigated the role of UCP1 in the observed phenotypes of M14KO mice.

The reduced UCP1 protein abundance in M14KO-iBAT (Figures Sil, S1Q, and S1R) led

us to hypothesize that the enhanced insulin sensitivity and glucose tolerance in M14KO
mice occur independently of the canonical UCP1-mediated thermogenesis in BAT. To
explore this hypothesis, two independent cohorts of mice were subjected to either cold
(5°C) or thermoneutral conditions (30°C) for 7 days to activate or deactivate UCP1 activity,
respectively. Despite these conditions, M14K0 mice consistently exhibited improved insulin
sensitivity and glucose tolerance (Figures 1W-1Z). Additionally, although M14KO mice
displayed PGCla and UCP1 protein expression in iWAT (Figures S1S and S1T) and
enhanced cold tolerance (Figure S1U), their energy expenditure (Figure S1V), oxygen
consumption (Figure S1W), and carbon dioxide production (Figure S1X) were comparable
to those of control mice. These results confirm our hypothesis that the enhanced insulin
sensitivity and glucose tolerance phenotypes are indeed independent of the classical BAT
thermogenesis.

Taken together, these results indicate that METTL 14 deficiency in BAT improves whole-
body insulin sensitivity, independent of body weight reduction and canonical BAT
thermogenesis.

M14KO_BAT-secreted factors enhance insulin sensitivity in peripheral metabolic tissues in
mice and primary metabolic cells in humans

The improved insulin sensitivity following ablation of Meft/14 in iBAT, which was
independent of gender, body weight reduction, and UCP1-mediated thermogenesis,
prompted us to examine the tissue-specific insulin-sensitizing effects using /7 vivoinsulin
stimulation experiments. To this end, we performed /n vivo vena cava insulin infusion in
the various groups, followed by the harvesting of metabolic tissues post-insulin stimulation
for analyses (Figure 2A). M14X0 mice displayed a dramatically higher hepatic serine 473
phosphorylation of protein kinase B (pAKTg473), compared with controls, independent

of diet or insulin-stimulated phosphorylation of insulin or IGF1 receptors (IRB/IGF1Rp)
(Figures 2B and 2C).

Additionally, when fed an LFD, M14KO mice exhibited elevated pAKTg473 in both their
eWAT (Figures 2D and 2E) and iWAT (Figures 2F and 2G), compared with controls. The
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typical decrease in pIRB/IGF1RP and pAKTg473 that is observed in response to HFD in
controls was not detected in eWAT (Figures 2D and 2E) or iWAT (Figures 2F and 2G) from
M14KO mice.

While M14KO mice fed with LFD showed reduced pIRB/IGF1Rp in muscle, they
demonstrated increased pAKTg473 activation, compared with control mice on the same diet
(Figures 2H and 21). When challenged with HFD, M14%0 mice exhibited higher levels of
both pIRB/IGF1RP and pAKTg473 in their muscle, compared with control mice (Figures 2H
and 2I).

Of note, no significant difference in pIRB/IGF1RP and pAKTg473 levels was observed in
iBAT between control and M14KO mice on LFD (Figures S2A and S2B). While an increase
in pIRP/IGF1Rp was observed in M14KO-iBAT, compared with control-iBAT in response
to HFD, there were no differences in pAKTa73 levels between control- and M14KO-iBAT
(Figures S2A and S2B). These findings suggest that the lack of Mett/14in iBAT leads

to increased insulin-stimulated responses primarily in the peripheral metabolic tissues,
underscoring inter-organ communication in the M14KC mouse model.

Our data thus far suggested that secretory factor(s) released by M14KO-BAT can enhance
insulin sensitivity in distant metabolic organs, thereby enhancing systemic insulin sensitivity.
To test this further, we generated three stable M14%0O human brown preadipocytes
(sgM14#1-, sgM14#2-, and sgM14#3-hBAT) by using single-guide RNA particles; single-
guide non-targeting control (SgNTC) RNA transfected hBAT cells were also generated as
controls (Figure 2J). METTL14 knockout in differentiated hBAT cells was confirmed by
western blot analysis (Figure S2C). Notably, METTL 14 depletion in hBAT cells resulted in
an improved differentiation capacity as determined by oil red O staining (Figure S2D).

Next, we explored the relevance of METTL14 in regulating secretory function in

hBAT cells. To mimic the /n vivo setting, we performed co-culture experiments by
treating differentiated human white adipocytes (hWATS), primary human hepatocytes
(hHepatocytes), or differentiated primary human myotubes (hMyotubes) with serum-free
conditioned media from differentiated sgNTC- or sgM14-hBAT cells, followed by analyses
of the insulin-stimulated signaling of the recipient cells (Figure 2J). Consistent with our
in vivo data, the conditioned media from sgM14-hBAT increased pAKTg473 levels in
differentiated hWAT cells in comparison to that from sgNTC-hBAT (Figures 2K and

2L). Consistently, conditioned media from sgM14-hBAT boosted pAKTg473 levels in
hHepatocytes (Figures 2M and 2N) or hMyotubes (Figures 20 and 2P) in response to
insulin, when compared with cells treated with conditioned media from sgNTC-hBAT.
Collectively, both /n vivoand in vitro data strongly support our hypothesis that METTL14
ablation in BAT promotes the systemic release of brown adipocyte “factors” that promote
intracellular insulin sensitization in distant metabolic tissues.

Identification of PGE2 and PGF2a as major M14KC-BAT-secreted insulin sensitizers

We next sought to identify the putative factors secreted by brown adipocytes from M14K0
mice. The ability of denatured hBAT-conditioned media to induce an improvement in
pAKTg473 levels, similar to the non-denatured conditioned media in hWAT cells (Figure
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S3A), allowed us to conclude that one or more factors released by the M14KO-brown
adipocytes were likely signaling lipids.

To specifically identify the lipids secreted by the M14KXO-prown adipocytes, we applied
comprehensive untargeted liquid chromatography-tandem mass spectrometry (LC-MS/MS)
signaling lipidomics to five sets of samples. First, we collected plasma from overnight-fasted
mice to evaluate circulating lipids (Figure 3A, left). In addition, we performed an ex vivo
culture of the iBAT explant and collected conditioned Krebs solution (CKS) as well as

the iBAT tissue after a 2-h culture at 37°C for examining BAT-secreted lipids’ (Figure

3A, left). Furthermore, considering iBAT is a heterogeneous tissue, we employed stable
M14KO-hBAT cells to ensure the secreted factors are specifically from brown adipocytes.
Thus, we differentiated hBAT cells and collected conditioned culture media as well as cell
pellets (Figure 3A, right).

Multivariate statistical models of the lipid profiling data were used to identify common
lipids enriched in the five M14KO sample types (Figures S3B-S3F). Comparative analyses
of the individual signaling lipids between control and M14KO samples (Figures 3B, S3G,
and S3H) led to the identification of 66 species that showed overlap among iBAT, iBAT-
CKS, and hBAT conditioned media (Figure 3C). Besides, when intersecting iBAT, CKS,
and plasma samples, 75 lipids were commonly expressed among the three sets (Figure

S3I). We noted that 73 lipids overlapped between conditioned hBAT media and hBAT cells
(Figure S3J), while 82 lipids overlapped among conditioned hBAT media, CKS, and plasma
(Figure S3K). Importantly, four lipid species that belonged to the prostanoid family, namely,
PGE2, PGD2, PGF2a, and 13,14-dihydro-15-keto-PGE2 (13,14-dh-15-keto-PGE?2), were
consistently significantly (o< 0.05) increased in a majority of the samples (M14KO-iBAT,
M14KO-iBAT-CKS, and sgM14-hBAT-conditioned media) (Figure 3C). Next, we validated
this observation by confirming the upregulation of PGE2 and PGF2a in independent sets of
mouse plasma, iBAT-CKS, and hBAT culture media, using enzyme-linked immunosorbent
assays (ELISAs). Consistently, the absolute concentration of these two lipids was higher

in the M14KO samples compared with controls (Figures 3D and 3E). Interestingly, due to
the short half-life of both PGs, their concentrations were lower in the plasma than in the
cultured media. These data suggest that PGE2, PGD2, PGF2a, and 13,14-dh-15-keto-PGE2
are potential lipokines secreted by M14KO-BAT.

To directly validate whether the candidate prostaglandins are responsible for the observed
improvement in insulin sensitivity in peripheral metabolic cells, we performed a series
of independent dose-response studies in a human liver cell line (HepG2) (Figure S4A),
a differentiated mouse skeletal muscle cell line (C2C12) (Figure S4B), differentiated
hWAT cells (Figure S4C), or differentiated hBAT cells (Figure S4D). Briefly, cells were
treated with physiological (10 and 100 nM) or supraphysiological concentrations (1,000
nM) of PGE2, PGD2, PGF2a, or 13,14-dh-15-keto-PGE2 overnight. Cells were then
washed and stimulated with 100 nM insulin for 15 min (Figures S4A-S4D). Among

the four candidate signaling lipids, PGE2 (100 nM) and PGF2a (10 nM), respectively,
increased insulin-stimulated pAKTg473 under both physiological and palmitate-induced
insulin-resistant conditions in HepG2 (Figure S4E), C2C12 (Figure S4F), hWAT (Figure
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S4G), or hBAT cells (Figure S4H) (results are summarized in Table S2). These results point
to the potency of PGE2 and PGF2a in improving insulin signaling in metabolic cells in vitro.

Next, we sought to identify the receptors and intracellular signaling networks that mediate
the insulin-sensitizing effects of PGE2 and PGF2a. Prostaglandins are known to exert

their actions by acting on G protein-coupled receptors (GPCRs).23 There are four GPCR-
designated subtypes (EP1, EP2, EP3, and EP4) that mediate the actions of PGE2.24
Furthermore, the biological actions of PGF2a are mediated through binding with the
prostaglandin F receptor (FP).25 We therefore hypothesized that PGE2 or PGF2a exerts the
insulin-sensitizing effects via binding to these receptor(s). To directly test this hypothesis,
we performed independent blocking experiments by pre-treating each of the cell types
with an antagonist of EP1(ONO8711),26 EP2 (PF04418948),27 EP3 (L826266),28 EP4
(AH23848),2° or FP (OBE022)30 receptor. This was followed by treating the cells with
PGE2 (100 nM) or PGF2a (10 nM) at concentrations determined from earlier experiments
(Figures SAE-S4H). As a functional readout, we examined glucose uptake in the cells.
Similar to the treatment for assessing insulin signaling, as described above, cells were
pre-treated with specific receptor antagonist(s), followed by overnight treatment with PGE2
(100 nM) or PGF2a (10 nM) and an acute insulin stimulation (100 nM for 15 min) before
assaying for 2-deoxy-glucose (2DG) uptake.

In HepG2 cells, 100 nM of PGE2 treatment induced pAKTs473 activation independent

of insulin (Figure 3F, pAKTg473 longer exposure, and Figure S5A). Pre-treatment with
EP1, EP3, or EP4 antagonists, namely, ONO8711, L826266, or AH23848, blunted

the PGE2-induced pAKTg473 even in the presence of insulin (Figures 3F and S5A).

