
ll
OPEN ACCESS
iScience

Article
Global-run on sequencing identifies Gm11967 as
an Akt-dependent long noncoding RNA involved
in insulin sensitivity
Dominic Santoleri,

Hee-Woong Lim,

Matthew J.

Emmett, ..., Kathy

Fange Liu,

Mitchell A. Lazar,

Paul M. Titchenell

ptitc@pennmedicine.upenn.

edu

Highlights
The hepatic

transcriptional response

to nutrients was

determined by GRO-seq

The role of Akt/FoxO1 on

feeding-dependent

nascent transcripts was

characterized

The lncRNA, Gm11967,

was identified as a

translational regulator of

glucokinase

Santoleri et al., iScience 25,
104410
June 17, 2022 ª 2022 The
Author(s).

https://doi.org/10.1016/

j.isci.2022.104410

mailto:ptitc@pennmedicine.upenn.edu
mailto:ptitc@pennmedicine.upenn.edu
https://doi.org/10.1016/j.isci.2022.104410
https://doi.org/10.1016/j.isci.2022.104410
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104410&domain=pdf


iScience

Article
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Gm11967 as an Akt-dependent long noncoding
RNA involved in insulin sensitivity

Dominic Santoleri,1,2,9 Hee-Woong Lim,3,4,9 Matthew J. Emmett,5 Julian Stoute,1,6 Matthew J. Gavin,2

Jaimarie Sostre-Colón,2 Kahealani Uehara,1,2 Jaclyn E. Welles,2 Kathy Fange Liu,1,6 Mitchell A. Lazar,2,7

and Paul M. Titchenell1,2,8,10,*

SUMMARY

The insulin responsive Akt and FoxO1 signaling axis is a key regulator of the he-
patic transcriptional response to nutrient intake. Here, we used global run-on
sequencing (GRO-seq) to measure the nascent transcriptional response to fasting
and refeeding as well as define the specific role of hepatic Akt and FoxO1
signaling in mediating this response. We identified 599 feeding-regulated tran-
scripts, as well as over 6,000 eRNAs, and mapped their dependency on Akt and
FoxO1 signaling. Further, we identified several feeding-regulated lncRNAs,
including the lncRNAGm11967, whose expression was dependent upon the liver
Akt-FoxO1 axis. Restoring Gm11967 expression in mice lacking liver Akt
improved insulin sensitivity and induced glucokinase protein expression, indi-
cating that Akt-dependent control of Gm11967 contributes to the translational
control of glucokinase. More broadly, we have generated a unique genome-
wide dataset that defines the feeding and Akt/FoxO1-dependent transcriptional
changes in response to nutrient availability.

INTRODUCTION

The liver is an essential organ that regulates whole-body metabolism, storing, converting, and redistribut-

ing nutrients to meet the body’s energetic demands (Rui, 2014). As the body transitions between feeding

and fasting, the liver shifts between storing nutrients during nutrient surfeit and releasing them when they

are scarce. Insulin is a key endocrine hormone responsible for regulating the liver’s switch from fasting to

feeding. The serine/threonine kinase Akt plays a central role in the hepatic response to insulin, promoting

hepatic glucose utilization, glycogen synthesis, and lipogenesis while simultaneously suppressing gluco-

neogenesis (Titchenell et al., 2017; Santoleri and Titchenell, 2018). Hepatic deletion of both Akt1 and

Akt2 (L-AktDKO), the two most abundant isoforms of Akt in the liver, causes hyperglycemia, insulin resis-

tance, and defective glycogen and lipid synthesis, which confirm Akt’s central role in mediating hepatic in-

sulin action (Lu et al., 2012; Titchenell et al., 2016).

One of the key mechanisms by which insulin and Akt coordinate hepatic metabolism is by controlling gene

transcription. Forkhead Box O1 (FoxO1) is a transcription factor that is directly phosphorylated and in-

hibited by Akt following insulin stimulation (Haeusler et al., 2014). Canonically, FoxO1 regulates hepatic

glucose production by promoting gluconeogenesis (Matsumoto et al., 2007). FoxO1 inactivation alone is

sufficient to reduce serum insulin levels and glucose tolerance under obesogenic insulin resistance (Alto-

monte et al., 2003; Samuel et al., 2006; Lu et al., 2012; Titchenell et al., 2016). Moreover, loss of FoxO1 in

mice lacking hepatic Akt (L-AktFoxo1TKO) completely restores blood glucose and insulin sensitivity while

largely normalizing the hepatic transcriptional response to feeding (Lu et al., 2012; O-Sullivan et al., 2015).

Although it is evident that insulin robustly changes the transcriptional state of the liver, the full extent of this

response is still being clarified, and there have been several large-scale studies performed to understand

how fasting, feeding, and insulin signaling regulate hepatic transcription at a global level. Global RNA

profiling methods, such as RNA sequencing (RNA-seq) and microarray gene expression analysis, have

shed light onmany of the transcriptional processes that are regulated by insulin or feeding and have proven
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extremely useful in guiding scientific questioning (Yang et al., 2016; Fazakerley et al., 2018; Batista et al.,

2019). For all of their benefits, the main drawback of these profiling techniques is that they do not directly

measure changes in active transcription. Instead, these methods report cellular steady-state RNA content,

which is determined by the combination of RNA transcription and RNA degradation. Unlike these other

methods, global run-on sequencing (GRO-seq) measures nascent transcription of RNA, which allows for

the direct assessment of active transcription in response to feeding and insulin without simultaneous

changes in RNA degradation (Core et al., 2008).

Because GRO-seq measures nascent transcription as opposed to RNA levels, it can also be a powerful tool

for detecting RNA transcripts that are normally lowly expressed or are only expressed transiently before be-

ing degraded (Lopes et al., 2017). As such, this technique is highly suited for measuring the expression of

noncoding RNAs. Noncoding RNAs make up almost two-thirds of a cell’s transcriptional load despite not

coding for any protein. One of the largest classes of noncoding RNAs is long-noncoding RNAs (lncRNAs),

which are at least 200 nucleotides long and often consist of two ormore exons (Marques and Ponting, 2014).

LncRNAs are understudieddespitebeing associatedwithmany humandiseases, particularly cancers (Gupta

et al., 2010; Batista and Chang, 2013) but also metabolic diseases including obesity (Dallner et al., 2019).

LncRNAs are known to play many diverse roles in the cell, ranging from acting as transcription factors, to

controlling mRNA stability, to acting as protein scaffolds (Zhang et al., 2019). Better understanding lncRNA

function and regulation could provide critical insights into the transcriptional regulation of metabolism.

Here, we performed GRO-seq in fasted and refed mice as well as in L-AktDKO and AktFoxo1TKO mice to

directly assess how feeding and insulin signaling control hepatic transcription, with a particular focus on

changes in lncRNA expression. Although GRO-seq has previously been utilized to assess liver biology,

such as how circadian rhythms alter liver metabolism (Guan et al., 2018; Fang et al., 2021) or cataloging

the changes in transcription of hepatocytes during differentiation (Viiri et al., 2019), this is the first time

that this technique has been used to measure transcriptional changes in fasting and refeeding and define

the specific role of key insulin signaling mediators in modulating transcription. Using this method, we iden-

tified the lncRNA Gm11967 as a highly feeding-dependent lncRNA that plays a role in controlling insulin

sensitivity and hepatic glucokinase protein levels downstream of Akt signaling.

