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The role of posttranscriptional metabolic gene regulatory programs in diabetes is not well understood. Here, we show that
the RNA-binding protein tristetraprolin (TTP) is reduced in the livers of diabetic mice and humans and is transcriptionally
induced in response to insulin treatment in murine livers in vitro and in vivo. Liver-specific Ttp-KO (IsTtp-KO) mice
challenged with high-fat diet (HFD) have improved glucose tolerance and peripheral insulin sensitivity compared with
littermate controls. Analysis of secreted hepatic factors demonstrated that fibroblast growth factor 21 (FGF21) is
posttranscriptionally repressed by TTP. Consistent with increased FGF21, Is Tto-KO mice fed HFD have increased brown
fat activation, peripheral tissue glucose uptake, and adiponectin production compared with littermate controls.
Downregulation of hepatic Fgf21 via an adeno-associated virus—driven shRNA in mice fed HFD reverses the insulin-
sensitizing effects of hepatic Tip deletion. Thus, hepatic TTP posttranscriptionally regulates systemic insulin sensitivity in
diabetes through liver-derived FGF21.
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Hepatic tristetraprolin promotes insulin
resistance through RNA destabilization
of FGF21

Konrad T. Sawicki,’ Hsiang-Chun Chang," Jason S. Shapiro," Marina Bayeva,’ Adam De Jesus,’
Brian N. Finck,? Jason A. Wertheim,? Perry J. Blackshear,* and Hossein Ardehali’

'Feinberg Cardiovascular Research Institute (FCVRI), Northwestern University, Chicago, Illinois, USA. 2Geriatrics and
Nutritional Sciences, Washington University in St. Louis, St. Louis, Missouri, USA. *Department of Surgery, Northwestern
University, Chicago, Illinois, USA. “Laboratory of Signal Transduction, National Institute of Environmental Health Sciences,

Research Triangle Park, North Carolina, USA.

The role of posttranscriptional metabolic gene regulatory programs in diabetes is not well
understood. Here, we show that the RNA-binding protein tristetraprolin (TTP) is reduced in the
livers of diabetic mice and humans and is transcriptionally induced in response to insulin treatment
in murine livers in vitro and in vivo. Liver-specific Ttp-KO (IsTtp-KO) mice challenged with high-
fat diet (HFD) have improved glucose tolerance and peripheral insulin sensitivity compared with
littermate controls. Analysis of secreted hepatic factors demonstrated that fibroblast growth
factor 21 (FGF21) is posttranscriptionally repressed by TTP. Consistent with increased FGF21,
IsTtp-KO mice fed HFD have increased brown fat activation, peripheral tissue glucose uptake, and
adiponectin production compared with littermate controls. Downregulation of hepatic Fgf21via an
adeno-associated virus-driven shRNA in mice fed HFD reverses the insulin-sensitizing effects of
hepatic Ttp deletion. Thus, hepatic TTP posttranscriptionally regulates systemic insulin sensitivity
in diabetes through liver-derived FGF21.

Introduction

Eukaryotes have evolved a complex metabolic system that allows them to rapidly and appropriately respond
to changes in nutritional status. The liver plays a major role in energy metabolism and is essential for the
catabolism, anabolism, and redistribution of carbohydrates, fatty acids (FA), and amino acids. Hepatic
energy metabolism is dictated by nutritional, hormonal, and neuronal signals leading to the expression of
regulatory molecules, such as fibroblast growth factor 21 (FGF21) (1-3).

FGF21 is a hormone abundantly expressed in the liver, whose synthesis and secretion are highly
responsive to nutrient intake in mice and humans. Hepatic FGF21 plays a key role in glucose and lip-
id metabolism, insulin sensitivity, and ketogenesis at both the hepatic and systemic levels. Liver-derived
FGF21 acts on adipocytes to stimulate insulin-dependent glucose uptake, modulate lipolysis, and increase
mitochondrial oxidative capacity (4-6). Administration of FGF21 to obese and diabetic mouse models
stimulates the uptake of glucose in adipose tissue (AT) and improves systemic insulin sensitivity (7).

The coordination of these hepatic regulatory factors occurs on several levels to ensure an appropriate
systemic metabolic response (8), although little is known about the regulation that occurs at the posttran-
scriptional level by RNA-binding proteins. Tristetraprolin (TTP, also known as ZFP36) is a Cys-Cys-Cys-His
(CCCH) tandem zinc finger (TZF) protein that posttranscriptionally represses gene expression by interacting
with AU-rich elements (AREs) in the 3'-UTR of target mRNAs (9). After binding to the ARE of a target tran-
script, TTP promotes mRNA deadenylation and subsequent transcript decay (10). TTP has been well studied
in the field of inflammation, where TNF-o is an established target of TTP (11). This is reflective of whole-
body Ttp-KO mice, which develop a severe systemic autoimmune inflammatory syndrome shortly after birth
due to elevated TNF-o accumulation in macrophages (12). TTP has also been implicated as a tumor suppres-
sor gene, and we have shown that TTP is a critical regulator of cellular iron homeostasis (13, 14).

Recent reports suggest a potentially novel role for TTP in the regulation of metabolism. 7tp mRNA
expression is responsive to insulin in cultured mouse fibroblasts and adipocytes, and a genetic linkage
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analysis identified TTP as a candidate gene for metabolic syndrome in humans (15-17). Studies in human
subjects also revealed differences in T7TP gene expression levels in the AT of obese men and women with
metabolic syndrome compared with healthy obese men and women (15, 18). Although metabolic syn-
drome is a proinflammatory state, no correlation was observed between T'TP expression and circulating
TNF-a levels in humans, suggesting that the antiinflammatory effects of TTP are not responsible for its
metabolic effects (18, 19). Studies in yeast also point toward the existence of a metabolic regulatory path-
way involving yeast TTP family members. CTH1/2 are TZF proteins with sequence similarity to TTP and
also function by binding to AREs in the 3'-UTR of their target mRNAs and by promoting mRNA transcript
degradation. It has been shown that CTH1/2 degrade several mRNAs involved in metabolic processes (20,
21). However, the regulation of metabolic pathways by TTP in higher eukaryotes and the effects of insulin
on these pathways through TTP are not known.

Here, we show that TTP is induced in the liver by insulin in vitro and in vivo and that TTP levels are
reduced in the livers of diabetic mice and humans. To determine the effect of TTP on hepatic metabolism
independent of inflammation, we generated liver-specific Ttp-KO (IsTtp-KO) mice. Loss of hepatic Ttp
leads to improved systemic glucose tolerance and insulin sensitivity in mice fed high-fat diet (HFD). We
show that TTP binds to and degrades the mRNA of FGF2I, such that loss of hepatic Ttp amplifies the
expression of Fgf21. Downregulation of hepatic Fgf2/ expression in 1sTtp-KO mice reverses the protective
effects against HFD. Thus, hepatic TTP is induced by insulin and modulates hepatic and systemic metabo-
lism through posttranscriptional regulation of FGF21.