PGE?2 synergistically increased pAKTg473 without influencing pIRB/IGF1Rp; furthermore,
inhibition of EP1 or EP4 receptor by ONO8711 or AH23848 significantly abolished the
synergistic effects of PGE2 on insulin (Figures 3F and S5A). On the other hand, PGF2a
did not activate pAKTg473 per se; however, it increased insulin-stimulated pAKTg473 likely
through actions on FP receptors in liver cells, since OBE022 abolished the PGF2a-induced
increase in pAKTg473 (Figures 3G and S5B). As expected, insulin induced an increase in
glucose uptake in HepG2 cells (Figure 3H). Interestingly, application of exogenous PGE2
alone induced a 1.6-fold increase in glucose uptake at 100 nM, although this uptake was not
as robust as the effect of insulin in HepG2 cells (Figure 3H).

In C2C12 cells, neither PGE2 nor PGF2a increased the basal pAKTg473 levels; however,
both prostaglandins elevated insulin-stimulated pAKTs473 (Figures 31, S5C, and S5D).
Strikingly, individual treatments with PGE2 (100 nM) or PGF2a (10 nM) led to a 2.6-fold
or 3.2-fold induction of glucose uptake in C2C12 cells independent of insulin, respectively,
whereas insulin on its own induced a 2-fold increase in glucose uptake as expected (Figure
3K). Simultaneous blockage of EP1 and EP2 receptors abolished PGE2-induced glucose
uptake. Similarly, the use of a PF receptor antagonist significantly decreased the PGF2a-
induced increase in glucose uptake in C2C12 cells (Figure 3K).

In differentiated hWAT cells, PGE2 but not PGF2a increased basal pAKTg,73 levels,
and both PGs increased insulin-stimulated pAKTs473 (Figures 3L, 3M, S5E, and S5F).
Inhibition of EP2 or EP4 receptor and of FP receptor decreased PGE2- or PGF2a-induced
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effects, respectively. Conversely, blockage of EP1 or EP2 receptor partially decreased

the PGE2-induced effect, while the FP antagonist, OBE022, did not significantly change
PGF2a-induced effects (Figures 3L, 3M, S5E, and S5F). Besides, neither PGE2 nor PGF2a
affected glucose uptake in the absence of insulin, while PGE2 enhanced insulin-stimulated
glucose uptake (Figure 3N).

In differentiated hBAT cells, both PGE2 and PGF2a increased insulin-stimulated pAKTg473
without directly affecting pAKTg473 (Figures 30, 3P, S5G, and S5H). Interestingly, blockage
of the EP4 receptor showed a significant increase in PGE2-induced pAKTs473 (Figures

30 and S5G). On the other hand, an FP receptor antagonist completely abolished PGF2a-
induced elevation in insulin-stimulated pAKTg473 (Figures 3P and S5H). Glucose uptake

in hBAT cells was significantly stimulated by insulin but was not altered in response to

both PGs (Figure 3Q), suggesting that brown adipocytes are unlikely to be the major

target of PGs. These data together suggest that PGE2 and PGF2a act as secretory factors
that exogenously control glucose uptake primarily in muscle cells, hepatocytes, and white
adipocytes.

Last, we investigated the molecular mechanism(s) activated by PGE2 or PGF2a to increase
pAKTg473. Several mechanisms exist to attenuate, fine-tune, or terminate insulin signaling,
both at the level of the receptor and downstream points in the cascade.31:32 For example,
phosphatases such as PH domain and leucine-rich repeat protein phosphatases (PHLPPS),
SH2 domain-containing inositol phosphatase 1/2 (SHIP-1/SHIP-2), and phosphatase and
tensin homolog (PTEN) are known to negatively regulate AKT in the insulin signaling
cascade.33 We therefore hypothesized that PGE2 and PGF2a suppress the expression of
specific negative regulators in the PI3K pathway and activities of pAKT. Using HepG2
cells as a model, we observed that PGE2 decreased the protein abundance of PHLPP-1,
which acts to dephosphorylate AKT, and SHIP-1/2 as well as PTEN, all of which negatively
regulate the PI3K pathway. Blocking EP1 or EP4 receptors partially rescued the expression
of these phosphatases (Figures 3R and S51). PGF2a decreased the protein levels of SHIP-1
and SHIP-2, and this effect was reversed by blocking the FP receptor (Figures 3S and S5J).

Taken together, four signaling lipids, namely, PGE2, PGD2, PGF2a, and 13,14-dh-15-keto-
PGE2, are released by mouse or human brown adipocytes that lack METTL14. Among
these, PGE2 and PGF2a potentially act as primary endocrine factors mediating improved
peripheral insulin sensitivity. For example, PGE2 stimulates pAKTg473 in the absence

of insulin and sensitizes insulin-stimulated pAKTg473 through distinct cell-specific EP
receptors. In HepG2 cells, these actions are exerted by decreasing the expression of
PHLPP-1, SHIP-1/2, or PTEN, respectively. PGF2a acts by binding with the FP receptor
to negatively regulate SHIP-1 and SHIP-2 to increase insulin-stimulated pAKTg473 (Figure
3T).

Administration of exogenous PGE2 and PGF2a improves insulin sensitivity and glucose
tolerance in DIO mice

Next, we sought to study whether PGE2 or/and PGF2a are responsible for the metabolic
phenotypes of M14%0 mice. To study this, we used an anti-PGE2 monoclonal recombinant
antibody (2B5) to block the effects of PGE2. The neutralizing efficacy of 2B5 was validated
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in vitro using HepG2 cells, demonstrating a concentration-dependent neutralization of
PGE2-induced increase in pAKTs473 (Figures SBA-S6C). Additionally, this experiment also
allowed us to consider an optimal concentration of 2B5 for the /n vivo neutralization study.

Next, we conducted /n vivo neutralization by injecting the control mice with isotype control
immunoglobulin G (IgG) antibody and M14KO mice with either the control antibody or

2B5 (Figure 4A), and we validated antibody injection by determining the 1gG1 level in the
experimental mice (Figure S6D). As expected, M14K0 mice injected with 1gG displayed
systemic improvements in insulin sensitivity (Figure 4B), glucose tolerance (Figure 4C), and
hepatic insulin sensitivity (Figures 4D and 4E), compared with control mice injected with
IgG. Notably, these phenotypes were virtually completely attenuated by 2B5 (Figures 4B—
4E), strongly supporting that PGE2 is underlying the M14KO mice phenotypes. However,
due to the unavailability of a commercial neutralizing antibody against PGF2a, blocking
PGF2a in this experiment was not feasible.

Having identified PGs, particularly PGE2, as the insulin sensitizers responsible for the
primary phenotypes of M14KO mice, we proceeded to directly assess the insulin-sensitizing
effects of exogenous PGE2 and PGF2a in mice. However, it is worth noting that both PGE2
(12.5 mg/kg) and PGF2a (12.5 mg/kg) displayed a short plasma half-life of ~ 3.3 and ~1.4
min in the diet-induced obesity (DIO) mice, respectively (Figures S6E and S6F). Only 490
pg/mL PGE2 and 770 pg/mL PGF2a remained in circulation 2 h post-injection, indicating
rapid clearance and the necessity of supraphysiological circulating concentrations to elicit
observable effects /in vivo.

Therefore, we included five groups of 13-week-old male mice for /in vivo administration:
LFD-fed groups with vehicle or 25 mg/kg PG (12.5 mg/kg PGE2 + 12.5 mg/kg PGF2a)
injection and DIO mice receiving vehicle, 25 mg/kg PGs (12.5 mg/kg PGE2 + 12.5

mg/kg PGF2a), or 50 mg/kg PGs (25 mg/kg PGE2 + 25 mg/kg PGF2a) (Figure 4F). The
activity, basal core body temperature, and food intake were monitored as indicators of
potential side effects induced by chronic PG administration. At neither of the doses did PG
administration influence the activity (Figures S6G and S6H) or basal core body temperature
(Figure S6l) in the fed LFD or HFD, pointing to the safety of PG administration in mice.
Besides, combined PGE2+PGF2a injection at both doses did not significantly affect the
food intake (Figure S6J) or body weight, except for mice receiving 25 mg/kg PGE2+PGF2a
challenged with a HFD (Figure 4G). Furthermore, DIO mice injected with the low dose of
PGE2+PGF2a had smaller body sizes and decreased size and weights of iBAT, liver, iWAT,
and eWAT (Figures 4H and 41); however, these differences were not observed between the
LFD-fed groups (Figures 4G, 41, and S6K). Histological analyses of adipose tissues and
liver revealed healthier morphology in the PGE2+PGF2a-injected mice on HFD (Figures
4J-4L). Specifically, the PGs decreased HFD-induced hepatic steatosis (Figure 4J), immune
cell infiltration, and adipocyte hypertrophy in eWAT (Figure 4K) and iWAT (Figure 4L).
Consistent with the observation on iWAT from M14KC mice (Figures S1J, S1S, and S1T), an
induction of beige cells, indicated by multilocular morphology (Figure 4L), UCP1 positivity
(Figure 4M), and the presence of browning markers (Figures 4N and 40), was observed

in the iIWAT of PG-injected mice. Consistently, treating human preadipocytes with PGE2,
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13,14-dh-15-keto-PGE2, PGF2a, or PGD2 induced expression of browning markers (Figure
S6L).

To uncouple the insulin sensitivity from the effects of potential body weight changes, we
performed IPITT on day 11 post-PGE2+PGF2a injection when body weights were similar
among groups (Figure S6M). Treatment with PGE2+PGF2a did not influence LFD-fed
mice, which exhibited normal insulin sensitivity while protecting DIO mice from HFD-
induced insulin resistance at both doses (Figures 4P and 4Q). At the end of the experiment,
PGE2+PGF2a (50 mg/kg) injection lowered the fasting glucose in HFD-fed mice (Figure
4R), and both doses of PGs decreased HFD-induced glucose intolerance (Figure 4S).
Furthermore, treating DIO mice with PGs (25 mg/kg) followed by assessment of tissue
level insulin sensitivity after vena cavainsulin injection showed increased pAKTg473 in the
liver (Figure 4T) and iWAT (Figure 4U). Notably, a reduction of PHLPP1, SHIP1, and
PTEN protein abundance in liver (Figure 4V) and a decrease in PHLPP1 and SHIP1 protein
abundance in iIWAT (Figure 4W) were observed, suggesting direct insulin sensitization via
the inhibition of negative regulators of pAKT signaling.

To further understand whether the global improvement in insulin sensitivity induced by
PGs was dependent on the canonical UCP1-mediated thermogenesis of BAT, we performed
indirect calorimetry after acute cold exposure. Regardless of improved cold tolerance
induced by both doses of PGs in the DIO mice (Figure S6N), which is likely attributed to
the PG-induced iWAT browning (Figures 4M-40), no differences were observed in energy
expenditure (Figure S60), O, consumption (Figure S6P), or CO, production (Figure S6Q)
between PG- and Veh-treated groups fed with HFD after 6 h acute cold exposure. These
results support the notion that M14KO-BAT-secreted prostaglandins improve whole-body
metabolism independent of BAT thermogenesis.

Collectively, long-term treatment of DIO mice with PGE2 and PGF2a phenocopied the
M14%0 mouse model and supported the concept that M14KO-BAT improves metabolic
health by endocrine effects of the PGs.