RESULTS

Akt plays a major role in feeding-induced nascent gene transcription in liver

Nutrient availability induces dramatic changes in liver through the action of insulin and other metabolites

(Bideyan et al., 2021). In order to obtain a global view of these changes, we used GRO-seq to measure

nascent RNA transcription in overnight fasted and 2-h refed control mice. Two independent GRO-seq ex-

periments were performed for each condition, and the RPKM values averaged together. For both condi-

tions, there was a high degree of correlation with a Pearson correlation coefficient of 0.8633 for the fasted

replicates and 0.8058 for the 2-h refed replicates, indicating that the GRO-seq approach was quite robust

across independent experiments (Figures S1A and S1B). Out of over 7,000 transcripts identified through

this method, 599 were found to be differentially expressed between the two conditions; 279 were upregu-

lated upon refeeding, whereas 320 were downregulated (Figure 1A).

Gene ontology (GO) analysis was performed on both sets of transcripts to determine which biological

processes weremost altered by refeeding (Figure 1B). Unsurprisingly, the biological processes most down-

regulated upon refeeding were those involved in fatty acid oxidation (Figure 1B), which included the acetyl-

CoA dehydrogenases, Acadm and Acadl, and acetyl-CoA oxidase (Acox1) that remove electrons from fatty

acids for delivery into the electron transport chain (Swigo�nová et al., 2009), as well as acetyl-CoA acyl trans-

ferase 2 (Acaa2), which catalyzes the last step of the fatty acid oxidation spiral, shortening the fatty acid tail

(Bartlett and Eaton, 2004). Fatty acid oxidation is known to be suppressed by feeding and insulin (Muoio

and Newgard, 2008). On the other hand, the pathways most upregulated by refeeding were those involved

in the ER stress response (e.g. Xbp1, a transcription factor that gets alternatively processed during ER

stress) (Calfon et al., 2002), insulin signaling pathways (e.g. Igf1, a key growth factor produced by the liver

and promotes whole body metabolism) (Adamek and Kasprzak, 2018), and the growth hormone receptor

(Ghr), which facilitates growth hormone action on the liver to promote metabolism (Dehkhoda et al., 2018).

To determine the specific role of hepatic insulin signaling in mediating these transcriptional changes, we

generated L-AktDKO mice by injecting AAV8-TBG-CRE in Akt1 loxP;loxP; Akt2 loxP;loxP to inhibit the major
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insulin responsive signal transduction cascade specifically in hepatocytes. The L-AktDKOmouse model has

been extensively characterized and phenotyped in previous publications that document significant abnor-

malities in glucose and lipid metabolism (Lu et al., 2012; Titchenell et al., 2016). We performed similar GRO-

seq analysis on 2-h refed L-AktDKOmice to assess the role of Akt signaling in regulating the liver’s feeding

response and compared the transcription profiles of the 599 genes identified to be differentially regulated

by refeeding. Further, we performed a similar analysis in the L-AktFoxo1TKO mouse model, whereby

FoxO1 is specifically deleted in the liver along with both Akt isoforms using the aforementioned AAV

approach (Figure 1C). Notably, published work demonstrate that deletion of Foxo1 in Akt-deficient liver

normalized glucose metabolism and partially restored some feeding-dependent transcriptional changes
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Figure 1. Feeding and the Akt pathway profoundly regulate hepatic gene transcription

(A) Scatterplot of GRO-seq results comparing nascent transcription in livers of overnight fastedmice with that of mice that

were overnight fasted and then refed normal chow for 2 h. Genes with an RPKM over 1 that are significantly upregulated in

refeeding with a false discovery rate less than 0.05 are highlighted in red, whereas downregulated genes with a false

discovery rate less than 0.05 are highlighted in blue.

(B) Gene ontology performed on the sets of up- and downregulated genes identified by the GRO-seq analysis. The top

five biological processes for each group are shown along with the respective genes that correlates with each process.

(C) Heatmap of all the feeding-regulated genes identified in (A) and further showing results of GRO-seq from 2-h refed

L-AktDKO and L-AktFoxo1TKOmice. The two clusters correlate with genes that are downregulated (pink) or upregulated

(orange) upon refeeding. The final cluster (cyan) are upregulated by refeeding as well as dependent upon Akt inhibition of

FoxO1. Two known feeding/Akt-regulated genes, Gck and IGFBP1, are highlighted on the heatmap.
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Figure 2. eRNA analysis of GRO-seq data demonstrates a complex system of gene regulation in response to refeeding and changes in Akt

signaling

(A) Scatterplot of GRO-seq results comparing eRNA expression in livers of overnight fasted mice with that of mice that were overnight fasted and then refed

normal chow for 2 h eRNA with an RPKM greater than 0.5 that are significantly upregulated in refeeding (at least 2-fold increased) are highlighted in red,

whereas downregulated genes (at least 2-fold decreased) are highlighted in blue.
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(Lu et al., 2012; Titchenell et al., 2016). Amajority of the genes that were repressed upon refeeding were not

affected by loss of Akt, indicating a majority of these nascent transcripts are regulated independently of

Akt-FoxO1 (pink cluster Figure 1C). However, there were 40 feeding-suppressed genes that were induced

upon Akt deletion and also normalized with concomitant deletion of FoxO1 (cyan cluster Figure 1C), sug-

gesting that these are regulated through the Akt-FoxO1 axis. GO analysis of these genes found them to

largely be genes involved in fatty acid metabolism and elongation (Figure S2A). One example from this

subset is insulin-growth-factor-binding protein 1 (Igbp1), which is more highly expressed during fasting

and known to be FoxO1 dependent. FoxO1 ChIP-seq has previously demonstrated FoxO1 binding near

Igfbp1 (Kalvisa et al., 2018). GRO-seq showed Igfbp1 expression increased in the L-AktDKO and was

normalized with deletion of FoxO1 (Figures 1C and S2B).

On the other hand, most of the genes whose expression were induced upon refeeding were significantly

decreased in L-AktDKO mice (orange cluster Figure 1C). Unlike the fasting-induced genes, the feeding-

dependent genes affected by Akt deletion were only partially rescued with deletion of FoxO1 (Figure 1C).

These data suggest that although much of Akt’s capability to suppress fasting genes is dependent upon

inhibition of FoxO1, FoxO1 suppression alone only partially controls the Akt-dependent feeding-induced

genes. These genes include many known Akt targets including those involved in lipid metabolism. For

example, Gck, a feeding dependent gene whose expression is known to be lost in the L-AktDKO, was

only partially rescued following inhibition of FoxO1 (Figures 1C and S2C). As with Igfbp1, ChIP-seq has pre-

viously identified FoxO1 binding in close proximity to Gck, and additional work indicates that FoxO1 sup-

pression of Gck occurs via the co-repressor Sin3a (Langlet et al., 2017; Kalvisa et al., 2018). Collectively,

GRO-seq analysis of fasting and refed mouse liver identified several hundred nascent transcripts of known

metabolically regulated processes. Moreover, many of the feeding-induced transcripts were dependent

upon Akt signaling and partially controlled by FoxO1, suggesting both FoxO1-dependent and -indepen-

dent pathways control hepatic transcription downstream of Akt signaling.