Results

Hepatic TTP levels are reduced in murine and human diabetes. Since the liver plays a critical role in sys-
temic energy metabolism, we examined the levels of hepatic Ttp expression in diet-induced (HFD)
and genetic (db/db) murine models of diabetes. C57BL/6 mice fed 60% HFD for 8 weeks displayed
reduced hepatic Ttp gene expression (Figure 1A) compared with mice fed a normal chow diet. In addi-
tion, 8-week-old db/db mice exhibited reduced hepatic Ttp gene expression (Figure 1B) compared with
nondiabetic control (db/+) mice. These results suggest that 7tp expression is reduced in the livers of
diabetic mice via a leptin-independent mechanism. Similar to our results in mice, hepatic 77P mRNA
expression was reduced in diabetic compared with nondiabetic human patients (Figure 1C and Sup-
plemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.95948DS1).

Hepatic TTP levels are transcriptionally induced by insulin in vitro and in vivo. Ttp mRNA was previously
shown to be induced by insulin in murine fibroblasts and adipocytes (16, 17). We subjected WT (Alb-Cre’;
Ttp"") primary mouse hepatocytes to insulin and found that hepatic 7tp mRNA is also induced by insulin
in a time- and dose-dependent manner (Supplemental Figure 1, A and B), resulting in increased TTP pro-
tein levels (Supplemental Figure 1C). Additionally, i.p. injection of insulin in fasted WT mice also induced
hepatic TTP at the protein and mRNA levels (Figure 1, D and E). The induction of Ttp by insulin was
not due to a change in Ttp mRNA stability or synthesis of protein cofactors in primary hepatocytes, since
insulin did not alter Ttp mRNA stability after actinomycin D treatment and cyclohexamide pretreatment
did not prevent insulin-mediated Ttp induction (Supplemental Figure 1, D and E). Deletion studies of the
murine 7tp promoter in WT mouse embryonic fibroblasts (MEFs) demonstrated that the proximal 137 bp
of the Ttp promoter were sufficient for full 7tp induction by insulin (Supplemental Figure 1F). Further-
more, the AKT and MAP kinase, but not protein kinase C, pathways are involved in the Ttp induction by
insulin in cultured MEFs (Supplemental Figure 1G). These results demonstrate that hepatic 7tp is tran-
scriptionally induced by insulin in vitro and in vivo.

To determine if chronic hepatic insulin resistance is responsible for the reduction in hepatic TTP
levels seen in diabetes, we subjected male db/db and db/+ mice to a bolus of i.p. insulin or saline and mea-
sured hepatic Ttp expression. While db/+ mice exhibited a robust increase in hepatic TTP protein levels
after insulin compared with saline injection, db/db mice failed to demonstrate a similar effect (Figure 1F).
Hepatic TTP protein levels after saline bolus were also higher in db/+ mice compared with db/db mice
(Figure 1F), consistent with the reduced hepatic TTP baseline expression in diabetes. These results show
that insulin resistance leads to impaired insulin-stimulated hepatic induction of TTP and suggest that
chronic insulin resistance may contribute to the reduced basal levels of hepatic TTP in diabetic compared
with nondiabetic mammals.
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Figure 1. Hepatic TTP is induced by insulin and reduced in diet-induced and genetic murine models of obesity and human diabetics. (A) Hepatic
Ttp mRNA expression is reduced in C57BL/6 mice after 8 weeks of high-fat diet compared with normal chow (n = 4). (B) Hepatic Ttp mRNA
expression is reduced in 8-week-old db/db mice compared with db/+ mice (n = 4). (C) Hepatic TTP mRNA expression is reduced in diabetic humans
compared with nondiabetic humans (n = 6). (D) Hepatic TTP protein expression is induced in C57BL/6 mice after 4 hours of i.p. insulin injection
compared with control saline injection (n = 3). Densitometry analysis is provided next to the Western blot. (E) Hepatic Ttp mRNA expression is
induced in C57BL/6 mice after 4 hours of i.p. insulin injection compared with control saline injection (n = 3). (F) Hepatic protein levels of TTP are
induced in 8-week-old db/+ mice 4 hours after i.p. injection of insulin (0.0075 U/g body weight) compared with saline injection but not in db/db
mice (n = 3). Densitometry analysis is provided next to the Western blot. Data are presented as mean + SEM. *P < 0.05 by 1-way ANOVA with post
hoc Fisher’s least significant difference (LSD) test.
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LsTtp-KO mice have improved systemic insulin sensitivity after HFD. To study the metabolic effects of
hepatic TTP in vivo, we generated Is 7tp-KO mice (4/b-Cre*; Ttp"”, Figure 2, A and B) and subjected them
to normal chow diet or HFD. WT and 1s Ttp-KO mice fed normal chow had similar body weight, fasting
glucose, and fasting and fed insulin levels (Supplemental Figure 2, A-D). Additionally, WT and IsTtp-
KO mice fed normal chow displayed comparable insulin sensitivity — as evidenced by similar glucose
and insulin tolerance, as well as glucose-induced insulin secretion (Figure 2, C-E).

To determine the effect of hepatic TTP on diabetes, we fed HFD to age-matched male WT and
IsTtp-KO littermates. Despite similar body weight, fasting blood glucose, and serum insulin levels
between WT and Is7tp-KO mice after 12 weeks of HFD (Supplemental Figure 2, A-D), 1s Ttp-KO mice
had improved glucose tolerance and insulin sensitivity (Figure 2, C and D). This improvement was not
due to differences in weight gain or changes in body composition, as 1s7tp-KO mice had similar body
weight as WT mice after HFD, and proton nuclear magnetic resonance performed at 15 weeks after
HFD demonstrated similar body fat composition between WT and 1s 7Ttp-KO mice (Figure 2, F and G,
and Supplemental Figure 2E). Consistent with improved insulin sensitivity, 1s 7¢p-KO mice fed HFD for
10 weeks demonstrated reduced insulin secretion in response to a glucose bolus (Figure 2E) compared
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Figure 2. Deletion of Ttp in the liver results in improved glucose tolerance and insulin sensitivity after HFD. (A and B) Hepatic Ttp mRNA (A) and
protein (B) levels in WT and IsTtp-KO mice. n = 4 for A and 3 for B. *P < 0.05 by 2-tailed unpaired Student’s t test. (C) IsTtp-KO mice have improved
glucose tolerance after 8 weeks of HFD compared with WT mice fed HFD. (D) IsTtp-KO mice have improved insulin sensitivity after 9 weeks of HFD
compared with WT mice fed HFD. (E) IsTtp-KO mice have less glucose-stimulated insulin secretion after 10 weeks of HFD compared with WT mice
fed HFD. *P < 0.05 compared with WT mice after HFD by 1-way ANOVA with post hoc Fisher’s LSD test. NC, normal chow; HFD, high-fat diet; n = 7 for
WT and IsTtp-KO fed NC, 6 for WT, and 10 for IsTtp-KO fed HFD for C and D; n = 7 for WT, 8 for IsTtp-KO fed NC, 6 for WT, and 9 for IsTtp-KO for E. (F)
Adiposity as determined by fat mass percentage in WT and IsTtp-KO mice after 15 weeks of HFD. (G) Body weight of WT and IsTtp-KO mice after 15
weeks of HFD. n = 6-10 for each group for F and G. Data are presented as mean + SEM.
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with control mice. Additionally, 1s7tp-KO mice challenged with sodium octanoate injection exhibited
increased ketone body levels after 2 hours compared with control mice, suggesting increased ketogenic
potential in 1s Ttp-KO mice after HFD (Supplemental Figure 2F).