Plasma levels of PGE2 and PGF2a are negatively associated with obesity and insulin
resistance in humans

Since M14KO mice and PGE2+PGF2a-treated mice were resistant to HFD-induced insulin
resistance, we sought to examine the relevance of these findings in humans. We therefore
tested the relationship between circulating levels of PGE2 or PGF2a and metabolic
parameters in three independent cohorts of human subjects with a broad distribution of
BMI and insulin sensitivity.

In human cohort 1, individuals are divided into lean, over-weight, and obese groups (sample
information in Table S3).° We observed higher PGE2 levels in lean (BMI < 25 kg/m?2)
compared with overweight (25 < BMI < 30 kg/m?) or obese (BMI = 30 kg/m?2) groups
(Figure 5A), as well as in individuals identified as BAT positive (BAT+), compared with
those identified as BAT negative (BAT—) (Figure 5B). Notably, Spearman’s correlation
analyses revealed a significant negative correlation between plasma PGE2 levels and

BMI (Figure 5C), as well as HOMA-IR (Figure 5D). Moreover, PGE2 exhibited negative
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correlations with fasting plasma insulin (FPI) and leptin levels (Figure S7A). Similarly,
PGF2a levels were higher in individuals who are lean than in those who are overweight

or obese (Figure 5E) and in BAT+ group compared with BAT—group (Figure 5F). PGF2a
also displayed inverse correlations with BMI (Figure 5G), HOMA-IR (Figure 5H), FPI, and
leptin (Figure S7B). Given the known decrease in BAT mass and activity in obese humans,34
these data support BAT as the primary source tissue of PGE2 and PGF2a in humans. The
inverse correlation between PGE2 or PGF2a levels and HOMA-IR suggests that low plasma
PG levels are associated with increased insulin resistance.

To further dissect the insulin-sensitizing effects of the PGs independent of BMI, we

next examined the association of circulating PGE2 or PGF2a levels with the metabolic
parameters in human cohort 2 (also referred to as Kuopio Obesity Surgery [KOBS] study)
including only obese subjects (BMI R 30).3% The absolute levels of PGE2 and PGF2a
were measured by ELISAs. Plasma PGE2 levels did not show significant correlations
with BMI (Figure 51), which allowed us to dissect the potential effects of PGs from

body weight regulation in this human cohort. Consistent with human cohort 1, we also
observed a negative correlation between PGE2 and HOMA-IR in human cohort 2 (Figure
5J). In addition, PGE2 showed negative correlations with fasting glucose, insulin, and
triglycerides (Figure S7C). PGF2a showed a similar pattern of correlations with the
parameters mentioned above (Figures 5K, 5L, and S7D).

Finally, we proceeded to determine the relationship between circulating levels of PGE2

and PGF2a levels with peripheral insulin sensitivity. In human cohort 3 (also referred to as
the Stop Diabetes [StopDia] study), where the Matsuda index that represents both hepatic
and peripheral tissue sensitivity to insulin is available, we found a significantly positive
correlation between PGE2 and the Matsuda index (Figure 5M). Besides, plasma levels of
PGE2 were found to negatively correlate with BMI (Figure 5N), HOMA-IR (Figure 50),
and FPI (Figure S7E), respectively. Similarly, the PGF2a level was positively correlated
with the Matsuda index (Figure 5P), while being negatively correlated with other parameters
mentioned above (Figures 5Q, 5R, and S7F). Overall, these findings suggest that PGE2 and
PGF2a are linked to systemic metabolism and insulin sensitivity in humans.

METTL14 deficiency upregulates pathways related to prostaglandin synthesis in BAT

To answer the lingering question regarding the mechanism(s) by which METTL 14 regulates
prostaglandin synthesis in brown adipocytes, we began by determining the transcriptional
basis of prostaglandin synthesis following METTL 14 ablation. We performed RNA
sequencing (RNA-seq) and m6A-RNA immunoprecipitation sequencing (m8A-RIP-seq) in
iBAT from control or M14X0 mice (Figure 6A). Principal-component analysis (PCA)

of both RNA-seq and m8A-seq data showed a clear separation between control- and
M14KO.iBAT (Figures 6B and 6C, respectively). RNA-seq identified 697 differentially
expressed genes (DEGS) (p < 0.01) in M14KO-iBAT consisting of 324 upregulated and
373 downregulated genes (Figure 6D). Pathway and process enrichment analyses of

the significantly upregulated genes revealed the metabolism of lipids and phospholipid
metabolic process among the top upregulated pathways as a consequence of Mett/14
deficiency (Figures 6E and S8A). Consistently, pathways including response to insulin,
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adipogenesis, and glucose homeostasis were upregulated in M14KO-iBAT, compared with
controls. On the other hand, top-ranking ontologies for the downregulated genes were
related to angiogenesis, cell cycle, and mitosis (Figure S8B).

As previously reported,36:37 the m6A peaks in both control- and M14KO-iBAT were enriched
at the start and stop codons and were characterized by the canonical GGACU motif (Figure
S8C). To further test whether the transcriptomic alterations related to the phospholipid
synthesis pathways were regulated by METTL14-mediated m®A decoration, we intersected
the differentially upregulated (p < 0.05) and m8A-hypomethylated genes (o < 0.05) and
obtained 714 transcripts (Figure 6F). Consistent with our RNA-seq data, this group of 714
genes was the most enriched for the phospholipid metabolic process and metabolism of lipid
pathways (Figures 6G and S8D).

Prostaglandin synthesis occurs when a cyclooxygenase enzyme (Cox1 and Cox2, also
known as Ptgsl and Ptgs2, respectively) converts arachidonic acid to an intermediate

that is subsequently converted to an active prostanoid such as PGE2 and PGF2a. The
biosynthesis of diverse PGs from arachidonic acid is directly enabled by PG synthases

such as the prostaglandin E synthases (PTGES, PTGES2, and PTGES3) but also indirectly
regulated by several transcription regulators or transcriptional coactivators.38:39 To further
identify the target transcripts of METTL14 involved in the PG biosynthesis pathway, we
analyzed the mBA levels of the genes encoding prostaglandin biosynthesis enzymes in
control- and M14KO-iBAT. Several genes involved in the PG biosynthesis pathway were
highly hypomethylated in the M14XO-iBAT (Figure 6H). More specifically, prostaglandin
E synthase 2 (Prges2) (Figure 61), which encodes the synthase for PGE2 synthesis;
carbonyl reductase 1 (CbrI) (Figure 6J); and aldo-keto reductase family 1 member B10
(Akr1b10) (Figure 6K), which are responsible for the production of PGF2a and 13,14-
dh-15-keto-PGE2, showed lower m8A levels. Other hypomethylated genes in this pathway
included peroxisome proliferator-activated receptor gamma (Ppary) (Figure 6L), which
promotes the synthesis/release of PGE239; peroxisome proliferative activated receptor
gamma coactivator 1 alpha (Ppargcla) (Figure 6M), which promotes the expression of
prostaglandin-endoperoxide synthase 1 (Prgs1)38; and peroxisome proliferative activated
receptor gamma coactivator 1 beta (Ppargc1p) (Figure 6N), which is a known regulator of
several prostaglandin synthases. Among other hypomethylated genes in M14XO-iBAT were
endothelin receptor type A (£dnra) (Figure 60); phospholipase A2, group XA (PlaZg12a)
(Figure 6P), which induces liberation of arachidonic acid from cellular membranes; as

well as 11b-hydroxysteroid dehydrogenase type 1 (Hsd11b61) (Figure 6Q), which promotes
conversion of arachidonic acid into prostaglandin H2 (PGH2) (Figure 6H). Thus, these three
transcripts might contribute to the production of prostaglandins by providing additional
substrates (i.e., arachidonic acid and PGH2). Consistently, enriched pathways and genes
were also observed in the sgM14-hBAT cells (Figures S8E and S8F). Overall, these results
indicate that a deficiency of METTL 14, directly and indirectly, regulates the synthesis of
prostaglandins in mouse and human brown adipocytes.
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METTL14-mediated m®A installation promotes the mRNA decay of prostaglandin
biosynthesis enzymes and their regulators in an YTHDF2/3-dependent manner

We proceeded to validate our sequencing findings and explore the molecular mechanisms
underlying METTL14-mediated m8A modification of target transcripts in the PG synthesis
pathway. Initially, RT-gPCR analyses confirmed the upregulation of Ppary, Ppargcla,
Ppargclp, Prges2, Crb1, and Akrib10in M14XO-iBAT (Figure 7A). Interestingly, although
no changes were detected in the m8A levels within the transcripts of 15-Pgah and Ptgds,
their gene expression was upregulated in M14KO-iBAT (Figure S9A), suggesting that they
are not direct targets of METTL14-mediated m®A. Furthermore, the protein levels of
PPARy, PGCla, PGC1B, PTGES2, CBR1, and AKR1B10 were increased in the iBAT

of M14KO mice (Figures 7B and S9B). Consistently, gene expression (Figures 7C and S9C)
and protein levels (Figures 7D and S9D) of PG biosynthesis enzymes and their positive
regulators were increased in sgM14-hBAT cells.

We then took advantage of the hBAT cell model to conduct mechanistic studies. First, we
examined the effects of METTL 14 deficiency on the stability of candidate target mMRNAS
following treatment with actinomycin D (Act D), an inhibitor of transcription, in hBAT cells.
METTL 14 deficiency did not significantly affect the stability of ACTB mRNA; however,

it potently suppressed the degradation of PTGESZ2, CBRI, and AKR1B10mRNAs in the
differentiated hBAT cells (Figure 7E). These data suggest that METTL14-mediated m®A
methylation regulates target mMRNA levels by influencing their stability.

To confirm this hypothesis, we performed small interfering RNA (SiRNA)-mediated
knockdown of the m8A reader proteins YTHDF2 and YTHDF3 (Figure 7F), which are
important for MRNA stability,1113 and examined the expression and stability of PTGES?2,
CBR1, and AKR1B10mRNAs after ActD treatment in wild-type hBAT cells. Knockdown
of either YTHDF2 or YTHDF3, followed by ActD treatment, did not affect the stability

of ACTB but increased the stability of PTGESZ, CBRI, and AKR1B10mRNAs (Figure
7G). In the chase experiment with the translation inhibitor cycloheximide (CHX), METTL 14
deficiency did not alter GAPDH protein expression over 12 h, likely due to its long half-

life (Figures 7H and S9E). Additionally, METTL14 deficiency did not significantly affect
the translational efficiency of PPARy, PGCla, PGC1B, PTGESZ, CBR1, and AKR1B10
MRNAs in hBAT cells (Figures 7H and S9E), suggesting that METTL14 primarily regulates
transcriptional processes rather than translational efficiency.

METTL14 overexpression (M140E) (Figures S9G and S9H) in hBAT did not affect
adipogenesis (Figure S9F) but decreased gene expression of PPARy, PGCla, PGCIp,
PTGESZ, CBR1, and AKR1B10 (Figure S9H). M140E promoted PTGESZ, CBR1, and
AKR1B10mRNA degradation in hBAT cells post-ActD treatment (Figure S9I) and reduced
secretion of PGE2 and PGF2a (Figure S9J). Additionally, M140OE-hBAT-conditioned media
lowered pIRB/IGF1RP and pAKTgy473 levels in HepG2 (Figure S9K) and hWAT cells (Figure
S9L) pre-treated before insulin stimulation, compared with controls.