GRO-seq demonstrates that Akt and FoxO1 regulate enhancer RNA expression during fast-

ing and refeeding

Because GRO-seqmeasures nascent transcription, it is an ideal method for detecting transiently expressed

RNAs, such as enhancer RNAs (eRNAs) (Core et al., 2008; Core et al., 2014). Enhancer regions of the

genome function similarly to promoter regions, acting as transcription factor binding sites to regulate

expression of genes, although unlike promoters, enhancers are often kilobases or even megabases

away from their target genes (Lam et al., 2014). When open, enhancer regions can be actively transcribed

by RNA Pol II, creating eRNAs. These eRNAs are often small and quite transient, making them difficult to

study, but they correlate strongly with active transcription; therefore, we mined our GRO-seq dataset to

observe how enhancer activity changed with fasting and refeeding.

With our GRO-seq data, we identified over 18,000 eRNAs using a cutoff of RPKM >0.5. Among these

eRNAs, the expression of 3,663 was induced at least 2-fold by feeding, whereas 2,623 were 2-fold repressed

(Figure 2A). Taking these differentially expressed eRNAs, we used Genomic Regions Enrichment of Anno-

tations Tool (GREAT) to assign putative target genes to each of them (McLean et al., 2010) and found classic

feeding-responsive genes, such as Srebf1, a feeding-induced, Akt-dependent transcription factor that pro-

motes expression of lipogenic genes (Figure S3A), and Pck1, a key FoxO1-dependent gene involved in

gluconeogenesis and known to be feeding-repressed through Akt signaling (Figure S3B). We further

used the GREAT software to perform ontology analysis to determine what metabolic pathway changes

Figure 2. Continued

(B) GREAT gene ontology analysis performed on the sets of up- and downregulated genes identified by the GRO-seq analysis. The top five biological

processes for each group are shown. Each process is represented by two values; the first represents the number of eRNAs identified within it and the second

is the number of genes associated with those eRNAs within this pathway. Example genes are shown for each pathway.

(C) Heatmap of all the feeding-regulated genes identified in (A) and further results of GRO-seq from 2-h refed L-AktDKO and L-AktFoxo1TKO mice. Six

clusters were identified, three from the feeding-stimulated eRNAs and three from the feeding-repressed that are differentially regulated by Akt and FoxO1.

(D) GREAT gene ontology analysis performed on the 3 clusters of feeding-stimulated eRNAs, identified by how they appear to be regulated by Akt and

FoxO1. Each process is represented by two values, the first represents the number of eRNAs identified within it and the second is the number of genes

associated with those eRNAs within this pathway. Example genes are shown for each pathway. Graph color corresponds to cluster in (C).

(E) GREAT gene ontology analysis performed on the 3 clusters of feeding-repressed eRNAs, identified by how they appear to be regulated by Akt and

FoxO1. Each process is represented by two values; the first represents the number of eRNAs identified within it and the second is the number of genes

associated with those eRNAs within this pathway. Example genes are shown for each pathway. Graph color corresponds to cluster in (C).
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were correlated with the genes associated with the eRNAs. Although the feeding-repressed eRNAs repre-

sented many similar pathways as the repressed genes, fatty acid and small molecule metabolism as exam-

ples, the feeding-induced eRNAs did not correlate as strongly with the ER stress and unfolded protein

response pathways as the feeding-induced nascent transcripts did (Figure 2B). Instead, metabolic path-

ways such as the steroid and monocarboxylic acid metabolic process were the most upregulated; this sug-

gests ER stress is induced more acutely upon insulin signaling and enhancer activation related to fatty acid

metabolic pathways follows for a sustained response.

We next explored how these feeding-regulated eRNAs were controlled in the L-AktDKO and

L-AktFoxo1TKO mouse models by hierarchical clustering analysis. Both the feeding-induced and

-repressed eRNAs each clustered into three distinct groups (Figure 2C). The majority of the feeding-

induced eRNAs were dependent upon Akt for their induction (Figure 2C; clusters 2 and 3), with a slight

majority of those requiring inhibition of FoxO1 for expression (cluster 3) while the rest were FoxO1 inde-

pendent (cluster 2). Intriguingly, the last group from the feeding-induced eRNAs (Figure 2C; cluster 1),

the Akt-independent eRNAs, all appeared to be dependent on FoxO1 activity in that loss of FoxO1

reduced their expression. During feeding, Akt classically inhibits FoxO1 activity, making this cluster of

eRNAs that are induced by FoxO1 upon refeeding quite unique. Gene ontology for these three clusters

revealed that the two Akt-dependent clusters were more enriched in metabolic pathways such as steroid

and lipid metabolism, but this was much more prevalent in the cluster that did not require FoxO1. These

results are unsurprising, as it is already known that loss of FoxO1 is not sufficient to restore Akt-dependent

lipogenesis; concomitant activation of mTORC1 is also required (Titchenell et al., 2016). The Akt/FoxO1-

dependent cluster had a greater representation of immune response pathways. Lastly, there were few

metabolic pathways represented in the Akt-independent cluster, and instead, there were several pathways

involved in cell motility and membrane structure, suggesting that FoxO1 may regulate these pathways via

an Akt-indepedent mechanism (Figure 2D).

On the other hand, out of the feeding-repressed eRNAs, less than half were dependent upon Akt (Fig-

ure 2C; clusters 4, 5, and 6). This pattern is similar to the genes presented in Figure 1, with most of the

feeding-induced genes being dependent upon Akt while the majority of feeding-repressed were Akt-inde-

pendent. The Akt-independent eRNAs from the feeding-repressed group also split into two clusters de-

pending on whether their repression was dependent upon FoxO1 (Figure 2C; clusters 5 and 6). Gene

ontology for all three of these clusters showed very similar pathways being regulated, all related to meta-

bolic pathways (Figure 2D). Similar to the nascent gene analysis, the feeding-repressed eRNA clusters had

stronger representation of classic metabolism regulation than the feeding-induced ones, suggesting,

perhaps, that feeding and insulin regulation of eRNAs play a stronger role in suppressing fasting metabolic

pathways than promoting feeding ones.

Nascent RNA profiling identified Gm11967 as a feeding and Akt-regulated lncRNA

LncRNAs play vital roles in regulating a diverse range of cellular functions yet remain understudied due to a

lack of tools sensitive enough to functionally characterize them (Minati et al., 2021). As with eRNAs, GRO-

seq is a powerful tool for identifying lncRNAs, and so we used this approach to detect feeding- and Akt-

regulated lncRNAs. In order to investigate the lncRNAs that are feeding-regulated in the liver, we filtered

the GRO-seq dataset to only include transcripts of annotated lncRNAs in Gencode. We identified 396 tran-

scribed lncRNAs using this approach, of which 12 were significantly upregulated upon a 2-h refeed

compared with an overnight fast, whereas 25 were downregulated (Figure 3A). Out of these differentially

expressed lncRNAs, Gm16551 and Gm15441 were the most dramatically up- and downregulated, respec-

tively. Previous work identified Gm16551 as a target of sterol regulatory element binding protein 1c

(SREBP1c), whereupon it induces a negative feedback loop to suppress SREBP1c activity (Yang et al.,

2016). Gm15441 was previously identified by RNA-seq as a fasting-induced gene that contributes to the

hepatic inflammatory response (Batista et al., 2019; Brocker et al., 2020). Since these lncRNAs had previ-

ously been characterized, we focused on Gm11967, another lncRNA that was strongly induced by feeding

in our GRO-seq dataset. Notably, Gm11967 shares a promoter region with the hepatic isoform of glucoki-

nase (Gck), a highly insulin- and Akt-dependent gene (Figure S4).