We then examined whether the improved insulin sensitivity in 1s7tp-KO mice is due to differences in
hepatic and circulating triglycerides (TG) or non—esterified FA (NEFA) levels. While fasting serum NEFA,
serum TG, and hepatic TG were reduced in lean 1s Ttp-KO mice compared with lean WT mice (Figure 3,
A-C), no significant change in fasting hepatic TG levels, fasting serum TG, or fasting or fed serum NEFA
was observed between WT and 1s 7tp-KO mice after HFD (Figure 3, D-G). Therefore, the protective effect
of hepatic Ttp deletion cannot be attributed to differences in hepatic lipid handling.

Because we observed no change in hepatic lipid handling, we hypothesized that the improved insulin sen-
sitivity in 1s7tp-KO mice may be due to an extrahepatic effect, such as changes in peripheral tissue insulin
sensitivity. Peripheral tissue insulin sensitivity was increased in 1s 7tp-KO mice compared with WT mice after
HFD, as assessed by insulin-induced phosphorylated AKT (pAKT) levels in the epididymal AT (eAT), skeletal
muscle, and heart (Figure 4, A-D, and Supplemental Figure 3A). We also observed higher insulin-induced

https://doi.org/10.1172/jci.insight.95948 4
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Figure 3. Liver-specific deletion of Ttp results in changes in lipid parameters at baseline but not after HFD. (A-C) Fasting serum non-esterified fatty acid
(NEFA) (A), hepatic triglyceride (B), and serum triglyceride (C) in WT and IsTtp-KO mice fed normal chow. (D and E) Fasting liver (D) and serum (E) triglycer-
ide in WT and IsTtp-KO mice after HFD. (F and G) Fasting (F) and fed (G) serum NEFA in WT and IsTtp-KO mice after HFD. n = 4-9 for each group. Data are
presented as mean + SEM. *P < 0.05 by 2-tailed unpaired Student’s t test.

AKT phosphorylation in the liver (Supplemental Figure 3B). In hyperinsulinemic-euglycemic clamp studies,
IsTtp-KO mice fed HFD demonstrated significantly lower basal and clamped insulin levels compared with
control littermates (Figure 4E). Additionally, Is 7tp-KO mice demonstrated slightly lower blood glucose without
a significant difference in glucose infusion rate (Supplemental Figure 4, A and B). Despite lower basal insulin
levels, 1s 7tp-KO mice achieved similar suppression of endogenous glucose production and had comparable glu-
cose disposal rates (Supplemental Figure 4, C—F), indicating that 1s 7tp-KO mice require less insulin to achieve
similar glucose clearance in the peripheral tissues. These data confirm that HFD-fed 1s 7tp-KO mice exhibit an
increase in hepatic and peripheral insulin sensitivity compared with WT mice.

TTP binds to and posttranscriptionally represses Fgf21. The above data is most consistent with TTP regu-
lating the expression of a liver-derived secretory factor that contributes to hepatic and peripheral insulin
sensitivity. We therefore performed an in silico analysis of hepatic secretory proteins for the presence of TTP
binding sites in their 3'-UTR. Of the 244 proteins that are predicted or confirmed to be secreted by the liver,
13 candidate genes were identified to have optimal nonamer TTP binding AREs (UUAUUUAUU) in the
3-UTR of both human and mouse isoforms (Supplemental Table 2). Quantitative PCR (qPCR) analysis in
Is Ttp-KO primary hepatocytes identified 6 transcripts to be significantly upregulated (Supplemental Figure
5A). We then measured the hepatic expression of these genes from 1s7tp-KO and control mice at baseline
and after HFD. Among the 6 transcripts, only Fgf21 and follistatin-related protein 3 (F5¢/3) were significantly
upregulated in 1s 7tp-KO mice both at baseline and after HFD (Figure 5, A and B, and Supplemental Figure
5, B and C). Since deletion of Fit/3 has been linked to increased insulin sensitivity (22), its upregulation in
TTP-deleted mice would not explain the increased insulin sensitivity noted in these mice. On the other hand,
pharmacological administration of FGF21 leads to improved insulin sensitivity (23, 24). Thus, we focused
our studies on Fgf21. Consistent with higher hepatic Fgf2] mRNA levels and the fact that liver is the predom-
inant site of Fgf21 production (25), serum levels of FGF21 after a 16-hour fast were significantly increased in
Is Ttp-KO mice compared with control mice at baseline and after HFD (Figure 5C).

insight.jci.org  https://doi.org/10.1172/jci.insight.95948 5
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Figure 4. Liver-specific Ttp-KO mice have increased peripheral tissue insulin sensitivity after high-fat diet. (A-D) IsTtp-KO mice have improved insulin
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We then conducted additional studies to determine if FGF2/ mRNA is a target of TTP. We identified
several AREs in the FGF21 3'-UTR that are highly evolutionarily conserved across species (Figure 5D). Addi-
tionally, primary hepatocytes from 1s7zp-KO mice treated with the transcriptional inhibitor actinomycin D
demonstrated slower degradation of Fg2] mRNA compared with those from primary hepatocytes from WT
mice, consistent with posttranscriptional regulation of Fgf2/ by TTP (Figure 5E). To assess the interaction
between TTP protein and FGF2] mRNA, we performed an RNA co-IP using anti-human TTP or control IgG
antibody and analyzing mRNA targets of TTP by gPCR. We observed enrichment in a known target of TTP
(VEGFA) in the TTP antibody group compared with IgG, and we observed no enrichment for the negative con-
trol (hypoxanthine phosphoribosyltransferase 1; HPRTI) (Figure 5F). FGF21 mRNA levels were significantly
enriched when incubated with TTP antibody compared with IgG control, indicative of an interaction between
TTP protein and FGF21 mRNA (Figure 5F).