Finally, having identified Pfges2and Cbr1 as the key target transcripts of M14-mediated
mOA, encoding PGE2 and PGF2a biosynthesis enzymes, respectively (Figure 71), we aimed
to elucidate the significant contributions of Ptges2and Cbrl to enhanced insulin sensitivity.
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AAV8-scramble, AAV8-shPtges2, or AAV8-shChrl were injected into iBAT to genetically
knock down Ptges2 or Cbrl specifically (Figure 7J). Knockdown efficiency and tissue
specificity were confirmed by reduced PTGES2 and CBR1 protein abundance exclusively
in iBAT (Figures 7K, 7L, S9M, and S9N). Knockdown of each gene notably decreased
plasma PGE2 and PGF2a levels in M14KO mice (Figure 7M), affirming PTGES2 and
CBR1 as a key enzyme for PGE2 and PGF2a biosynthesis, respectively. Notably, Piges2
depletion virtually abolished improved systemic insulin sensitivity and glucose tolerance in
M14%0 mice (Figures 7N and 70), likely due to PGE2’s role as a precursor to PGF2a and
13,14-dh-15-keto-PGE2.40 Chr1 knockdown partially reversed this phenotype (Figures 7N
and 70). Consistently, insulin sensitivity was also observed at the tissue level, particularly
in the liver (Figures 7P and 7Q). These results confirm Piges2and Cbr1 as key targets of
M14-mediated m8A in brown adipocytes, underscoring BAT-secreted PGE2 and PGF2a as
major drivers of the improved insulin sensitivity in M14KO mice.

Collectively, we have uncovered a unique mechanism by which BAT regulates systemic
insulin sensitivity in peripheral metabolic tissues. Our findings indicate that METTL14
deficiency selectively induced hypomethylation in transcripts encoding prostaglandin
biosynthesis enzymes, consequently inhibiting their mMRNA decay. This leads to an
upregulation of prostaglandin production within brown adipocytes.

DISCUSSION

Insulin resistance, which is characterized by reduced sensitivity to insulin in several
metabolic tissues, is known to be associated with glucose intolerance and type 2 diabetes
(T2D). The activity of BAT has been found to negatively correlate with body BMI3441 while
being positively associated with insulin sensitivity.*! Therefore, targeting BAT, particularly
its secretory functions, presents one potential approach for the prevention and treatment of
obesity and insulin resistance.*42

BAT secretes various bioactive factors that can either directly modulate brown adipocyte
insulin sensitivity and/or, importantly, act as endocrine factors to regulate insulin sensitivity
in peripheral metabolic tissues independent of canonical thermogenesis. Some of these
factors include proteins (e.g., Nrg4,%3 FGF21,%4 FGF6, and FGF9),%5 signaling lipids or
so-called lipokines such as 12,13-di-HOME,’-8 and omega-3 oxylipin 12-HETE.® Exosomal
microRNAs have also been reported to regulate systemic metabolism by interorgan
crosstalk.46-48 However, most of these factors have been reported to be released in response
to cold stimulation,’-9:10:45.49 phrowning inducers,?® or exercise,® and there is an urgent need
to identify novel strategies for regulating the BAT secretome. Here, we describe a unique
mechanism by which METTL14-mediated m8A mRNA methylation negatively regulates the
synthesis of BAT signaling lipids, i.e., prostaglandins. Mett/14 deficiency in BAT enhances
systemic insulin sensitivity independently of body weight changes and, notably, independent
of UCP1-mediated canonical BAT thermogenesis. Instead, Mett/14 deficiency promotes the
secretion of BAT-produced PGE2 and PGF2a, which act as effective insulin sensitizers. The
mechanism of PGE2 and PGF2a action is intriguing: without significantly affecting pIRp/
IGF1Rp level in peripheral metabolic tissues, both lipids activate pAKTg473 by inhibiting
specific negative regulators of pAKT.
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Interestingly, UCP1 is downregulated in M14KO-iBAT. This finding, along with unaltered
energy expenditure and the maintained phenotypes under cold or thermoneutral conditions,
points to the notion that the improved insulin sensitivity is mediated via a UCP1-
independent mechanism. However, further research employing UCP1-deficient models

is needed to directly validate this hypothesis. Considering that the anti-obesity effects

of UCP1-dependent thermogenesis are only supported by a proof-of-principle study in
UCP1-knockout (Ucp1K©) mice maintained at thermoneutrality®L; and that obese and

aging humans express minor amounts of UCP1 and most do not live in thermoneutral
conditions,> UCP1-independent mechanism(s) in BAT, such as its endocrine functions, may
hold significant translational relevance.

Another interesting observation in M14KO mice is the improved cold tolerance. Despite
the significant downregulation of UcpI gene expression and protein abundance in BAT, a
beige phenotype was observed in the iWAT of M14X0 mice, suggesting white-to-brown
adipose tissue conversion as a compensatory response to the reduced UCP1 level in

BAT. As discussed previously, several PGs, including PGE2 and PGD2, are known as
browning inducers through various mechanisms.4%:5354 PGE2 interacts with PPARy to
divert preadipocyte differentiation into beige adipocytes,>>>6 while PGD2 promotes de novo
beige adipocyte biogenesis through stimulating CD81+ progenitor cell proliferation in a
paracrine or autocrine manner via the receptor DP1.54 This led us to hypothesize that the
white-browning phenotype is induced by the elevated levels of PGs. Indeed, PGE2, PGD2,
13,14-dh-15-keto-PGE2, or PGF2a treatment during the late differentiation stage induced
PGC1la and UCP1 protein expression in hWAT cells. Consistently, exogenous PGE2 and
PGF2a administration in mice markedly induced the formation of beige adipocytes in

their iIWAT. These data support a previously unreported observation showing the browning-
inducing effect of PGF2a and 13,14-dh-15-keto-PGE2. However, future studies should
confirm this observation and elucidate the mechanism(s) by which these two PGs promote
conversion from white-to-brown fat.

Importantly, the translational relevance of our /n vitro and animal studies is demonstrated by
the inverse correlations observed between circulating PGE2 or PGF2a levels and HOMA-IR
in three independent human cohorts. Notably, plasma from individuals who are BAT+
displayed higher levels of PGE2, PGF2a, and 13,14-dh-15-keto-PGE2, compared with
individuals identified as BAT—. This finding strongly points to BAT as a primary source
tissue for PGE2/PGF2a as well as their metabolites in humans, highlighting its importance
in regulating prostaglandin levels and its potential implications on systemic metabolism in
humans.

The transcriptome and m8A methylome analyses indicate that the deficiency of
METTL 14 leads to an upregulation in the metabolism of lipids and the phospholipid
metabolism pathway. However, a key question remains: how does METTL14-mediated
mOA regulation specifically affect the biosynthesis of prostaglandins in brown adipocytes?
The biosynthesis of prostaglandins involves the sequential oxygenation of arachidonic
acid by cyclooxygenases (COX1 and COX2) to form PGH2. Specific PGs are then
formed through the actions of different terminal PG biosynthesis enzymes on PGH2
(Figure 6H). It is worth noting that several transcription factors and coactivators, such as
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PPAR<y, PGCla, and PGC1p, can each regulate the activity of terminal PG synthases.
Therefore, we focused specifically on the genes encoding PG biosynthesis enzymes and
their regulators. Our analyses revealed that the Ednra, PlaZg12a., and Hsd11b1 genes were
hypomethylated and upregulated in the M14KXO-iBAT. EDNRa and PLA2G12a enzymes are
responsible for promoting the synthesis of arachidonic acid, while the HSD11B1 enzyme-
promoted regeneration of COX2 contributes to the production of PGH2.57 More substrates
(arachidonic acid and PGHZ2) are likely released/converted for the subsequent conversion
into specific PGs. Mettl14 deficiency results in the upregulation of enzymes involved in

the conversion of PGE2, PGD2, PGF2a, and 13,14-dh-15-keto-PGE2 in brown adipocytes
through direct and indirect regulation. First, the transcripts encoding enzymes PTGES2
(PGEZ2 synthase), CBR1, and AKR1B10 (PGF2a biosynthesis enzymes) were upregulated
and m8A hypomethylated, suggesting direct regulation by m®A. Second, transcription
factors/coactivators Ppary and Pgcla were also upregulated and m6A hypomethylated,
potentially leading to the indirect upregulation of genes encoding PTGDS (PGD?2 synthase)
and 15-PGDH (13,14-dh-15-keto-PGE2 intermediate biosynthesis enzyme) proteins,38:39
Overall, these findings suggest that Mett/14 deficiency directly and indirectly upregulates
the expression of enzymes involved in prostaglandin conversion in brown adipocytes.

A recent publication using Mettl14™/l-Adipog®® mouse model to induce Mert/14 knockout
in both WAT and BAT suggested that Mett/14 deficiency-induced WAT lipolysis plays

a central role in the improved whole-body metabolism.8 In contrast, our study uses
Mettl14™fl-Ucp1°e to specifically knockout Mett/14 in BAT, revealing BAT-secreted PGs
as the pivotal drivers of the phenotypes. Notably, despite the significant role of Mettl14

in regulating lipolytic genes in WAT, as reported in their study, our examination of M14KO-
iBAT revealed no alteration in the expression of these genes or protein abundance (data not
shown). These findings underscore the conceptual differences between our work and the
published study.

In conclusion, this study reveals a unique role of m6A modification in the regulation of
BAT secretory function. The BAT-secreted prostaglandin action represents an unexpected
lipid-induced signaling pathway with beneficial metabolic effects in multiple key metabolic
tissues. These insights offer a potential therapeutic avenue for the prevention and treatment
of insulin resistance, supporting the notion of targeting m8A modification to develop novel
agents for the treatment of metabolic diseases.

Limitations of the study

There are some limitations to this work. First, BAT-secreted factors include proteins, lipids,
and exosomal miRNAs. In this study, we ruled out a major regulatory role of proteins

by denaturing the conditioned media; however, we cannot completely exclude potential
regulation by miRNAs. Indeed, mBA has been reported to regulate miRNA biosynthesis by
participating in the processing of pre-miRNAs or splicing of pre-miRNAs, and our RNA-seq
and mBA-seq suggested many genes being regulated by miRNAs. Therefore, a future study
should investigate the miRNA profile in the M14KO-BAT and its subsequent role in the
regulation of insulin sensitivity. Second, while PGE2 and/or PGF2a treatment protected
mice from HFD-induced gain in body weight and corrected insulin resistance and glucose
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intolerance, it is important to note that future studies should benchmark the efficacy of PGE2
and PGF2a to other anti-diabetic drugs that have been reported to have high efficacy in

mice, including thiazolidinediones. Third, both our M14KO mice and the PG-treated mice
were less prone to DIO, while their energy expenditure and food intake were comparable
with controls. Given the fact that the Ucp1X© mice are resistant to DIO via secreting
energy-storing metabolites in urine,** and M14XO-BAT has downregulated UcpI expression,
additional studies are warranted to explore whether these mice secrete energy into their feces
and/or urine.

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be facilitated by the lead contact, Rohit N. Kulkarni
(rohit.kulkarni@joslin.harvard.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. mBA-sequencing and RNA-sequencing datasets in mouse brown adipose tissue
have been deposited with the National Center for Biotechnology Information
Gene Expression Omnibus under accession code GSE232491.