Consistent with Gm11967 being a feeding-induced lncRNA, the expression of Gm11967 is significantly

reduced in L-AktDKO and is partially restored in the L-AktFoxo1TKO (Figure 3B). Notably, this expression

pattern closely paralleled the transcriptional control of Gck, suggesting that the two transcripts could be
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Figure 3. Identification of feeding and Akt-dependent lncRNAs by GRO-seq

(A) Scatterplot of all Gencode lncRNAs that were identified by GRO-seq in 16 h overnight fasted and 16 h overnight fasted then 2-h refed mice. lncRNAs that

are upregulated in refeeding with a false discovery rate less than 0.05 are highlighted in red, whereas downregulated lncRNAs with a false discovery rate less

than 0.05 are highlighted in blue. Gm11967 is boxed in green, whereas Gm16551 and Gm15441 are boxed in red.
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regulated by the same factors. Further, neither Gm16551 nor Gm15441, the other two lncRNAs strongly

regulated by fasting and refeeding, shared the same Akt/FoxO1 dependence that Gm11967 demon-

strated, suggesting they are regulated by Akt-Foxo1-independent pathways (Figure 3B). It is worth noting

that Gm16551 fell into the same cluster of six lncRNAs that were Akt-dependent, including Gm11967, but

unlike Gm11967, Gm16551 was not FoxO1 regulated; this is unsurprising because Gm16551 is controlled

by SREBP1c, which is not rescued following Foxo1 deletion in AKT-deficient liver (Titchenell et al., 2016).

To confirm our findings from the GRO-seq analysis, we performed RT-qPCR to monitor Gm11967 under

various physiological conditions. Similar to Gck expression, refeeding increased Gm11967 expression,

albeit not to the magnitude as Gck (Figure 3C). Moreover, 12 weeks of high-fat diet feeding increased

both the expression ofGm11967 andGck in liver consistent with diet-induced hyperinsulinemia (Figure 3D).

As demonstrated by GRO-seq, Gm11967 expression was significantly downregulated in both fasted and

refed L-AktDKO mice and rescued in the L-AktFoxo1TKO (Figures 3E and 3F). In the refed samples,

L-AktFoxo1TKO only partially rescued Gm11967 expression.

Next, we determined if FoxO1 activity was sufficient to repress Gm11967 expression. Here, we utilized a

mouse model of liver-specific constitutive FoxO1 activity where the Akt-dependent phosphorylation sites

are mutated to prevent Akt-mediated phosphorylation and inhibition of FoxO1 (L-FoxO1 AAA) (Zhang

et al., 2006; Sostre-Colón et al., 2021). Consistent with the role of FoxO1 in the direct regulation of

Gm11967, L-FoxO1 AAA mice had reduced levels of Gm11967 and Gck (Figure 3G). Lastly, because

Gm11967 andGck share a transcriptional start site, we assessedGm11967 expression levels in mice lacking

glucokinase specifically in hepatocytes (L-GckKO). Hepatic deletion ofGck did not affectGm11967 expres-

sion, suggesting that although the two transcripts are regulated by similar factors/conditions, expression of

Gm11967 is not dependent uponGck (Figure 3H). To verify that feeding-induced expression ofGm11967 is

driven by insulin signaling, we isolated primary hepatocytes and treated them with insulin as well as the Akt

inhibitor, MK2206. Insulin treatment caused a �3-fold increase in Gm11967 expression in hepatocytes,

whereas concomitant treatment with MK2206 returned expression to baseline (Figure 3I). Collectively,

these data indicate that Gm11967 is a feeding-induced lncRNA that is regulated by insulin through the

Akt-FoxO1 axis in a similar manner to hepatic glucokinase.

Gm11967 overexpression does not affect lipid metabolism downstream of Akt signaling

We sought to characterize the biological role of Gm11967 in hepatic metabolism by creating an AAV con-

taining Gm11967 driven by the liver-specific thyroxine binding globulin promoter to ensure hepatocyte-

specific expression. First, we examined mice overexpressing Gm11967 in the fasted state, to examine

the specific role ofGm11967 under conditions whereGm11967 is physiologically low. After a 16-h overnight

fast,Gm11967 expression in mice injected with the AAV-TBG-Gm11967 was over 200-fold higher than con-

trol mice (Figure S5A). Despite significant overexpression of Gm11967, these mice did not show any signif-

icant change in blood glucose, body weight, or liver size (Figures S5B and S5C).

We initially focused on the role of peroxisome proliferator-alpha (Ppara) expression and target genes

because previous research in primary hepatocytes suggested that Gm11967 may regulate its expression

(Batista et al., 2019). Ppara expression is typically high during fasting and suppressed upon refeeding (Ker-

sten et al., 1999), so it is possible that Gm11967 might play a role in suppressing Ppara as the liver

Figure 3. Continued

(B) Heatmap of the 37 feeding-regulated lncRNAs and further comparison of their expression in 2-h refed L-AktDKO and L-AktFoxo1TKO mice. These data

were grouped into three clusters; pink represents genes downregulated by refeeding, cyan represents feeding-induced, Akt-dependent genes, and orange

represents feeding-induced, Akt-independent genes. Gm16551 and Gm15441 are boxed in red, whereas Gm11967 is highlighted in green.

(C) qPCR analysis of Gm11967 and Gck in overnight fasted and refed mice (fasted n = 10 and refed n = 12).

(D) qPCR analysis of Gm11967 and Gck in 12-week high-fat-diet-fed mice (normal chow n = 5 and high-fat diet n = 5).

(E) qPCR analysis of Gm11967 and Gck expression in 16-h overnight fasted L-AktDKO and L-AktFoxo1TKO mice (control n = 10, L-AktDKO n = 9,

L-AktFoxo1TKO n = 7).

(F) qPCR analysis of Gm11967 and Gck expression in refed L-AktDKO and L-AktFoxo1TKO mice (control n = 12, L-AktDKO n = 7, L-AktFoxo1TKO n = 6).

(G) qPCR analysis of Gm11967 and Gck expression in refed L-FoxO1 AAA mice (control n = 5 and FoxO1 AAA n = 5).

(H) qPCR analysis of Gm11967 and Gck expression in refed L-GckKO mice (control n = 6 and L-GckKO n = 4).