To determine whether TTP regulates FGF21 mRNA at the level of its 3'-UTR, we cloned the full-
length 3'-UTR of human FGF21 downstream of the firefly luciferase gene (FGF21 3'-UTR-luc). Con-
sistent with TTP suppression of FGF2] mRNA at its 3'-UTR, transfection of the FGF2I 3'-UTR-luc
construct into WT MEFs led to a significant reduction in the luminescence signal compared with the
same reporter construct in 7tp-KO MEFs (Figure 5G). We then assessed whether direct binding of TTP
to ARE sequences is required for its function by overexpressing WT TTP or C124R TTP (mutation in
the TZF, rendering TTP unable to bind to AREs) in HEK293 cells transfected with the FGF21 3'-UTR-
luc construct. While TTP overexpression resulted in a decrease in luminescence signal, this was rescued
to baseline levels with overexpression of C124R TTP, confirming that TTP requires its TZF domain to
bind to the FGF21 3’-UTR and promote its degradation (Figure 5SH). A similar effect was observed with
mouse Fgf21 3'-UTR-luc construct transfected into WT and Ttp-KO MEFs and into Ttp-KO MEFs over-
expressing WT or TZF mutant TTP (Supplemental Figure 5, D and E). Additionally, deletion of ARE

https://doi.org/10.1172/jci.insight.95948 6
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Figure 5. Fgf21is a target of TTP. (A) mRNA expression of putative Ttp-targeted hepatic secretory proteins in liver from WT and IsTtp-KO mouse fed
normal chow (n =10-12). (B) mRNA levels of putative Ttp-targeted hepatic secretory proteins in liver from WT and IsTtp-KO mouse fed HFD (n = 6-9). (C)
Fasted IsTtp-KO mice have increased circulating FGF21 levels after 12 weeks of NC or HFD compared with WT mice (n = 6-14). (D) Genomic Evolutionary
Rate Profiling (GERP) of AU-rich elements (AREs) in the FGF21 transcript demonstrates several evolutionarily conserved AREs. The numbers in the legend
represent the nucleotide location of the ARE site with respect to the start of the coding region. (E) Fgf21 mRNA is stabilized in primary hepatocytes from
IsTtp-KO compared with WT mice (n = 4). (F) TTP protein physically interacts with FGF27 mRNA as assessed by RNA co-IP (n = 3-6). (G) Human FGF21
3'-UTR-luciferase reporter construct signal is higher in Ttp-KO MEFs compared with WT MEFs (n = 6). (H) Overexpression of WT TTP, but not C124R mutant
TTP, reduces luminescence signal of the human FGF213'-UTR-luciferase reporter construct (n = 5-6). (I) Deletion of ARE in human FGF213'-UTR-luciferase
construct (AARE) abolishes the regulation by TTP overexpression (n = 8-15). Data presented as the relative luciferase activity in the presence of TTP over-
expression for each construct. NC, normal chow; HFD, high-fat diet; EV, empty pMIR-REPORT vector; WT, WT human FGF2173'-UTR-luciferase construct.
Data are presented as mean + SEM. *P < 0.05 by 1-way ANOVA with post hoc Fisher’s LSD test.
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sequences in human and mouse FGF2] 3'-UTR-luc constructs abolished their response to TTP overex-
pression (Figures 51 and Supplemental Figure 5F). These results indicate that TTP posttranscriptionally
regulates FGF21 expression directly by binding to the ARE in its 3'-UTR.

Hepatic deletion of Ttp affects gene transcription in muscle and AT, and it leads to brown fat activation. To
assess the peripheral effects of increased FGF21 in IsTtp-KO mice, we measured Adipog (which encodes
the adipokine adiponectin) gene expression levels in various AT depots. Ls Ttp-KO mice had significantly
higher Adipog mRNA levels in eAT and inguinal AT (1AT) compared with WT control mice (Figure 6A).
Consistent with reports of improved hepatic and muscle insulin sensitivity with increased adiponectin
(26), 1sTtp-KO mice fed HFD demonstrated increased AKT phosphorylation upon insulin stimulation
compared with control mice (Figure 4, C and D, and Supplemental Figure 3B). Increased circulatory
FGF21 has also been shown to contribute to peripheral insulin sensitivity through increased glucose
uptake and oxidation in muscle and brown AT (bAT) (27, 28). Consistent with this mechanism, glucose
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Figure 6. Hepatic deletion of Ttp activates brown and beige adipose tissue. (A) Adipog mRNA levels in epididymal adipose tissue (eAT) and inguinal
AT (iAT) from WT and IsTtp-KO mice fed HFD (n = 5-8). (B) Soleus muscle and brown adipose tissue (bAT) glucose uptake at the end of hyperinsulin-
emic-euglycemic clamp studies in WT and IsTtp-KO mice fed HFD (n = 7-10). (C) Slc2a7 expression in bAT and skeletal muscle from WT and IsTtp-KO
mice after HFD (n = 4-8). (D) Loss of hepatic Ttp results in a gene expression pattern in iAT consistent with beige adipose tissue browning (n = 4-7).
(E) Gene expression in bAT in IsTtp-KO mice is consistent with increased brown adipose tissue activation (n = 4-7). (F) IsTtp-KO mice have increased

energy expenditure after HFD (n =

6-8). (G) Food intake of WT and IsTtp-KO mice during indirect calorimetry (n = 6-8). Data are presented as mean *

SEM. *P < 0.05, #P < 0.1 by 2-tailed unpaired Student’s t test.
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uptake in bAT and soleus muscle was significantly increased in HFD-fed 1s Ttp-KO mice compared with
WT littermates (Figure 6B) and was accompanied by increased adipose and muscle Slc2a1 (which encodes
GLUT1 transporter) expression (Figure 6C).

At the molecular level, iAT (a beige AT depot) from 1s7tp-KO mice after HFD demonstrated signifi-
cantly higher mRNA levels of Cidea, Ucpl, and Cptlb and a trend toward increasing Dio2 mRNA levels
compared with control mice (Figure 6D). In bAT, we also observed significantly higher levels of Cox7a,
Cox8b, Cptlb, Cidea, Citedl, Ucpl, and Irs2 and a trend toward increasing Dio2 mRNA in IsTtp-KO mice
compared with control mice (Figure 6E). These observations are consistent with increased thermogenic
potential in brown fat and increased browning of beige AT in 1s 7tp-KO mice compared with control mice.
Finally, indirect calorimetry revealed a significant increase in energy expenditure in 1s 7¢p-KO mice after
HFD (Figure 6F), consistent with increased bAT activity. No difference in food intake was observed (Fig-
ure 6G). Taken together, our data indicate that the baseline increase in circulating FGF21 in Is 7tp-KO mice
(Figure 5C) promotes brown fat activation, peripheral glucose uptake, and adiponectin production after
HFD to protect against the development of diabetes.