. This paper does not report the original code.
. Source data reported in this paper are provided in Data S1.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

STARXMETHODS
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models and treatment—Mert/14Vf mice on a C57BL/6N background* were
crossed with UcpI®'® strain (stock n0.024670, the Jackson Laboratory) mice, which do
not harbor the nicotinamide nucleotide transhydrogenase (Nnt) mutation, to generate the
knockouts.

For studies on diet-induced obesity and long-term insulin resistance, control and M14X0
mice were fed either 10% fat LFD or a conventional 60% fat HFD for 16 weeks, starting at 4
weeks of age.

To examine tissue-specific insulin sensitivity, control and M14KC mice were fasted for 16
hours. After being anesthetized, 1 U of insulin was injected directly into the vena cava.?!
Tissues were harvested at the indicated time points as shown in Figure 2A.

ab+and db/db (BKS.Cg-Dock7<m>+/+Lepr<db>/J) mice were purchased from The Jackson
Laboratory (Strain 000642). Adipose tissues were collected for the assessment of m6A
regulator protein abundance by Western blot analysis at 10 weeks of age.
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Acute or chronic cold, and thermoneutral exposure—For cold tolerance tests,
control and M14KO mice were cased individually at 5 °C in temperature-controlled diurnal
incubators (Caron Products and Services) for 1 to 6 hours, with free access to water and
food. Core body temperature was monitored hourly via rectal measurements. For chronic
cold exposure, 10-week-old male mice experienced intermittent cold exposure (12 hours at
5 °C during the light cycle and 12 hours at room temperature (22 °C)) for 3 days, followed
by 4 days of continuous cold exposure at 5 °C. IPITT and IPGTT were conducted on days
1 and 4 post chronic cold exposure. Similarly, for thermoneutrality exposure, 10-week-old
male mice were continuously housed at 30 °C in temperature-controlled diurnal incubators.
IPITT and IPGTT were performed on days 1 and 4 post chronic thermoneutrality exposure.
Throughout both chronic cold and thermoneutrality exposures, mice had ad libitum access to
food and water.

In vivo administration of PGE2 and PGF2a—To assess the half-life of PGE2 and
PGF2a in the DIO mice, and determine the concentrations for further /n vivo administration,
we performed a pharmacokinetic study by co-injecting the 20 weeks of male DIO mice with
12.5 mg/kg PGE2 and 12.5 mg/kg PGF2a and detect the remaining PGs in the plasma at
different timepoints before (as basal level) and after injection.

For chronic treatment with PGs, mice were mock injected with saline for three days

before administering PGE2 and PGF2a to prevent stress-induced weight loss. Mice were
then injected via the intraperitoneal route with vehicle (saline), or 12.5 mg/kg of PGE2

and 12.5 mg/kg PGF2a (labeled as 25 mg/kg PGE2+PGF2a), or 25 mg/kg of PGE2 and
PGF2a (labeled as 50 mg/kg PGE2+PGF2a) every other day for 3 weeks. Body weight was
measured weekly. IPITT and IPGTT were performed on day 11 and day 21 post-treatment.
Indirect calorimetry was performed on day 16 post-treatment after acute cold exposure.

At the end of the experiment, tissues were collected after vena cavainsulin injection as
described before in mouse models and treatment section.

In vivo neutralization experiment—Control mice were subjected to intraperitoneal
(i.p.) injection of the control antibody 1gG. Meanwhile, M14KO mice were randomly
assigned to two groups: one receiving mouse IgG1 isotype control antibody (Creative
Biolabs, CAT#: MOB-065CQ-LowE) and the other receiving anti-PGE2 monoclonal
recombinant antibody (2B5) (Creative Biolabs, CAT#: TAB-1022CL) at a dosage of 250

ug per mouse, administered every other day over 16 days. To validate the presence of
antibodies, mouse 1gG1 was measured in the plasma using a mouse 1gG1 ELISA kit
(Thermo Fisher Scientific, CAT#: 88-50410-22). IPITT was conducted on day 10 following
neutralization, while IPGTT was performed on day 16 post-neutralization. At the end of the
experiment, tissues were collected after vena cavainsulin injection as described before in the
mouse models and treatment section.

Reverse experiment with AAV8 vectors—To achieve specific knockdown of Pige2
or Cbrl in the iBAT of M14KO mice, four groups of mice were included: control mice
received injections of AAV8-eGFP (referred to as AAV-scramble), while M14%0 mice
were randomly divided into three groups. One group received AAV8-eGFP (AAV-scramble,
VectorBuilder, CAT#: AAVBMP(VB010000-0023jze)-C), while the other two groups were
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injected with AAV8 vectors designed to knock down either Ptges2 (AAV8-shPtges2,
VectorBuilder, CAT#: P230909-1024kae) or Cbr1 (AAV8-shCbrl, VectorBuilder, CATH#:
P230909-1025vez). The procedure for BAT-specific AAV injection using Hamilton syringes
was previously detailed.®? Briefly, each mouse received a total of 30 pL (10°13 genome
copies (GC/mL)) of AAV solution, administered into the interscapular BAT (iBAT) with

15 pL of AAV solution distributed across three injection sites within each iBAT lobe.
Knockdown was verified by WB. IPITT was conducted at 4 weeks post-AAV injection,
while IPGTT was performed at 5 weeks post-AAV injection. At the end of the experiment,
tissues were collected after vena cavainsulin injection as described before in mouse models
and treatment section.

Studies on molecular, cellular, and genetic characterization of human adipose
tissue and its role in metabolism—Brown adipose tissue samples from 13 adult

(6 males and 7 females) participants were selected from a cohort of healthy volunteers

and surgical patients known to have brown adipose tissue, identified by PET/CT

(Clinical Trials.gov Identifier: NCT02692885). Brown adipose tissues were collected from
different depots including retroperitoneal, deep abdominal, deep periadrenal, and deep
retroperitoneal depots. Samples were divided into non-obese (BMI< 30) or obese (BMI

> 30) groups. Donor information is summarized in Table S1. gRT-PCR was performed to
detect the gene expression of m8A writers, erases, and readers.

Studies related to lean and obese human subjects (human cohort 1)—As
described previously,? a group of 55 people was selected from the Leipzig obesity biobank
to represent a wide range of BMI and parameters of glucose metabolism. This group
consisted of 42 women and 13 men with BMI ranging from 17.5 to 75.4 kg/m2. The group
was divided into 3 subgroups: lean (n=15), overweight (n=13), and obese (n=27). In the lean
subgroup, all individuals were normal glucose tolerant, while in the overweight subgroup,
10 were normal glucose tolerant and 3 had T2D, and in the obese subgroup, 20 were

normal glucose tolerant and 7 had T2D. Patient information is summarized in Table S3.

The collection of human biomaterial, serum analyses, and phenotyping was approved by

the ethics committee of the University of Leipzig (approval numbers: 159-12-21052012 and
017-12-23012012) and all individuals provided written informed consent.

Studies related to obese human subjects of KOBS (human cohort 2)—As
described previously,3® this study used data from 175 individuals with obesity (BMI = 30)
in the Kuopio Obesity Surgery (KOBS) Study (patient information is summarized in Table
S4). PGE2 and PGF2a were measured by the Prostaglandin E2 Express ELISA Kit and
Prostaglandin F2a ELISA Kit, respectively (Cayman Chemical, Ann Arbor, MI) according
to the manufacturer’s instructions. For the correlation analysis, Box-Cox transformation on
the values of metabolites (PGE2 and PGF2a) and clinical variables (BMI, triglycerides,
fasting glucose, fasting insulin, HOMA-IR, and liver steatosissNASH histology grades),
which was appropriate for reducing skewness and to approximate normality (Box 1964) was
performed. The bagged trees method was used for data imputation. Briefly, for each variable
in the data, a bagged tree was created using all of the other variables. When a new sample
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has a missing variable value, the bagged model is used to predict the value. In theory, this is
a powerful method of imputing.

Studies related to StopDia (human cohort 3)—Plasma samples were obtained from
73 individuals in the Stop Diabetes (StopDia) Study as described previously>® (patient
information is summarized in Table S5). Briefly, overnight (12 hours) fasting blood samples
were obtained and analyzed for glucose and insulin concentrations [fasting and 2 hours
after the ingestion of 75 g glucose in an oral glucose tolerance test, glycated hemoglobin
(HbAlc)] and fasting plasma total and lipoprotein lipid concentrations [total cholesterol,
low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol and
total triglycerides]. Matsuda index, as a measure of peripheral insulin sensitivity, was
calculated using commonly used formulas. PGE2 and PGF2a were measured by the
Prostaglandin E2 Express ELISA Kit and Prostaglandin F2a ELISA Kit, respectively
(Cayman Chemical, Ann Arbor, MI) according to the manufacturer’s instructions.

Human brown adipocyte culture and differentiation—Immortalized human
preadipocytes®? were cultured in high-glucose DMEM containing 10% FBS. When cells
reached confluence, brown adipocyte differentiation was induced by using an induction
medium (DMEM high-glucose medium with 10% FBS, 33 uM biotin, 17 uM pantothenate,
0.5 uM human insulin, 500 uM IBMX, 2 nM T3, 0.1 pM dexamethasone and 30 uM
indomethacin) for 21 days. Once fully differentiated, cells were washed with PBS, and RNA
and protein were extracted for qRT-PCR and western blot analyses, respectively.

Human white adipocyte culture and differentiation—For differentiation of human
white adipocytes, immortalized human preadipocytes®® were induced using the same
protocol and induction medium as described above for 14-18 days. Fully differentiated
hWAT cells were co-cultured with freshly collected hBAT conditioned-medium, and protein
was extracted for western blot analysis.

Primary human myoblast culture and differentiation—Primary GIBCO Human
Skeletal Myoblasts (Thermo Fisher Scientific) were thawed and plated in DMEM
supplemented with 2% horse serum. Cells were differentiated for 48 hours to form myotubes
before being co-cultured with freshly collected hBAT conditioned-medium.

Primary human hepatocyte culture—Primary hepatocytes pooled from ‘5-Donor’
human hepatocytes (Thermo Fisher Scientific) were thawed and cultured in William’s E
medium supplemented with primary hepatocyte supplements (Thermo Fisher Scientific)
and HepExtend supplement (Thermo Fisher Scientific). Cells were washed with PBS and
co-cultured with freshly collected hBAT conditioned medium.

Cell line culture and differentiation—HepG2 human hepatocytes were purchased from
ATCC and cultured with 5.5mM low glucose DMEM medium (Gibco) supplemented with
10% FBS, 1% penicillin, and 1% streptomycin in a humidified 5% CO, incubator at 37 °C
for 3 days to achieve 70% confluence before treatment.
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C2C12 mouse skeletal myoblast cells were purchased from ATCC and cultured according to
the manufacturer’s recommendations. When cells reached an 80-90% confluence they were
induced to differentiate, by altering the growth medium to differentiation medium which
consisted of DMEM medium, 5% HS (Horse Serum, Gibco, 16050114), and 1% P/S under
the same culture environment.

Cell treatments

hBAT-conditioned media co-culture experiments: hBAT cells were differentiated for 21
days, washed with PBS, and cultured in 1% BSA containing high-glucose DMEM medium
for 24 hours. Fresh conditioned media were collected for co-culture experiments. hBAT
cells were stimulated with 100 nM of insulin for 15 min and cell pellets were collected for
protein and RNA extraction (Figure 2G). Fresh conditioned media were used for treating
fully differentiated hWAT, primary human hepatocytes, and differentiated human myotubes
for 16 hours (Figure 2G). Recipient cells were washed with PBS and stimulated with 100
nM of insulin for 15 min and cell pellets were collected for protein extraction.