(I) qPCR analysis ofGm11967 expression in primary hepatocytes treated with insulin and MK2206 (n = 4 for all conditions from hepatocytes isolated from two

different mice). Data are represented as mean G SEM (C–I). Statistical significance was determined either using Student’s t test (C, D, G, and H) or one-way

ANOVA with Tukey’s multiple comparison test (E, F, and I). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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transitions to a feeding state. However, overexpression ofGm11967 in fasted mice did not alter the expres-

sion of Ppara or its target genes (Figure S5D). In addition to fatty acid oxidation genes, we also evaluated

genes involved in de novo lipogenesis, another metabolic pathway regulated by Akt. Similar to genes

involved in oxidation, we did not observe any major changes in the lipogenic genes in the fasted state

with the exception of a mild increase in Scd1 expression (Figure S5E). These data suggest that hepatic

Gm11967 overexpression does not play a significant role in the transcriptional control of Ppara or several

other key Akt-regulated pathways in this model.

Because Gm11967 expression is dependent upon Akt signaling, we explored the role of Gm11967 in mice

lacking hepatic Akt. This model enables us to measure the effects of overexpression during feeding, when

Gm11967 is normally expressed, without complications from endogenous Gm11967 expression. Further,

L-AktDKO mice exhibit increased fatty acid oxidation and decreased hepatic lipogenesis (Titchenell

et al., 2016). Following AAV-Gm11967 injection, we achieved high levels (�30-fold above control expres-

sion and �150-fold higher than in normal L-AktDKO mice) of Gm11967 in L-AktDKO mice 2 weeks postin-

jection (Figure 4A). Consistent with published reports, L-AktDKOmice demonstrated increased weight but

decreased liver size, neither of which were affected by Gm11967 overexpression (Figure 4B). First, we

determined whetherGm11967 overexpression affected Ppara expression or expression of its target genes

involved in fatty acid oxidation based on the previous report for a role of Gm11967 in Ppara regulation in

isolated hepatocytes. Gm11967 overexpression was not sufficient to alter expression of Ppara or its target

A B

C D

Figure 4. Gm11967 overexpression does not affect lipid gene expression in L-AktDKO mice

(A) Gm11967 expression levels in ad libitum fed control and L-AktDKO mice as well as L-AktDKO mice overexpressing Gm11967 via a hepatocyte-specific

AAV (for all conditions n = 5).

(B) Body weights of control, L-AktDKO, andGm11967 overexpressing L-AktDKOmice immediately after sacrificing along with the ratio of the liver weight to

total body weight, represented as percentage of total body weight. Liver weight was recorded immediately after harvesting (for all conditions n = 5).

(C) mRNA expression levels of Ppara and several of its target genes involved in fatty acid oxidation in ad libitum fed control, L-AktDKO, and L-AktDKO +

Gm11967 mice (for all conditions n = 5).

(D) mRNA expression levels of genes involved in de novo lipogenesis in ad libitum fed control, L-AktDKO, and L-AktDKO +Gm11967 mice (for all conditions

n = 5). Data are represented as mean G SEM Statistical significance was determined with an ordinary one-way ANOVA with Tukey’s multiple comparison

test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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genes in L-AktDKO mice (Figure 4C). Further, when we looked at other Akt-regulated lipid pathways, such

as de novo lipogenesis, Gm11967 overexpression did not rescue the expression of any of the lipogenic

genes tested, including Srebf1, Fasn, and Scd1 (Figure 4D).

Gm11967 overexpression improves insulin resistance in L-AktDKO mice

Although Gm11967 overexpression did not affect lipid-related gene expression in L-AktDKO, we next

wanted to determine if Gm11967 controlled glucose homeostasis and insulin sensitivity, given the key

role of Akt in these processes. Fasting blood glucose was increased in L-AktDKO mice and was not

improved with Gm11967 (Figure 5A). Further, overexpression of Gm11967 in L-AktDKO did not improve

glucose intolerance, which is known to worsen in the L-AktDKO model (Lu et al., 2012; Titchenell et al.,

2015) (Figure 5B). However, both fasting and 15-min post-glucose-injection insulin levels were significantly

lowered in L-AktDKO mice with Gm11967 overexpression (Figure 5C). Although not sufficient to

completely rescue insulin levels as that of FoxO1 deletion, these data show that Gm11967 moderately im-

proves insulin sensitivity in L-AktDKO mice.

To determine if these improvements of insulin sensitivity were associated with restored Akt signaling in

L-AktDKO mice, we injected overnight fasted L-AktDKO with and without Gm11967 with insulin for

20 min. As expected, there was no observable Akt2 phosphorylation in L-AktDKO or downstream Akt

signaling (measured by phosphorylation of the direct Akt substrate PRAS40 at Thr246) (Figure 5D).

A B

C D

Figure 5. Gm11967 partially rescues insulin sensitivity in L-AktDKO mice

(A) Blood glucose measurements of control, L-AktDKO, and L-AktDKO + Gm11967 after a 16-h fast (control n = 9,

L-AktDKO n = 10, L-AtkDKO + Gm11967 n = 8).

(B) Intra-peritoneal glucose tolerance test performed on 16-h fasted control, L-AktDKO, and L-AktDKO + Gm11967

(control n = 8, L-AktDKO n = 10, L-AtkDKO + Gm11967 n = 8).

(C) Serum insulin levels of control, L-AktDKO, and L-AktDKO + Gm11967 immediately prior to and 15 min into a glucose

tolerance test (control n = 8–9, L-AktDKO n = 10, L-AtkDKO + Gm11967 n = 8).

(D) Western blot analysis of phospho-Akt2 and phospho-PRAS40 in 16-h fasted control, L-AktDKO, and L-AktDKO +

Gm11967 that were injected with insulin for 20 min prior sacrificing. Control mice not injected with insulin were used to

compare insulin stimulation. Hsp90 was used as a loading control for all samples. (n = 3 for all conditions). Data are

represented as mean G SEM (A–C). Statistical significance was determined with an ordinary one-way ANOVA with Tu-

key’s multiple comparison test (A and C) or two-way ANOVA with Tukey’s multiple comparison test (B). *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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A B

C

Figure 6. Gm11967 regulates hepatic Gck translation

(A) Gck mRNA expression levels in ad libitum fed control, L-AktDKO, and L-AktDKO + Gm11967 mice (for all conditions n = 5). Data are represented as

mean G SEM Statistical significance was determined with an ordinary one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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Moreover, overexpression of Gm11967 did not affect Akt signaling, as there was no detectable increase in

Akt phosphorylation or the Akt target, PRAS40, in L-AktDKOmice with Gm11967. In addition, there was no

significant difference in energy expenditure between L-AktDKOmice and those overexpressingGm11967,

as measured via CLAMS, suggesting no alterations in nutrient utilization (Figures S5F–S5H). These results

show thatGm11967 overexpression improves insulin sensitivity without restoring functional Akt signaling in

liver or changing mouse energetics.

Gm11967 translationally upregulates Gck protein expression in L-AktDKO mice

Because many IncRNAs have been shown to regulate gene transcription in a variety of manners (Statello

et al., 2021) and Gm11967 shares a promoter region with Gck and is expressed under similar conditions,

we hypothesized thatGm11967might control insulin sensitivity by regulating hepatic glucose homeostasis

through regulation ofGck. We have previously reported that re-expression ofGck in L-AktDKOmice is suf-

ficient to rescue insulin resistance and glucose tolerance (Titchenell et al., 2016). However, although Gck

gene expression was reduced in the L-AktDKO, as expected, that reduction was not reversed following

Gm11967 overexpression (Figure 6A).