Hepatic TTP regulates systemic metabolism through modulation of Fgf21. To confirm that hepatic FGF21
mediates the improved glucose tolerance and insulin sensitivity observed in I1s7tp-KO mice after HFD,
we generated hepatotropic adeno-associated virus serotype 8 (AAV8) overexpressing shRNA against Fgf21
(shFgf21) or luciferase (shLuc). Injection of AAV8 shFgf2] into WT mice effectively reduced circulating
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Figure 7. Increased liver-derived circulating FGF21is responsible for improved systemic diabetic parameters after high-fat diet in the setting of hepatic
Ttp deletion. (A) Fasting levels of circulating FGF21 are effectively reduced in IsTtp-KO mice injected with a hepatotropic Fgf27 shRNA AAVS8 virus (shFgf21)
at 3 weeks of age and then fed HFD for 12 weeks. (B and C) Downregulation of Fgf21in IsTtp-KO mice leads to normalization of Adipog mRNA levels in
adipose tissue (B) and S/c2a? mRNA levels in skeletal muscle (C) after HFD; n = 8 for WT shLuc and 12 for IsTtp-KO shLuc and shFgf21. *P < 0.05 by 1-way
ANOVA with post hoc Fisher’s LSD test. (D-F) IsTtp-KO mice injected with Fgf271 shRNA AAV8 have reversal of glucose tolerance (D), insulin sensitivity (E),
and glucose-stimulated insulin secretion (F) after HFD compared with IsTtp-KO mice injected with shLuc (n = 7 for WT shLuc, 9 for IsTtp-KO shLuc, and 16
for IsTtp-KO shFgf21 for D-F) #P < 0.05 between IsTtp-KO shFgf21and IsTtp-KO shLuc, *P < 0.05 between IsTtp-KO shLuc and WT shLuc, *P < 0.1 between
IsTtp-KO shLuc and WT shLuc. Data are presented as mean + SEM, using 1-way ANOVA with post hoc Fisher’s LSD test.

FGF21 levels (Supplemental Figure 6A). We injected the virus into WT and Is7tp-KO mice at 3 weeks of
age, followed by HFD treatment for 12 weeks. At the end of HFD treatment, we observed normalization
of hepatic Fgf21 expression and circulating FGF21 levels in 1s7tp-KO mice injected with AAV8 shFgf21
(Figure 7A and Supplemental Figure 6B). No change in AT Fgf2] expression was observed in 1s 7tp-KO
mice injected with AAV8 shFgf21 (Supplemental Figure 6C), confirming that changes in circulating FGF21
levels were due to hepatic Fgf21 expression. Additionally, downregulation of Fgf21 in Is 7¢p-KO mice also
normalized AT Adipog mRNA levels (Figure 7B), as well as Sic2al expression in skeletal muscle (Figure
7C). Knockdown of Fgf21 in 1sTtp-KO mice fed HFD led to reversal of glucose tolerance, glucose-stimu-
lated insulin secretion (GSIS), ketogenesis, and systemic insulin sensitivity (Figure 7, D-F, and Supplemen-
tal Figure 6), demonstrating that increased circulating liver-derived FGF21 is responsible for the improved
systemic diabetic parameters in 1s 7tp-KO mice fed HFD.

Discussion

The liver plays a critical role in regulating whole body energy homeostasis via its ability to utilize a variety
of substrates in response to nutritional challenges and to secrete factors that modulate systemic metabo-
lism. In this study, we show that TTP, an RNA-binding protein previously studied in the fields of inflam-
mation, cancer, and cellular iron homeostasis, plays a potentially novel role in hepatic metabolism and
systemic insulin sensitivity (12—14). We show that hepatic TTP is induced by insulin in vitro and in vivo
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and that TTP levels are reduced in the livers of diabetic mice and humans, likely due to hepatic insulin
resistance. LsTtp-KO mice have improved glucose tolerance and peripheral insulin sensitivity after HFD
compared with littermate controls. Analysis of liver-secreted factors demonstrated that TTP binds to and
promotes the degradation of FGF2I mRNA. Finally, we show that knockdown of Fgf21 in 1s Ttp-KO mice
fed HFD leads to reversal of systemic glucose tolerance and insulin sensitivity, confirming that hepatic TTP
regulates systemic metabolism through modulation of liver-derived FGF21.

Consistent with previous reports (15, 18), we show that hepatic TTP levels are reduced in diet-in-
duced and genetic murine models of obesity and in human diabetic livers. We also show that TTP pro-
tein is robustly induced by insulin injection in WT mice, but not in diabetic mice, demonstrating that
intact insulin sensitivity is necessary for the induction of TTP by insulin. This suggests that the reduced
baseline levels of hepatic TTP expression in diabetic mice and humans may be due to increased basal
hepatic insulin resistance.

It is intriguing that late loss of hepatic TTP (as observed in WT diabetic mice) coincides with glucose
intolerance and insulin resistance, yet early loss of hepatic TTP (resulting from genetic deletion in 1sT¢p-
KO mice) leads to improved diabetic parameters after HFD compared with control mice. While FGF21 is
elevated in both conditions, it has been proposed that upregulation of FGF21 after the onset of diabetes is
insufficient to improve insulin sensitivity (29, 30). These observations suggest that lower basal hepatic TTP
expression in the healthy state promotes systemic insulin sensitivity due to diminished repressive effects on
FGF2]. This would, in turn, allow the body to withstand the diabetic insults of peripheral tissue insulin
resistance and delay the onset of disease. Conversely, repression of TTP secondary to established diabetes
is likely due to insulin resistance and diminished AKT signaling regulating TTP at the promoter level. It
is interesting to speculate that high baseline hepatic TTP expression in humans, due to natural variation
or TTP polymorphisms, may lead to reduced basal levels of systemic insulin sensitivity, rendering those
individuals ill-equipped to withstand the metabolic changes associated with obesity and resulting in a more
rapid progression to diabetes.