PG treatments: Overnight starved HepG2 cells (Figure S4A), differentiated C2C12
myotubes (Figure S4C), fully differentiated hWAT cells (Figure S4E), and fully
differentiated hBAT cells (Figure S4G) were treated with 10, 100, 1000 nM of PGE2,

PGD2, PGF2a, or 13,14-dh-15-keto-PGE2 overnight in the presence or absence of 500 nM
of palmitate. Cells were washed with PBS and treated with 100nM of insulin for 15 min, cell
pellets were collected for protein extraction.

PGE2 and PGF2a treatment with receptor antagonists: Overnight starved HepG2 cells,
differentiated C2C12 myotubes, differentiated hWAT cells, and differentiated hBAT cells
were pretreated with 60 nM of ONO8711 (EP1 antagonist), 1600 nM of PF04418948 (EP2
antagonist), 80 nM of L826266 (EP3 antagonist), or 26 pm of AH23848 (EP4 antagonist)
for 1hr, followed by 100 nM of PGE2 treatment overnight. In parallel, cells were pre-treated
with 26 nM of OBE022 (FP antagonist) for 1hr before treatment with 10 nM of PGF2a.
Cells were washed with PBS and stimulated with insulin (100 nM) for 15 min and collected
for protein extraction. Except for OBE022 (purchased from MedChemExpress), all the
antagonists were purchased from Cayman Chemical.

In vitro PGE2 neutralization assay—HepG2 cells were pretreated with control
antibody 1gG (100ug) or different concentrations of 2B5 (1ug, 10g, or 100ug) for 2 hours,
followed by treatment with 100nM PGE2 overnight before exposure to 100nM insulin for 15
minutes. Cells were then stimulated with insulin or 1% BSA for 15 minutes and harvested
for western blot analysis for insulin signaling.

Actinomycin D treatment: Differentiated sgNTC- and sgM14-hBAT cells were treated with
100pg/mL Actinomycin D (Thermo Fisher) or DMSO for 0, 3, 6, or 12h. Differentiated
Lenti-Control and M14OE-hBAT cells were treated with 100ug/mL Actinomycin D
(Thermo Fisher) or DMSO for 0, 3, 6, or 12h.
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Cycloheximide treatment: Differentiated sgNTC- and sgM14-hBAT cells were treated with
100 pg/mL Cycloheximide (CHX) or DMSO for 0, 6, or 12 h, and cell pellets were collected
for protein extraction.

Transfections

Knock-out experiments: To generate stable M14 knockout in hBAT preadipocytes, three
different Edit-R All-in-one Lentiviral human METTL 14 single guide RNA (sgM14) and a
Non-targeting control single guide RNA (sgNTC) was purchased from Horizon Discovery.
After lentiviral transduction, hBAT preadipocytes were selected by puromycin treatment
for 6 days to establish stable M14KO cell lines for adipocyte differentiation and functional
experiments. Knockouts were validated by both qRT-PCR and western blot analyses.

Knock-down experiments: For transient knockdown of YTHDF1/2/3, differentiated
hBAT cells were mixed with Lipofectamine RNAIMAX Reagent (Life Technologies) and
small interfering RNA complexes (Dharmacon) at a final concentration of 15 nmol/L
siRNA according to manufacturer instructions. ON-TARGETplus Non-Targeting Control
Pool D-001810-10-05, ON-TARGETplus Human YTHDF1 siRNA L-018095-02-0005,
ON-TARGETplus Human YTHDF2 siRNA L-021009-02-0005, ON-TARGETplus Human
YTHDF3 siRNA L-017080-01-0005 (Dharmacon, USA). Transfected hBAT cells were
treated with 100pg/mL Actinomycin D (Thermo Fisher) or DMSO 72h post-transfection.

Overexpression experiments: For stable overexpression of METTL14in hBAT
preadipocytes, control, and METTL 14 overexpression lentiviral plasmids were designed.
Overexpression was validated by both gRT-PCR and western blot analyses. Stable
overexpression hBAT preadipocytes were expanded and differentiated for experiments
including insulin stimulation, co-cultured experiments, and Actinomycin D treatment.

METHOD DETAILS

Glucose and insulin tolerance tests—*For glucose tolerance tests, mice were fasted
overnight and injected via the intraperitoneal (1.P). route with glucose (2 g/kg body weight).
Blood glucose levels were measured before 0 min, and 15, 30, 45, 60, 90, and 120 mins after
injection. For insulin tolerance tests, mice were fasted for 6 hours and injected I.P. with 1U/
kg insulin. Blood glucose levels were measured before 0 min, or 15, 30, 45, 60, and 90 mins
after injection.

Food intake, energy expenditure, and body composition measurements—For
measuring daily food intake, mice were caged individually, and the amount of feed was
weighed and recorded before and after a 24-hour interval. Daily food intake = the weight of
feed provided — rest of the feed after 24 hr.

For indirect calorimetry, mice were individually housed in metabolic cages of a
Comprehensive Lab Animal Monitoring System (CLAMS) at room temperature. After a

12h acclimation period, animals were exposure to acute cold exposure as described above in
the acute or chronic cold and thermoneutral exposure section and then monitored for 72h to
obtain energy expenditure measurements, the volume of oxygen consumption (VO5), and the
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volume of carbon dioxide production (VCO,). Body composition including total mass, fat
mass, and lean mass was measured by Dual-energy X-ray absorptiometry (DEXA) scan, and
lean mass was used for CLAMS outcome normalization.

RNA isolation and quantitative RT-PCR—High-quality total RNA (>200nt) was
extracted using standard Trizol reagent (Invitrogen) according to manufacturer’s instructions
and the resultant aqueous phase was mixed (1:1) with 70% RNA-free ethanol and added to
Qiagen Rneasy mini kit columns (Qiagen) and the kit protocol was followed. RNA quality
and quantity were analyzed using Nanodrop 1000 and used for reverse transcription using
the high-capacity cDNA synthesis kit (Applied Biosciences). cDNA was analyzed using the
ABI 7900HT system (Applied Biosciences) and gene expression was calculated using the
AACt method. Data was normalized to the expression of housekeeping genes. The sequences
of primers used in this study are provided in Table S6.

Western blots and molecular analyses—Total proteins were harvested from tissue
and cell lines lysates using M-PER protein extraction reagent (Thermo Fisher) and
supplemented with proteinase and phosphatase inhibitors (Sigma), respectively, according to
standard protocol. Protein concentrations were determined using the BCA standard protocol
followed by the standard western immunoblotting protocol of proteins. The blots were
developed using chemiluminescent substrate ECL (Thermo Fisher) and quantified using
ImageJ software.

mSA immunoprecipitation and sequencing—To profile the m®A methylome, méA
MeRIP-seq (Methylated RNA Immunoprecipitation Sequencing) was utilized.!! 1 pg of
mRNAs were isolated from total RNA using a Dynabeads mRNA DIRECT purification kit
(Thermo Fisher). Then, mMRNA was adjusted to about 10 ng pl~1 in 100 pl and fragmented
using a Bioruptor ultrasonicator (Diagenode) with 30 s on/off for 30 cycles. After that,

5 ul of each sample is saved as the ‘input’. m®A immunoprecipitation (m8A-IP) and
library preparation were performed using the EpiMark N6-Methyladenosine enrichment
kit (NEB). Input and RNA eluted from m®A-IP were used to generate the library using a
TruSeqg-stranded mRNA sample preparation kit (Illumina). All sequencing was performed
on an Illumina HiSeq 6000 according to the manufacturer’s instructions.

Differential expression analysis for RNA-seq—As reported previously,14 the input
library of m®A sequencing is essentially an mRNA sequencing library. Thus, we performed
gene level differential expression analysis using the input libraries. Raw reads were
trimmed using Cutadapt (4.2) and aligned to the hg38 genome (GRCh38.107) and mm10
(GRCmM38.102) using HISAT2 (2.2.1)52 and SAMtools (1.16.1). Aligned sequencing reads
were analyzed using RADAR (0.2.4).62 Then we perform differential methylation analysis
of count data using the R package DESeq2 (1.36.0).%4 For both iBAT and hBAT samples,
we used a cut-off P-value < 0.01 to select differential genes for pathway and gene ontology
enrichment analyses. ConsensusPathDB and the “Metascape” online tool were used to
perform enrichment analysis.

Differential methylation analysis for m8A-seq—Using the R package RADAR,83
approximately 25 million single-end 100-bp reads were generated for each sample. Counts
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were normalized for library size and IP counts were adjusted for expression level by the
gene-level read counts of input libraries. Bins with average IP-adjusted counts lower than 10
in both control and M14KO groups were removed. Then bins that were not enriched in IP
were also filtered out. To consider the pairing of m6A IP and input, we use the normalized,
expression-level-(i.e. input)-adjusted and low-read-count-filtered IP counts. Using Wald
tests, we tested for significant effects of M14K0 on the m6A enrichment/depletion. We
adjusted for multiple testing using the Benjamini-Hochberg false discovery rate (FDR)
controlling procedure.

H&E staining and immunohistochemistry staining—For Hematoxylin and Eosin
(H&E) staining, the tissues of mice were fixed in 4% paraformaldehyde (PFA) overnight at
4 °C, followed by dehydration in 70% ethanol. After dehydration, tissues were embedded
in paraffin. Multiple 5 pm sections were prepared and stained with H&E following the
standard protocol. Images were acquired using a Zeiss Axiolmager M1 (Carl Zeiss).

For immunostaining, paraffin-embedded tissues were deparaffinized twice in xylene and
subsequently rehydrated. After heat-induced epitope retrieval using target retrieval solution
(Dako), the tissues were blocked in PBS containing 10% goat serum with 0.1% Tween 20
for 60 min. After washing in PBS, slides from iBAT or iWAT tissues were incubated with
various primary antibodies: rabbit anti-UCP1 (ab23841, Abcam, 1:250), antibody overnight
at 4 °C. The next day, slides were washed in PBS and incubated with goat anti-rabbit
immunoglobulin G (IgG) (H + L) secondary antibody conjugated with Alexa Fluor 594
(Invitrogen, 1:200). Slides from eWAT were incubated with anti-F4/80 (ab300421, Abcam,
1:5000) for 30min at room temperature, followed by secondary antibody is LeicaDS9800
(Bond Polymer Refine Detection). Nuclei were stained using DAPI (4”,6-diamidino-2-
phenylindole).

Qil red O staining—Differentiated hBAT cells were washed twice with PBS and fixed
with 10% buffered formalin for 30 minutes at room temperature. Cells were then stained
with a filtered Oil Red O solution (0.5% Oil Red O in isopropyl alcohol) for 2 hours at room
temperature. Cells were washed several times with distilled water for final visualization.

Measurement of blood parameters—Insulin (Crystal Chem #90082), Adiponectin
(Crystal Chem #80569), and Leptin (Crystal Chem # 90030) were measured by ELISA Kits
according to the manufacturer’s instructions.