Although gene expression was not significantly changed byGm11967, we observed a significant increase in

hepatic Gck protein levels following overexpression ofGm11967 in L-AktDKOmice, suggesting a potential

posttranscriptional mechanism (Figure 6B). In order to investigate any potential changes in Gck translation,

we performed polysome profiling on liver samples of L-AktDKO mice and those overexpressing Gm11967

followed by RT-PCR to observe the degree of Gck RNA enrichment in the different polysome fractions

changes. In the samples from L-AktDKO mice overexpressing Gm11967, there was a shift of Gck mRNA

toward the heavier polysomal fractions as compared with the L-AktDKO samples, both as a measure of

absolute RNA abundance or as a fraction of total GckmRNA (Figure 6C); this demonstrates that Gck trans-

lation is more active withGm11967 overexpression in L-AktDKO, suggestingGm11967 regulates Gck trans-

lation downstream of Akt. Based on our previous data on Gck’s effect on liver insulin sensitivity in the

L-AktDKO model, this induction of Gck protein expression could in part explain the insulin-sensitizing

effects that Gm11967 has on the Akt-deficient liver.

DISCUSSION

Using GRO-seq to measure nascent transcription, we generated a robust dataset of the nascent transcrip-

tional changes that occur in the liver in response to refeeding. This dataset is a useful resource for re-

searchers interested in transcriptional regulations upon feeding or insulin action in the liver including

nascent transcript, eRNA, and lncRNA information. In our manuscript, we found the biological pathways

most repressed by 2-h refeeding after an overnight fast were those involved in fatty acid oxidation. It is

well established that feeding and insulin repress fatty acid oxidation and that this repression is impaired

in patients with type II diabetes (Hamel et al., 2001; Denis McGarry, 2002). Intriguingly the pathways

most stimulated by 2-h of refeeding were those involved in ER stress and the unfolded protein response

and not metabolic pathways such as de novo lipogenesis or protein synthesis. Previous studies have re-

ported that feeding induces the ER stress response and that this plays key roles in normal glucose and lipid

metabolism (Özcan et al., 2004; Sasako et al., 2019). These results build upon the idea that the ER stress

response pathway plays a larger role in liver metabolism, particularly in the early stages of refeeding. At

the eRNA level, feeding-repressed enhancers tracked very well with the repressed genes, with most of

the identified pathways involved in fatty acid and carboxylic acid metabolism. Interestingly, the feeding-

induced eRNAs did not have the same induction of ER stress pathways represented, suggesting perhaps

that eRNA regulation of ER stress response occurs more acutely than 2 h. Instead, correlated regulation of

eRNA and gene transcription were observed in the context of metabolic pathways in our data.

In addition, the GRO-seq dataset revealed many feeding-regulated lncRNAs. Several of the strongest hits,

such as Gm16551 and Gm15441 have been identified as feeding-regulated and some of their function

Figure 6. Continued

(B) Western blot analysis of Akt2 and Gck in ad libitum fed control, L-AktDKO, and L-AktDKO + Gm11967 (n = 3 for all conditions.). Hsp90 was used as a

loading control.

(C) Polysome profiling on livers from control, L-AktDKO, and L-AktDKO + Gm11967 mice followed by RT-PCR on the fractions to determineGck enrichment

in each fraction. A representative profile (repeated n = 3) is depicted along with representative RT-PCR for each condition.Gck enrichment in each fraction is

shown as both a percentage of total RNA in the sample as well as an absolute measure in each fraction.
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already characterized, lending confidence to the results found in this dataset. We focused our attention on

another highly feeding-dependent lncRNA, Gm11967, whose expression was regulated by the Akt-FoxO1

axis, unlikeGm16551 andGm15441. FoxO1 is known to bind near theGck promoter region and regulate its

activity. Noticeably, the binding site identified via ChIP-seq sits within Gm11967. Future studies should

manipulate this region and see whether it regulates the feeding response of Gm11967.

A previous study investigatingGm11967demonstratedmodest effects onPparaexpression in isolatedprimary

hepatocytes (Batista et al., 2019). In our hands,Gm11967 overexpression in vivo did not affect Ppara or expres-

sion of several of its target genes in fasted or L-AktDKOmice. However, it is quite possible that other facets of

Akt signaling could be required for properGm11967 regulation of Ppara, thusmeaning ourmodel may not be

capable of recapitulating this discovery and thus we cannot exclude Ppara as a possible target of Gm11967.

We did discover that Gm11967 was sufficient to partially normalize fasting and glucose-stimulated hyper-

insulinemia classically seen in L-AktDKO mice. This improvement in insulin resistance correlated with

increased translation of hepatic Gck. We have previously shown that overexpressing Gck is sufficient to

normalize fasting serum insulin and glucose tolerance in L-AktDKO mice (Titchenell et al., 2016). It is

possible that the overexpression of Gm11967 in our model might result in altered activity of Gm11967.

Despite this possibility, we feel the conclusion that Gm11967 regulates hepatic insulin sensitivity through

translational control of Gck to be fairly plausible, as the two genes are genomic neighbors and are ex-

pressed under very similar conditions. Further, Gm11967 exerting its activity through Gck could also

explain why Gm11967 overexpression has little effect on fasting models, as Gck activity is suppressed dur-

ing fasting both transcriptionally from lack of insulin (Matschinsky and Wilson, 2019) and catalytically

through the action of glucokinase regulatory protein (GKRP) (De La Iglesia et al., 2000; Zelent et al., 2014).

To ascertain the precise mechanism by which Gm11967 controls Gck translation, techniques such as ChIRP

(Chromatin Isolation by RNA Purification) (Chu et al., 2011) and CHART (Capture Hybridization Analysis of

RNA Targets) (Simon et al., 2011) are both powerful methods for studying lncRNA regulation of the genome

and protein translation control (Cao et al., 2019). Future studies may employ these methods to investigate

how Gm11967 exerts its specific effect on Gck protein levels, the results of which could then be used to

guide human studies. There is no known ortholog to Gm11967 found in humans, but this is not surprising,

as there is often very little sequence conservation in lncRNAs between species (Noviello et al., 2018). Func-

tional characterization of Gm11967 would enable identification of a human lncRNA that fulfills the same

role of regulating Gck translation.

In conclusion, we used GRO-seq to generate an essential and unique genome-wide dataset outlining the

feeding and Akt-dependent nascent transcriptional response in liver that will be of broad interest to the

scientific community. Using this dataset, we further identified 37 feeding-dependent lncRNAs, of which

6 were shown to be Akt regulated. Using this dataset, we identified and characterized the feeding- and

Akt-dependent gene, Gm11967, in the control of insulin sensitivity and Gck protein expression. Collec-

tively, this study demonstrates how GRO-seq may serve as a powerful tool for identifying and prioritizing

nascent transcripts and lncRNAs involved in various biological processes including the hepatic transcrip-

tional response to nutrient intake.