FGF21 is a complex hepatic hormone that is highly regulated by various metabolic challenges, includ-
ing fasting, high-fat, low-carbohydrate, low-protein, and low—essential amino acid diets (1, 31-33). FGF21
plays an important role in coordinating the peripheral response to insulin, as genetic deletion of FGF21
leads to peripheral insulin insensitivity despite mice being normoglycemic (34). Circulating FGF21 is
important for the production of adiponectin from various AT depots (35), which in turn modulates insulin
sensitivity in the liver and skeletal muscle. Additionally, FGF21 signaling leads to increased glucose uptake
in skeletal muscle, as well as in beige AT and bAT (28, 36). It is also required for the adaptation to cold
temperature by inducing beige AT browning and increasing thermogenic potential in bAT (36, 37). In fact,
serum FGF21 levels have been linked to bAT activity in lean healthy subjects (38). In addition to its effect
on AT, liver-specific Fgf2] transgenic mice have lower serum insulin, cholesterol, TG, and hepatic TG levels
(39). Administration of FGF21 in 0b/0b mice also leads to a reduction in serum TG levels (23, 40). Similar
to these reports, we also observe increased adiponectin expression, peripheral insulin sensitivity, bAT acti-
vation, and peripheral tissue glucose uptake in Is 7¢tp-KO mice compared with control mice.

While our results generally agree with the literature, there are a few distinctions. Although we observed
reduced serum NEFA and TG in lean Is T¢tp-KO mice, no difference in serum NEFA, TG, or liver TG was
seen in Is 7¢p-KO mice after HFD compared with control mice. This is in contrast with previous findings of
FGF21 administration to 0b/0b mice (41). Additionally, mice receiving pharmacological doses of FGF21
also demonstrated weight loss and changes in fat mass (4, 41, 42); however, 1sTtp-KO mice at baseline or
after HFD did not have a significant difference in body weight compared with littermate controls (Figure
2G and Supplemental Figure 2A). Fat mass was also not significantly different between 1s 7tp-KO mice and
control mice after HFD (Figure 2F and Supplemental Figure 2E). These distinctions between our findings
and previous studies may be attributed to the fold induction of FGF21; IsTtp-KO mice typically achieve
about a 2- to 4-fold increase in FGF21 over control mice, while previous reports using pharmacological
doses of FGF21 can lead to more than a 20-fold increase in FGF21 (41, 43). While supraphysiologic doses
of FGF21 may achieve weight loss and increase insulin sensitivity, our findings highlight that a physiolog-
ical increase of FGF21 prior to the onset of diabetes can also be protective.

While basal hepatic expression of FGF21 is low, its expression is significantly induced up to 100-fold
by changes in nutrition status (32). In our study, 1s7tp-KO mice fed normal chow showed a 2-fold increase
in serum FGF21 levels compared with WT control mice. This modest increase in FGF21, consistent with
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prior reports of TTP acting to fine-tune cellular processes (14), and the fact that mice fed normal chow are
already at a near maximally insulin-sensitive state likely explains the lack of improvement in insulin sensi-
tivity in 1s7¢tp-KO mice at baseline. However, we show that the difference in serum FGF21 levels between
1sTtp-KO and WT mice is magnified after HFD and is sufficient to account for the improvement in insulin
sensitivity of HFD-fed 1s7tp-KO mice through its effects on insulin action and peripheral glucose utiliza-
tion. Thus, the TTP-mediated regulation of Fgf2] mRNA may play a critical role in insulin sensitivity under
diseased conditions, such as diabetes, but not at baseline.

Although FGF21 mimetics have shown promise in human clinical trials in diabetic obese patients, their
efficacy has been limited by the short half-life of FGF21 and the fact that obesity is ultimately an FGF21-re-
sistant state (29, 30). While high levels of FGF21 in advanced diabetic patients serves as a marker of insulin
resistance due to a reflexive but futile mechanism to improve insulin sensitivity, we show that high levels of
FGF21 in our system are directly linked to hepatic TTP and serve as a driver of insulin sensitivity, as con-
firmed by reversal of our phenotype with knockdown of hepatic Fgf21. Thus, reducing hepatic TTP levels
may be a novel therapeutic approach in metabolic syndrome and prediabetes, conditions with reduced yet
intact insulin sensitivity, in order to directly increase FGF21 levels to prevent the onset of diabetes.

We identified FGF21 as a target of TTP by screening the murine and human transcripts of known or
predicted liver-secreted proteins for the optimal TTP binding sequence UUAUUUAUU (44, 45). However,
variations in the optimal nonamer binding sequence can be tolerated, and it is possible that this approach
may have excluded some “true” TTP targets. Identification of novel target transcripts will better illustrate
how TTP may lead to a sequential metabolic reprogramming at the hepatic and systemic levels.

In summary, our results identify hepatic TTP as a potentially novel player in metabolism that regulates
the mRNA stability of Fgf21, which has functional consequences for hepatic and systemic insulin sensi-
tivity. Furthermore, we show that hepatic TTP levels are induced by insulin and reduced in the livers of
diabetic mice and humans. Finally, we show that 1s7¢p-KO mice have improved diabetic parameters after
HFD compared with littermate controls and that hepatic TTP regulates systemic metabolism through mod-
ulation of FGF21. These findings may open up novel avenues in the therapeutic treatment of metabolic
syndrome and prediabetes, particularly the posttranscriptional modulation of metabolic gene expression by
RNA-binding proteins.

Methods

Mouse studies. WT C57BL/6 mice were purchased from Taconic. db/db and db/+ mice were purchased
form the Jackson Laboratory. C57BL/6 Ttp"" mice (a gift from Perry Blackshear, National Institute of
Environmental Health Sciences [NIEHS]) have flox sites flanking exon 2 of TTP. Ls Ttp-KO mice were gen-
erated by breeding Ttp"” mice with albumin-Cre transgenic mice (a gift from Joseph Bass, Northwestern
University). Tep liver-specific deletion due to Cre-recombinase expression in hepatocytes was confirmed at
the mRNA and protein levels. Only male mice were used in the studies because of the documented protec-
tion against HFD-induced insulin resistance in female mice (46).

AAV constructs containing shRNA against luciferase or Fgf2/ were gifts from Roger Davis (University
of Massachusetts, Amherst, Massachusetts, USA). The constructs were packaged into AAV serotype 8
viral particles by ViGene. Mice at 3 weeks of age were randomized to receive i.p. injection with 6 x 10!
genome copies of AAV8 shLuc (control) or AAV8 shFgf21 in 200 pl of normal saline.

For HFD studies, mice were fed with rodent chow consisting of 60% calories by fat, 20% calories by
protein, and 20% calories by carbohydrate (Research Diets, D14292) for indicated duration starting at 3
weeks of age. The researchers were not blinded to the genotype or the treatment of the mice.