PGE2 and PGF2a measurements—PGE?2 and PGF2a concentrations were measured
using the Prostaglandin E2 Express ELISA Kit and Prostaglandin F2a ELISA Kit,
respectively (Cayman Chemical, Ann Arbor, MI) according to the manufacturer’s
instructions.

In vitro glucose uptake assays—HepG2 cells, C2C12 cells, hWAT preadipocytes, and
hBAT preadipocytes were seeded in a 96-well plate, cultured, and differentiated as described
above. Cells were pretreated with the indicated antagonist for 1hr before treatment with 10
nM of PGF2a or 100 nM PGE2 overnight before glucose uptake was measured by Glucose
Uptake-Glo Assay kit (Promega) according to the manufacturer’s instructions.
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Untargeted LS-MS/MS signaling lipidomics—For lipidomic profiling, control and
M14KO mice were fasted overnight. Plasma, iBAT, and iBAT conditioned-Krebs solution
were collected (left panel in Figure 3A). Global lipidomics were also performed on cell
pellets and cell-conditioned medium of sgNTC-and sgM14-hBAT cells (right panel in Figure
3A). The details of Lipidomic profiling were provided previously.”-? For mouse samples,

we performed moderated t-tests to discover lipids that were differentially abundant between
M14%O0 and control samples, with the adjustment of covariates age, body weight, and litter.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data is displayed as means = S.E.M. and P-values were calculated using either two-
tailed Student’s t-test, or two-way ANOVA. All utilized statistical tests and ‘n’ numbers
are presented in figure legends. For /n vitro assays, ‘n’ corresponds to the number of
experimental replicates. For animal assays or animal tissue extractions, ‘n’ corresponds to
the number of mice used per genotype or condition. For human brown adipose tissue and
plasma samples, ‘n’ corresponds to the number of donors used per group.

Figures have been generated using GraphPad Prism9, and BioRender.com.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

METTL 14-deficient BAT improves insulin sensitivity via interorgan
communication

PGE2 and PGF2a are BAT-secreted insulin sensitizers and iWAT-browning
inducers

PGE2 and PGF2a improve insulin sensitivity via an AKT-dependent axis

METTL 14 deficiency increases PTGES2 and CBRI mRNA stability
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Figure 1. Ablation of Metti14 in BAT improves systemic insulin sensitivity and glucose tolerance
In mice

(A) RT-qPCR of mBA writer genes METTL3, METTL 14, and WTAPin human brown
adipose tissues (/7= 8 for non-obese; 7= 5 for obese).

(B) RT-gPCR of Mett/3, Mettl14, and Wiapin interscapular brown adipose tissues of control
(db+) and db/db mice (n= 6/group).

(C) Western blots of METTL3, METTL14, WTAP, and GAPDH in interscapular brown
adipose tissues of control (ab+) and ab/db mice (n= 6/group).
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(D) RT-gPCR of Mettl3, Mettl14, and Wiap in interscapular brown adipose tissues of control
and LIRKO mice (7= 3/group).

(E) Western blots of METTL14 and GAPDH in interscapular brown adipose tissues of
control and LIRKO mice (7= 3/group).

(F) Body weight trajectories of CD-fed mice (females, 7= 12 for control and n=9 for
M14KO groups; males, 7= 10 for each control and M14KC group).

(G and H) Intraperitoneal insulin tolerance tests (G) and intraperitoneal glucose tolerance
tests (H) of CD-fed females (ITT, 7= 12 for control and /7= 9 for M14KO groups; GTT, n=
10 for control and 7= 9 for M14KO groups).

(I'and J) Intraperitoneal insulin tolerance tests (1) and intraperitoneal glucose tolerance tests
(J) of CD-fed males (ITT, 7= 9 for control and 7= 6 for M14%O groups; GTT, n= 8 for
control and /7= 7 for M14KO groups).

(K and Q) Body weight trajectories of LFD- or HFD-fed control and M14KO females (K)
and males (Q) (females, /7= 8 for control and /7= 5 for M14KX© groups on LFD, n7= 8 for
control and /7= 6 for M14KC groups on HFD; males, 7= 8 each for control and M14KO
groups on LFD or HFD).

(L and R) Fasting glucose levels of control and M14KO females (L) and males (R) (females,
n =8 for control and M14%0 groups on LFD, 7= 8 for control and 7= 9 for M14KO groups
on HFD; males, 7= 8 for each group).

(M and S) Fasting insulin levels in the serum of control and M140 females (M) and males
(S) (females, n= 8 for each group; males, /7= 7 for control and /7= 8 for M14XC on LFD; n
= 8 for each group on HFD).

(N and T) HOMA-IR of LFD- or HFD-fed control and M14KO females (N) and males (T)
(females, /7= 8 for each group; males, n= 7 for control and 7= 8 for M14KO on LFD, n=8
for each group on HFD).

(O and U) Intraperitoneal insulin tolerance tests of LFD- or HFD-fed control and M14K©
females (O) and males (U) (females, 7= 8 for control and 7= 9 for M14KO on HFD, n=8
for each group on LFD; males, n=7 for each group on HFD, 7= 8 for control, and 7= 7 for
M14K0 on LFD).

(P and V) Intraperitoneal glucose tolerance tests of LFD- or HFD-fed control and M14KO
females (P) and males (V) (females, /7= 8 for control, 7= 9 for M14KO on HFD, and n=8
for each group on LFD; males, 7= 8 for each group).

(W and X) Intraperitoneal insulin tolerance tests (W) and intraperitoneal glucose tolerance
tests (X) of CD-fed control and M14KO males treated with 7-day cold exposure (7= 5 for
the control group and 7= 6 for M14K0 group).

(Y and Z) Intraperitoneal insulin tolerance tests (Y) and intraperitoneal glucose tolerance
tests (Z) of CD-fed control and M14X0 males treated with 7-day thermoneutrality exposure
(ITT, n=7 for control and 7= 9 for M14XO group; GTT, n=5 for control and 7= 6 for
M14%O group).

All samples in each panel are biologically independent. Data are expressed as means +
SEM. *p < 0.05, **p< 0.01, and ***p < 0.001 by two-way ANOVA (F-K, O-Q, and U-2)
and two-tailed unpaired t test (A, B, D, L-N, and R-T).

See also Figure S1.
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Figure 2. Ablation of Mettl14 in BAT enhances insulin sensitivity of mouse peripheral metabolic

tissues and human metabolic cells by secretory factors

(A) Schematic of metabolic tissue collection at indicated time points after vena cava saline/
insulin injection in LFD- or HFD-fed control and M14X0O male mice (7= 3/group).

(B-I) The insulin-stimulated pIRB/IGF1RP and pAKTg473 in the liver (B and C), eWAT (D
and E), iWAT (F and G), and muscle (H and I) after injection of 1U insulin into the vena

cava (n= 3/group).

(J) Experimental scheme of /n vitro co-culture experiments. Differentiated human white
adipocytes, human primary hepatocytes, and differentiated human myotubes were treated
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with differentiated human brown adipocytes conditioned media for 16 h and stimulated with
100 nM insulin for 15 min.

(K-P) The insulin-stimulated pIRB/IGF1Rp and pAKTg473 in human white adipocytes (K
and L), human primary hepatocytes (M and N), and differentiated human myotubes (O and
P) treated with or without hBAT-conditioned media (n7= 3 independent experiments).

All samples in each panel are biologically independent. Data are expressed as means +
SEM. *p < 0.05, **p< 0.01, and ***p < 0.001 by two-tailed unpaired t test (B, E, G, I, L, N,
and P).

CM, conditioned media.

See also Figure S2.
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Figure 3. Ablation of Mettl14 improves insulin sensitivity primarily through prostaglandin E2
and prostaglandin F2a

(A) Schematic of sample preparation for untargeted signaling lipidomics.
(B) Wolcano plots of differentially downregulated (blue data points) and upregulated (red
data points) lipids in M14XO-iBAT, M14KO-iBAT conditioned Krebs solution and sgM14-
hBAT-conditioned media identified by LC-MS lipid analysis (n7= 9 for iBAT and iBAT
conditioned Krebs solution, 7= 3-6 for hBAT-conditioned media, log, [fold change]
threshold = 2, pvalue threshold = 0.05).
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(C) Venn diagram of all differentially abundant lipids in M14XO-iBAT, M14KO-iBAT
conditioned Krebs solution, and sgM14-hBAT-conditioned media (n7= 9 for iBAT and

iBAT conditioned Krebs solution, 7= 3-6 for hBAT-conditioned media, log, [fold change]
threshold = 2, pvalue threshold = 0.05).

(D and E) PGE2 (D) and PGF2a (E) concentrations in hBAT-conditioned media (CM), iBAT
conditioned Krebs solution (CKS), and mouse plasma measured by ELISAs (hBAT-CM, n=
4 for sgNTC, n= 4 for sgM14#1/2/3; iBAT-CKS, n=5-9/group; plasma, 7= 9/group).

(F 1, L, and O) Western blot of pIRB/IGF1RB and pAKTg473 in HepG2 (F), C2C12 (1),
hWAT (L), and hBAT (O) cells induced by PGE2 (100 nM) or insulin (100 nM) pretreated
with EP1/2/3/4 receptor antagonists ONO8711, PF04418948, 1826266, and AH23848 (LE,
longer exposure; 7= 3 biological replicates).

(G, J, M, and P) Western blot of represented pIRB/IGF1RP and pAKTg473 in HepG2 (G),
C2C12 (J), hWAT (M), and hBAT (P) cells induced by PGF2a (10 nM) or insulin (100

nM) pre-treated with FP receptor antagonist OBE022 (LE, longer exposure; 1= 3 biological
replicates).

(H, K, N, and Q) 2-deoxyglucose uptake in HepG2 (H), C2C12 (K), hWAT (N), and hBAT
(Q) cells pre-treated with PGE2 (100 nM for HepG2, C2C12, hWAT, and hBAT cells) or
PGF2a (10 nM) and indicated antagonist(s) overnight, followed by treatment with insulin
(100 nM) for 15 min (HepG2, n= 6 biological replicates; C2C12, n= 6 biological replicates;
hWAT, n = 6 biological replicates; hBAT, n= 3-6 biological replicates).

(R and S) Western blot of phosphatases for IR, PI3K, and AKT in HepG2 cells pre-treated
with PGE2 (R) or PGF2a (S) in the presence of indicated antagonists (/=3 biological
replicates).

(T) Proposed model for mechanisms of action for PGE2 and PGF2a in HepG2 cells. Data
are presented as mean + SEM of biologically independent samples. *p < 0.05, **p < 0.01,
and ***p < 0.001 by two-tailed unpaired t test (D, E, H, K, N, and Q).

See also Figures S3-S5 and Table S2.
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Figure 4. PGE2 and PGF2a are the M14KO_iBAT secreted insulin sensitizers
(A) Schematic of neutralization experiments in control and M14K© mice. Control mice were

injected with isotype-matching 1gG control, and M14X0 mice were injected with either 19G
control antibody or 2B5 (anti-human PGE2 recombinant antibody).