Limitations of the study

Amajor limitation of our study regarding the in vivo role ofGm11967 in the liver involves the use of an over-

expression model. We utilized this approach in order to isolate the specific role of Gm11967 as an Akt-

dependent effector involved in the hepatic transcriptional response to nutrients. Imaging techniques

such as RNA-FISH would be a useful to determine the cellular localization of endogenous and exogenous

Gm11967. An alternative method to study Gm11967 activity would be to reduce Gm11967 expression via

loss-of-function experiments. These experiments would further define the requirement of Gm11967 in the

hepatic transcriptional response and the translational control of glucokinase expression.
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See Table S1 for RT-PCR primers N/A N/A

Software and algorithms

Bowtie Langmead et al., 2009 http://bowtie-bio.sourceforge.net/

index.shtml; RRID: SCR_005476

EdgeR Robinson et al., 2010 http://bioconductor.org/packages/

edgeR/; RRID: SCR_012802

Enrichr Icahn School of Medicine

at Mount Sinai

https://maayanlab.cloud/Enrichr/;

RRID: SCR_001575

Gencode Harrow et al., 2006 https://www.gencodegenes.org;

RRID: SCR_014966

GREAT V4.0.4 Stanford University School

of Medicine

http://great.stanford.edu/public/

html/splash.php; RRID: SCR_005807

Integrative Genomics Viewer V2.6.3 Broad Institute https://software.broadinstitute.org/

software/igv/; RRID: SCR_011793

Prism V9.3.1 GraphPad https://www.graphpad.com;

RRID: SCR_002798

QuantStudio Software V1.4.2—for QuantStudio

5 Real-Time PCR Systems

Thermo Fisher https://www.thermofisher.com/

order/catalog/product/A28140?

SID=srch-hj-A28140

RStudio 2021.09.2+382 ‘‘Ghost Orchid’’ RStudio, PBC https://www.rstudio.com/products/

rstudio/; RRID: SCR_000432
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Data and code availability

d GRO-seq data have been deposited into GEO and are publicly accessible as of the date of publication.

Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional data required to reanalyze the data reported here is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mice used in all experiments were male mice from the C57BL/6J background. The L-AktDKO, L-AktFox-

o1TKO, L-FoxO1 AAA, and L-GckKOmice were described previously (Postic et al., 1999; Zhang et al., 2006;

Lu et al., 2012). Mice were injected at 6–8 weeks of age with adeno-associated virus containing a liver-spe-

cific promoter, thyroxine-binding globulin (TBG), driving either GFP (AAV-GFP) or Cre (AAV-Cre) recombi-

nase at a dose of 1011 genomic copies per mouse to generate wild-type (WT), L-AktDKO, L-AktFoxo1TKO.

The Control group consisted of GFP-injected littermates floxed for the indicated genotypes. ForGm11967

overexpression experiments, mice were injected with 5 3 1011 genomic copies of an AAV-TBG expressing

Gm11967 or AAV-GFP simultaneously with any AAV-GFP or AAV-Cre used to create genetic knockouts.

Experiments were performed 2–3 weeks after virus injection. Diet-induced obese mice were obtained

from Jackson Laboratories (380050) after 12 weeks on diet and continued on high fat diet for up to 3 weeks

(Research Diets D12492i). Agematchedmice on a chow diet were used as experimental controls. Mice were

fasted for 5 hours before sacrificing. All mice experiments were reviewed and approved by the University of

Pennsylvania Institutional Animal Care & Use Committee in accordance with the guidelines of the NIH.

METHOD DETAILS

GRO-seq

The nuclear run-on assay was performed from nuclei from fasted and 2-hour refed mice and sequenced as

described previously (Fang et al., 2014; Emmett et al., 2017). Briefly, mouse livers were harvested following

a 16 hour fast or a 16 hour fast followed by a 2 hour refeed with normal chow. Livers were homogenized

using a dounce homogenizer in 10 mM Tris pH 7.5, 2 mM MgCl2, 3 mM CaCl2, 2 U/mL Superase-In

and then filtered through a 100 mm cell strainer to isolate nuclei. Samples were centrifuged at 400 g for

10 minutes and resuspended in the same buffer as above with 10% glycerol and 1% Igepal C-630 to a

concentration of about 108 nuclei/mL.

For nuclear run-on, about 4 3 107 nuclei were mixed with an equal volume of 10 mM Tris pH 8.0, 5 mM

MgCl2, 1 mM DTT, 300 mM KCl, 200 U/mL Superase-In, 1% sarkosyl, 500 mM ATP, GTP and Br-UTP,

2 mM CTP. RNA was extracted from the nuclei using TRIzol and then treated with DNase. Nascent tran-

scripts were immunoprecipitated out of solution using anti-BrdU agarose beads. After elution, the RNA

was precipitated with 300 mM NaCl, 20 mg glycogen, and 2.5 volumes of ethanol and incubated overnight

at �20�C. The RNA pellets were resuspended in water (with 1U/mL Superase-In and 0.05% Tween 20),

denatured for 3 minutes at 65�C, and treated with poly(A)-polymerase for 30 minutes at 37�C.

cDNA was synthesized from the RNA using oNTI223 primer as in (Wang et al., 2011). 8 mL of tailed RNA was

mixed with 1 mL dNTP (10 mM each) and 2.5 mL (12.5 mM) oNTI223. The samples were heated at 75�C for

3 minutes and chilled on ice. 0.5 mL Superase-In, 3 mL 0.1 M DTT, 2 mL 25 mMMgCl2, 2 mL 10x reverse tran-

scription buffer, and 1 mL superscript III reverse transcriptase were added to the tube. The tube was then

incubated for 30 minutes at 48�C. 4 mL exonuclease I was added to the reaction and the sample was incu-

bated for 1 hour at 37�C to remove excess oNTI223. RNA was eliminated by adding 1.8 mL of 1 MNaOH and

incubating for 20 minutes at 98�C. The cDNA products were recovered by running on a 10% polyacrylamide

TBE-urea gel, excising the products from 105-400 bp, and then dissolving the gel in TE with 0.1% Tween-20

for 4 hours. DNA was recovered by adding 20 mg glycogen and 300 mMNaCl and 2 volumes of ethanol and

precipitating overnight at �20�C.

cDNAwas resuspended and circularized with CircLigase for 1 hour at 60�C. The sample was then denatured

for 10 minutes at 80�C and relinearized by adding 25 mM KCl, 500 mMDTT and 15 units of APE I. Linearized

DNA was amplified via PCR with Phusion polymerase with primers oNTI200 and oNTI201. The PCR product
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was run on a 10% TBE gel and products between 150 and 305 nucleotides were excised and the gel was

dissolved in TE + 0.1% Tween +150 mM NaCl for 4 hours.

GRO-seq reads were cleaned up by trimming off low-quality base, adaptor, and poly-A tail sequences us-

ing cutadapt (Martin, 2011). Trimmed reads with length >= 25 bp were aligned to UCSCmm9 using Bowtie

(Langmead et al., 2009) with an option ‘–best –strata -m 1 -v 3’. Reads within highly abundant signal regions

(such as ribosomal RNA, small nucleolar RNA, small nuclear RNA, and transfer RNA) were removed before

downstream analysis to minimize read-depth bias. RPM-normalized bigwig files were generated in a

strand-specific manner, where all reads were extended to 150 bp toward 30-ends for smooth profile.