Isolation and culturing of primary hepatocytes. After anesthetization with Avertin (created from freshly
prepared tribromoethanol; Millipore Sigma), the portal vein of each mouse (males, 8-12 weeks old) was
cannulated with a 24 G x 3/4-inch i.v. catheter (Terumo), and the liver was perfused with Ca**- and Mg?*-
free HBSS (Thermo Fisher Scientific) for 5 minutes, followed by perfusion DMEM containing 0.05% type
IV collagenase (MilliporeSigma) for 5 minutes. The perfusate was drained by an incision of the femoral
artery. After perfusion, the liver was removed and placed in ice-cold DMEM (with 4.5 g/1 glucose and
L-glutamine with no sodium pyruvate, Corning) and cells were gently released. The cell suspension was
filtered through a 100-pum nylon strainer (BD Falcon, BD Biosciences) and centrifuged at 50 g for 1 minute.
The cell pellets were washed 3 times with ice-cold DMEM (Corning) and then resuspended in DMEM
containing 5% FBS (Atlanta Biologicals). Cell viability (~80%) was determined by trypan blue exclusion.
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Cells were plated on type I collagen—coated dishes at a density of 5 x 10* cells/cm? and incubated at 37°C
under 5% CO,. After 1.5 hours of attachment, the media was aspirated, cells were washed with PBS and
incubated in complete media (DMEM containing 10% FBS and 1% penicillin/streptomycin/amphotericin
B; Corning). For insulin treatments, cells were incubated with complete media supplemented with recombi-
nant human insulin expressed in yeast (MilliporeSigma) for the indicated times. For protein synthesis inhi-
bition, cells were pretreated with cyclohexamide (MilliporeSigma, 0.1 mM) for 2 hours. All experiments
involving cultured hepatocytes were completed within 48 hours of culturing.

Human diabetic liver samples. Diabetic and nondiabetic human liver samples were obtained via needle
biopsy from obese patients during bariatric surgery at Northwestern University. Patient characteristics were
provided in Supplemental Table 1. All patients were fasted prior to surgery.

Transfections. For overexpression experiments, human TTP and C124R mutant TTP (gifts from Perry
Blackshear, NIEHS) constructs were transfected into MEF or HEK293 cells using Lipofectamine 2000
reagent (Invitrogen) in OptiMEM (Invitrogen) for 4 hours, followed by incubation in complete, antibiot-
ic-free medium for another 20—44 hours, after which treatments were initiated.

In silico analysis of potential TTP target transcripts. The Human Protein Atlas (http://www.proteinatlas.
org/) was used to identify 244 predicted or confirmed secreted hepatic genes (47), which were screened for
high-affinity nonamer AREs (UUAUUUAUU) in human and mouse transcripts using the AREsite pro-
gram (http://rna.tbi.univie.ac.at/ AREsite2/welcome) (48) or Ensembl Genome browser (http://useast.
ensembl.org/index.html) (Supplemental Table 2). Real-time PCR was used to validate the expression levels
of the 13 candidate genes in WT and 1s 7¢p-KO primary hepatocytes.

In vivo metabolic studies. For all in vivo metabolic studies, age-matched male WT and 1s7tp-KO litter-
mates were used. For the glucose-tolerance test (GTT) and GSIS, mice were fasted for 16 hours and inject-
ed via an i.p. approach with a 20% dextrose (MilliporeSigma) solution in PBS at 2 g/kg body weight. For
the insulin-tolerance test (ITT), mice were fasted for 4 hours and injected via an i.p. approach with a 0.1 U
Humulin/ml PBS solution at 0.75 U/kg body weight (Lily). For the ketogenesis challenge test, mice were
fasted for 24 hours and injected via an 1.p. approach with a 250 mM sodium octanoate (MilliporeSigma) in
deionized water and pH adjusted to 7.4 at 10 ul g body weight.

Hyperinsulinemic-euglycemic clamping and in vivo glucose uptake. Hyperinsulinemic-euglycemic clamp-
ing was performed at Mouse Metabolic and Phenotyping Core at Vanderbilt University. Catheters were
implanted into a carotid artery and a jugular vein of mice for sampling and infusions, respectively,
5 days before the study as described by Berglund et al. (49). Insulin clamps were performed on mice
fasted for 5 hours using a modification of the method described by Ayala et al. (50). [3-*H]-glucose was
primed (1.5 uCi) and continuously infused for a 90-minute equilibration and basal sampling periods
(0.075 pCi/min). [3-*H]-glucose was mixed with the nonradioactive glucose infusate (infusate specific
activity of 0.5 uCi/mg) during the 2-hour clamp period. Arterial glucose was clamped using a variable
rate of glucose (plus trace [3-°H]-glucose) infusion, which was adjusted based on the measurement of
blood glucose at 10-minute intervals. By mixing radioactive glucose with the nonradioactive glucose
infused during a clamp, deviations in arterial glucose-specific activity are minimized and steady state
conditions are achieved. The calculation of glucose kinetics is, therefore, more robust (51). Baseline
blood or plasma variables were calculated as the mean of values obtained in blood samples collected
at —15 and —5 minutes. At time zero, insulin infusion (4 mU/kg body weight/min) was started and
continued for 120 minutes. Mice received heparinized saline-washed erythrocytes from donors at 5
ul/min to prevent a fall in hematocrit. Blood was taken from 80-120 minutes for the determination of
[3-3H]-glucose. Clamp insulin was determined at # = 100 and 120 minutes. At 120 minutes, 13 pCi of
2[*C]deoxyglucose (["“C]2DG) was administered as an i.v. bolus. Blood was taken from 2-25 minutes
for determination of ["“C]2DG. After the last sample, mice were anesthetized and tissues were freeze-
clamped for further analysis. Plasma insulin was determined by radioimmunoassay (RIA). Radioactiv-
ity of [3-*H]-glucose and [**C]2DG in plasma samples, and ['“C]2DG-6-phosphate in tissue samples,
were determined by liquid scintillation counting. Glucose appearance (Ra) and disappearance (Rd)
rates were determined using steady state equations (52). Endogenous Ra (endoRa) was determined by
subtracting the glucose infusion rate (GIR) from total Ra. The glucose metabolic index (Rg) was calcu-
lated as previously described (53).

Body composition analysis. Body composition was analyzed using proton TD-NMR signals on a body
composition analyzer (Brucker Minispec).
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Indirect calorimetry. Indirect calorimetry was performed at the Comprehensive Metabolic Core at North-
western University. Briefly, mice after 15 weeks of HFD were put into the TSE LabMaster Automated
Phenotyping system. The system was maintained at a 12-hour dark, 12-hour light cycle, and mice had ad
libitum access to water and food. Following a 3-day acclimation period, metabolic data were recorded over
the next 4-day period, and data recorded during the light and dark phase were analyzed separately.