(B and C) Intraperitoneal insulin tolerance tests (B) and intraperitoneal glucose tolerance
tests (C) of control mice injected with IgG and M14X0 mice injected with 1gG or 2B5 (ITT,
n =9 for the control and /7= 6 for M14KC groups; GTT, /7= 6/group).
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(D and E) Western blot (D) and quantification (E) of pIRB/IGF1Rp and pAKTgy73 in the
liver from control or M14%0 mice that received 1gG or 2B5, followed by 1 U insulin
injection via vena cava (n= 2 for non-stimulated group; 7= 3 for insulin-stimulated group).
(F) Overview of the administration of PGE2+PGF2a every other day via intraperitoneal
injections of either vehicle (saline), 25 mg/kg (12.5 mg/kg PGE2 + 12.5 mg/kg PGF2a), or
50 mg/kg (25 mg/kg PGE2 + 25 mg/kg PGF2a) PGE2+PGF2a into 12-week-old mice fed
either with LFD or HFD for 21 days (n7= 8/group).

(G) Body weight of the vehicle-, 25 mg/kg PGE2+PGF2a-, or 50 mg/kg PGE2+PGF2a-
injected LFD- or HFD-fed mice after 3-week injection (/7= 8/group).

(H) Representative gross appearance of body size, adipose tissues, and liver in vehicle- or 25
mg/kg PGE2+PGF2a-treated mice (7= 3).

(I) Tissue weight of iBAT, iWAT, eWAT, liver, and pancreas of vehicle-, 25 mg/kg
PGE2+PGF2a-, or 50 mg/kg PGE2+PGF2a-injected LFD- or HFD-fed mice after 3-week
injection (n = 3-8/group).

(J-M) Representative H&E staining in the liver (J), eWAT (K), iWAT (L), and UCP1
immunohistochemistry staining of iWAT (M) from vehicle- or 25 mg/kg PGE2+PGF2a-
injected HFD-fed mice (n= 3).

(N and O) Western blot (N) and quantification (O) of PGCla, UCP1, and PRDM16 in iWAT
from vehicle- or 25 mg/kg PGE2+PGF2a-injected HFD-fed mice (/7= 4/group).

(P-S) 6 h-fasting glucose levels (P), intraperitoneal insulin tolerance tests (Q), overnight-
fasting glucose levels (R), and intraperitoneal glucose tolerance tests (S) of vehicle-, 25
mg/kg PGE2+PGF2a-, or 50 mg/kg PGE2+PGF2a-injected LFD- or HFD-fed mice (n=
8/group).

(T and U) Western blot and quantification of pIRB/IGF1Rp and pAKTgy73 in the liver (T)
and iIWAT (U) after 21-day injection of saline or 25 mg/kg PGE2+PGF2a, followed by 1 U
insulin injection via vena cava (n= 3 for non-stimulated group; 7= 5 for insulin-stimulated
group).

(V and W) Western blot and quantification of indicated phosphatases in liver (V) and iWAT
(W) (n=5/group).

All samples in each panel are biologically independent. Data are expressed as means +
SEM. *p < 0.05, **p< 0.01, and ***p < 0.001 by two-tailed unpaired t test (O and T-W)
and two-way ANOVA (B, C, E, G, I, and P-S).

See also Figure S6.
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Figure 5. Plasma levels of PGE2 and PGF2a are negatively associated with obesity and insulin
resistance in humans

(A) Plasma PGE2/PGD2 levels in lean (BMI < 25 kg/m?), overweight (BMI > 25 kg/m?,
<30 kg/m?2), and obese (BMI > 30 kg/m?) subjects (7= 55). **p< 0.01, ***p < 0.001. Data
are represented as mean £ SEM. L, lean; OV, overweight; OB, obese (L, 7= 15; OV, n=13;

OB, n=27).

(B) Plasma levels of PGE2/PGD?2 in individuals categorized as BAT— or BAT+ (BAT—, n
= 33; BAT+, n=22).
(C) Spearman correlation between the plasma levels of PGE2/PGD2 and BMI (7= 55).
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(D) Spearman correlation between the plasma levels of PGE2/PGD2 and insulin resistance
measured by HOMA-IR (n=55).

(E) Plasma PGF2a levels in lean (BMI < 25 kg/m?2), overweight (BMI > 25 kg/m?2, <30
kg/m?2), and obese (BMI > 30 kg/m?) subjects (L, 7= 15; OV, n=13; OB, n= 27).

(F) Plasma levels of PGF2a in individuals categorized as BAT— or BAT+ (BAT—, n= 33;
BAT+, n=22).

(G) Spearman correlation between the plasma levels of PGF2a and BMI (7= 55).

(H) Spearman correlation between the plasma levels of PGF2a and insulin resistance
measured by HOMA-IR (n=155).

(1) Correlation between serum PGE2 levels and BMI in individuals who are obese (n=175).
(J) Correlation between serum PGF2a levels and insulin resistance measured by HOMA-IR
in individuals who are obese (17=175).

(K) Correlation between serum PGE2 levels and BMI in individuals who are obese (7=
175).

(L) Correlation between serum PGF2a levels and insulin resistance measured by HOMA-IR
in individuals who are obese (7= 175).

(M) Spearman correlation between the plasma levels of PGE2 and Matsuda index (7= 59).
(N) Spearman correlation between the plasma levels of PGE2 and BMI (7= 59).

(O) Spearman correlation between the plasma levels of PGE2 and insulin resistance
measured by HOMA-IR (n=159).

(P) Spearman correlation between the plasma levels of PGF2a and Matsuda index (r7= 75).
(Q) Spearman correlation between the plasma levels of PGF2a and BMI (n=75).

(R) Spearman correlation between the plasma levels of PGF2a and insulin resistance
measured by HOMA-IR (n=75).

For human cohort 1, relative concentrations are used in (A)—(F) because the lipid
quantification data were detected using non-targeted lipidomics.

For human cohort 2, PGE2 and PGF2a concentrations were measured by ELISAs.
Transformed values of metabolites and clinical variables levels were used.

For human cohort 3, PGE2 and PGF2a levels were measured by ELISAs. Absolute
concentrations were used.

All samples in each panel are biologically independent. *p < 0.05, **p < 0.01, ***p < 0.001.
See also Figure S7 and Tables S3-S5.
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Figure 6. METTL14 selectively methylates transcripts encoding prostaglandin biosynthesis

enzymes and their regulators

(A) Schematic illustration of the RNA-seq and m8A-seq bioinformatic analyses strategy of
iBAT samples from control and M14KO mice.
(B) PCA plot of RNA-seq in controls (black dots, /7= 4 independent biological samples) and
M14KO_iBAT (blue dots, 7= 4 independent biological samples).
(C) PCA plot of m8A-seq in controls (black dots, /7= 4 independent biological samples) and
M14KO-iBAT (blue dots, 7= 4 independent biological samples).
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(D) Venn diagram representation of the upregulated (red), downregulated (blue), and
unchanged genes (black) of M14KO-iBAT compared with control-iBAT.

Statistical analyses were performed using the Benjamin-Hochberg procedure, and genes
were filtered for p< 0.01.

(E) Top 15 enriched GOs and pathways of upregulated genes in M14KO-iBAT versus
control-iBAT.

(F) Venn diagram representation of the intersection between upregulated genes (red) with
mO8A-hypomethylated genes (blue) in M14XO-iBAT versus control-iBAT. Genes were filtered
for p < 0.05.

(G) Functional enrichment of intersected genes in (F).

(H) Representation of prostaglandins biosynthesis pathway based on KEGG and
Wikipathway annotations depicting several m6A hypomethylated genes (blue) and
unchanged genes (black) and the upregulated prostaglandins suggested by LC-MS/MS
lipidomics (red) in M14KO-iBAT versus control-iBAT (genes filtered for p < 0.05).

(1-Q) Coverage plots of m®A peaks in Ptges2 (1), Cbri (J), Akrib10(K), Ppary (L),
Ppargcla (M), PpargclB (N), Ednra (O), PlasglZa (P), and Hsd11b1(Q) transcripts in
M14KO-iBAT versus control-iBAT. Plotted coverages are the median of the 77 replicates
presented.

All samples in each panel are biologically independent.

See also Figure S8.
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Figure 7. METTL14-mediated mBA installation promotes decay of PGs biosynthesis enzymes
and their regulators mRNA in a YTHDF2/3-dependent manner

(A) RT-gPCR analysis of the indicated mRNA expression levels in the iBAT of male control
and M14K0 mice. mRNA expression levels were normalized to B-actin (7= 7-8/group).

(B) Western blot analysis of the indicated proteins in the iBAT from male control and
M14%0 mice. GAPDH was used as a loading control (7= 6/group).

(C) RT-gPCR analysis of the indicated mRNAs in sgNTC and sgM14 hBAT cells. mRNA
levels were normalized to ACTB mRNA (n= 3/group).
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(D) Western blot analysis of the indicated proteins in the sgNTC and sgM14 hBAT cells.
GAPDH was used as a loading control (7= 3/group).

(E) RT-gPCR analysis of the indicated mRNA expression levels in differentiated sgNTC or
sgM14 hBAT cells after a time course treatment with 100 pg/mL actinomycin D (Act D).
mMRNA levels were normalized to AC7B mRNA (7= 3/group).

(F) RT-gPCR analysis of YTHDF2and YTHDF3 mRNAs in differentiated wild-type hBAT
cells transfected with siNTC/siYTHDF2/siY THDF3 siRNA. mRNA levels were normalized
to B-ACTIN mRNA (n= 3/group).

(G) RT-gPCR analysis of the B-ACTIN, PTGESZ, CBR1, and AKRIBIOmRNA in
differentiated wild-type hBAT cells transfected with siNTC/siY THDF2/siYTHDF3 siRNA
and treated with 100 mg/mL Act D for the indicated time. PTGESZ, CBR1, and AKR1B10
mMRNA levels were normalized to B-ACTIN (n= 3/group).

(H) Protein stability of indicated proteins in differentiated sgNTC- or sgM14-hBAT cells
incubated with 100 pug/mL cycloheximide (CHX) for the indicated time. GAPDH was used
as a loading control (n= 3/group).

(1) A proposed model for the molecular mechanism of action that METTL14-mediated mSA
installation destabilizes transcripts encoding prostaglandin biosynthesis enzymes.

(J) Scheme of experimental approach depicting control mice receiving AAV8 eGFP (AAV-
scramble), M14KO mice receiving AAV8 eGFP, M14KO mice receiving AAVS knocking
down Ptges2 (AAV-shPrges2), and M14KO mice receiving AAVS knocking down Cbrl
(AAV-sh Cbr1) (n=5/group).

(K and L) Western blot analysis (K) and quantification (L) of METTL14, PTGES2, and
CBR1 in iBAT of the AAV-injected mice.

(M) PGE2 and PGF2a concentrations in mouse plasma measured by ELISAs (n= 6 for
cont-AAV-scr; n=5 for M14KO groups).

(N and O) Intraperitoneal insulin tolerance tests (N) and intraperitoneal glucose tolerance
tests (O) of mice injected with AAVs (n= 7 for cont-AAV-scr; n=5 for M14X0 groups).

(P and Q) Western blot analysis (P) and quantification (Q) of pIRB/IGF1Rp and pAKTg473
in livers of mice 5-weeks post-AAV injections, followed by injection of 1U of insulin via the
vena cava (n= 2 for non-stimulated groups; n = 3 for insulin-stimulated groups).

All samples in each panel are biologically independent. Data are expressed as means *
SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-tailed unpaired t test (A and C) and
two-way ANOVA (E-G, L-0, and Q).

See also Figure S9.
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