Measurement of TG content and NEFA. For liver and serum TG measurements, the Triglyceride Quantifi-
cation kit (Biovision) or L type Triglyceride M reagent (Wako) was used. Livers and serum were collected
at 9:00 a.m. under fed or 16-hour fasting conditions. Measured values were normalized to protein con-
centration in the lysate (Biovision) or liver wet weight prior to homogenization (Wako). For serum NEFA
measurement, the Wako NEFA kit was used. Serum was collected at 9:00 a.m. under fed or 16-hour fasting
conditions.

Serum FGF21 levels. For measurement of serum FGF21 levels, the R&D mouse/rat FGF21 ELISA kit
was used. Serum was collected at 9:00 a.m. after 16-hour fasting conditions unless otherwise indicated.

Evolutionary constraint sequence analysis. Constrained elements in multiple alignments were quantified
using the Genomic Evolutionary Rate Profiling (GERP) score (54). The chromosomal location of the
ARE sequence was obtained from AREsite and then entered into UCSC Genome Browser to obtain
the GERP score for mammalian alignments. Scores were calculated as the average value across the
indicated ARE site.

RNA stability. Primary hepatocytes were plated at ~80% confluence and were serum starved overnight
(0.1% FBS). The next morning, cells were serum stimulated (10% FBS) for 1 hour to maximize TTP levels,
followed by incubation in complete media with 7.5 uM actinomycin D (MilliporeSigma) for up to 3 hours.
Actinomycin D is a transcriptional inhibitor; thus, RNA levels reduce progressively following addition of
this compound due to mRNA degradation. The rate of mRNA decay allows for determination of mRNA
stability (14). No drop in cell viability was observed at the end of the treatment. RNA was collected and
mRNA levels were analyzed by qPCR as described below.

RNA co-IP. RNA co-IP was performed as previously described (14). Briefly, HepG2 cells were grown
in complete media, collected, resuspended in Buffer A (10 mM Tris—HCI, pH 7.6, ] mM KAc, 1.5 mM
MgAc, 2 mM DTT [MilliporeSigma], 10 ul/ml ProteaseArrest inhibitors [G-Biosciences]), and lysed using
Power Gen 500 homogenizer (Thermo Fisher Scientific), followed by centrifugation at 12,000 g for 10 min-
utes at 4°C to remove debris. Protein G Sepharose Fast Flow beads (MilliporeSigma) were incubated with
human TTP or IgG antibody in the IP Buffer (10 mM Tris-HCI, pH 7.6, 1.5 mM MgClI2, 100 mM NaCl,
0.5% Triton X-100 [MilliporeSigma], 10 pul/ml ProteaseArrest inhibitors) at 4°C with continuous rotation
for 4 hours. Beads were then washed 3-6 times with cold IP buffer, followed by incubation with HepG2
lysate at 4°C with continuous rotation for 2 hours, 6 washes with cold IP buffer to remove unbound RNA,
and RNA collection as described above. Equal amounts of RNA were amplified by qPCR using 2 pairs of
primers targeting FGF21, as well as the primers designed to target the regions near the 3'-UTR of known
targets of TTP (VEGFA) and negative control genes (HPRTI). Expression of each gene was normalized to
that of 78S or B-actin, and data were expressed as fold enrichment over IgG control.

Luciferase assay. 3'-UTRs of human and mouse FGF2] were cloned into the pMIR-REPORT vector con-
taining the gene for firefly luciferase (Ambion). WT MEFs were transfected with TTP as described above
for 4 hours. Alternatively, HEK293 cells were transfected with WT TTP, C124R mutant TTP, or pEGFP
N3 empty vector as described above for 4 hours. After transfection with TTP, firefly and Renilla luciferase
constructs were transfected into the cells for another 4 hours, followed by incubation in complete medium
for 16-20 hours. Cells were then harvested in passive lysis buffer (Promega). The luminescence was quan-
tified using the Dual-Luciferase Reporter Assay System (Promega) on a luminometer (Turner Biosystems,
Modulus Microplate) according to the manufacturer’s protocol. Renilla luminescence was used as normal-
ization control for variations in transfection efficiency.

Western blot. Livers were perfused with PBS flush via cardiac puncture prior to harvest. Approximately
10 mg of perfused tissue was homogenized in RIPA buffer in the presence of ProteaseArrest protease inhib-
itors (G-Biosciences), centrifuged at 5,000 g for 15 minutes to remove debris, and protein concentration of
the supernatant were determined by BCA assay (Invitrogen). Protein (50-100 pg) was loaded on sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels and transferred to nitrocellulose membranes (Invi-
trogen). The membranes were probed with antibodies against TTP (William Rigby, Dartmouth Universi-
ty, Hanover, New Hampshire, USA), pAKT (Ser473) and AKT (Cell Signaling Technologies, 4060L and

insight.jci.org  https://doi.org/10.1172/jci.insight.95948 13


https://doi.org/10.1172/jci.insight.95948

. RESEARCH ARTICLE

insight.jci.org

90728, respectively), and GAPDH (Abcam, ab9485). Horseradish peroxidase—conjugated donkey anti-rab-
bit antibody were used as secondary antibodies (Jackson ImmunoResearch, 711-035-152) and visualized by
SuperSignal Chemiluminescent substrates (Thermo Fisher Scientific). See complete unedited blots in the
supplemental material.

gPCR. RNA was isolated with RNA STAT-60 (TEL-TEST Inc.), reverse transcribed with qScript
cDNA SuperMix (Quanta), and amplified on a 7500 Fast Real-Time PCR system with PerfeCTa SYBR
Green SuperMix (Quanta). Primers were designed using Primer3 (version 0.4.0) software to target sequenc-
es spanning an exon-intron-exon boundary, and their specificity was confirmed by running a dissociation
curve. mRNA levels were calculated by the comparative Ct method and normalized to ACTB, HPRT, or
18S rRNA. All primer sequences used in this manuscript are available upon request. Primer sequences are
included in Supplemental Table 3.

Statistics. Data are expressed as mean + SEM. Statistical significance was assessed with the 2-tailed
unpaired Student’s ¢ test or 1-way ANOVA with post hoc Fisher’s HSD test when appropriate; P < 0.05 was
considered statistically significant. The analyses were carried out using SPSS software (IBM).

Study approval. All animal studies performed at Northwestern University were approved by the IACUC
at Northwestern University and were performed in accordance with guidelines from the NIH. All procedures
required for the hyperinsulinemic-euglycemic clamp were approved by the Vanderbilt University Animal Care
and Use Committee. For human tissue samples, informed consent was obtained from all biopsy patients. Pro-
tocols for human liver tissue procurement were approved by the IRB of Northwestern University.
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