Minus-stranded signals were presented as negative values. GRO-seq bigwig files were visualized using

the Integrative Genomics Viewer (IGV) (Robinson et al., 2011). Gene body transcription levels were quan-

titated in all biological replicates and conditions for comparative analysis. First, all reads were extended to

50 bp towards the 30-end, then RPKM-normalized read counts were measured within gene bodies

excluding the 500 bp region at the 50 end using Gencode (Harrow et al., 2006) annotation. For genes

with total gene length < 1 kb, the entire gene body was used. Differential expression analysis was per-

formed comparing Fasted versus Refed mice using EdgeR (Robinson et al., 2010). Genes with FDR <0.05

and >1 RPKM were selected as feeding-dependently regulated genes and were subjected to gene

ontology analysis using Enrichr (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021). Hierarchical clus-

tering was performed on the list of feeding-regulated genes generated for gene ontology analysis using

WT fast, WT refed, L-AktDKO refed, L-AktFoxo1TKO refed samples. Separate clustering was performed

on only the lncRNAs from these samples. Complete-linkage clustering was performed on these transcript

levels using Pearson correlation coefficient as a similarity measure. For eRNA analysis, we identified eRNA

peaks across all conditions as described previously (Emmett et al., 2017). Briefly, candidate peaks for each

condition were filtered against the background in a 10 kb window on either side, with those that passed

being pooled together. eRNAs were identified from the pool by searching for paired peaks as many eRNAs

are bidirectional. Unpaired peaks that were intergenic or were intragenic but located on the antisense

strand of a RefSeq gene were defined as unidirectional eRNAs. For analysis between fasting and refeeding,

eRNAs with an RPKM >0.5 in at least one of the conditions were selected and were marked as differentially

expressed if the fold-change between conditions was >2 in either direction. Gene ontology for eRNA was

done using the Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean et al., 2010) and clus-

tering was performed as it had been for the gene analysis.

mRNA isolation and real-time PCR

Total RNA was isolated from the frozen liver samples using the RNeasy Plus kit from QIAGEN and treated

with DNase. Complementary DNA was generated using M-MuLV reverse transcriptase and relative gene

expression was quantified by real time PCR using the SYBR Green dye-based assay.

Protein isolation and Western blotting

To isolate protein from the liver, 20-25 mg of tissue was homogenized in RIPA (50mM Tris-HCl, 1% Triton

x100, 0.5% Sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA) buffer supplemented with prote-

ase inhibitor cocktail tablets, and phosphatase inhibitor cocktail II and III in a TissueLyser (QIAGEN). Protein

concentrations were determined via the PierceTM BCA Protein Assay Kit (ThermoFisher). 50 mg of protein

were loaded onto and separated by 4%–15% Mini-PROTEAN TGX pre-cast gels. Primary antibodies used

were HSP90, Akt2, pAkt2, PRAS40, pPRAS40, and Gck.

Glucose tolerance test

16hr. fasted mice were intra-peritoneally injected with 2 g/kg of glucose in a 20% solution and blood

glucose was measured 0, 15, 30, 60, and 120 min post-injection via tail bleed using OneTouch glucose

meter and glucose strips.

Serum insulin measurements

Blood was taken from mice via tail bleed after a 16 hour fast and then 15 minutes after intra-peritoneal

glucose injection (as during the glucose tolerance test). Serum was separated from the blood by centri-

fuging the samples for 15 minutes at 5,000 g at 4�C. Insulin concentration was measured from the samples

using the Ultra-Sensitive Mouse Insulin ELISA Kit from Crystal Chem.
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Primary hepatocyte isolation

Mice were anesthetized w/0.1 g/kg pentobarbital diluted in saline. A midline incision was used to expose

the liver. The posterior vena cava was cannulated with a 22g x 100 catheter while the portal vein was cut.

The liver was perfused with liver perfusion medium for 4 minutes at a rate of 8 mL/min to exsanguinate

it before being perfused with 50 mL of liver digest buffer (Krebs-Ringer bicarbonate buffer with 20 mM

HEPES, 500 mMCaCl2, 100 U/mL collagenase, and 4.8 U/mL DNase). After digestion, the liver was removed

and teased apart in 50mL of Krebs/HEPES buffer (Krebs-Ringer bicarbonate buffer with 20mMHEPES) until

the liver was completely resuspended. The sample was filtered through a 70-micron cell strainer and then

centrifuged at 50 g for 5 minutes at 4�C. The supernatant was removed and the pellet was gently resus-

pended in 50 mL of a 25% Percoll gradient. The sample was centrifuged again at 120 g for 5 minutes at

4�C and the supernatant was removed. The hepatocyte-containing pellet was washed with Krebs/HEPES

buffer and centrifuged again at 120 g for 5 minutes at 4�C and the supernatant was removed. Cells were

resuspended in M199 media containing 5 mM glucose, 10% FBS, 500 nM dexamethasone, and 1 nM insulin

and plated on 6-well collagen-coated plates for 4 hours to attach at a cell density of 1 million viable cells/

well (determined by Trypan Blue staining and counted on a hemocytometer). After attachment, cells were

changed to M199 media containing 5 mM glucose and 500 nM dexamethasone and incubated overnight.

Cells were switched to M199 containing 5 mM glucose, 10% fetal bovine serum, and 500 nM dexametha-

sone supplemented with 100 nM insulin and 10 mM MK2206 per condition. Cells were harvested after

7 hours.

Polysome profiling

200 mg of frozen liver tissue was placed in 1 mL of buffer (100 mM KCl, 5 mM MgCl2, 10 mM HEPES, 0.5%

Igepal C-630 w/100 mg/mL cycloheximide, 40 U/mL RNaseOut, and 13 protease inhibitor added immedi-

ately before experiment). Samples were homogenized in a dounce homogenizer with 10 strokes of the

loose dounce followed by 10 strokes of the tight dounce. Samples were centrifuged for 5 minutes at

2,000 g at 4�C to remove cellular debris. Supernatant was transferred to a fresh tube and centrifuged again,

this time at 12,000 g for 5 minutes at 4�C to remove any remaining debris. RNA content in each sample was

measured via OD260 nm. Equal amounts of RNA were loaded onto 10% - 50% sucrose gradients. The loaded

samples were centrifuged at 35,000 g for 2.5 hours. After centrifugation, samples were moved to a fraction-

ator and collected in 12 fractions. OD260 nm was measured as fractions were collected to build the profile.

Lastly, RNA was extracted from each fraction by adding 1 volume of TRIzol and then a volume of chloroform

was added equal to one-fifth the volume of TRIzol. Samples were centrifuged at 2,000 g for 20 minutes. The

upper layer was transferred to a fresh tube and 1 volume of 70% ethanol was added. The sample was loaded

onto a Qiagen RNeasy spin column and purified following the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using One-way ANOVA coupled with Tukey’s multiple comparison test

whenmore than two groups were compared, Two-way ANOVAwith Tukey’s multiple comparison test when

two conditions were analyzed, and unpaired two-tailed Students’ t-test when only two groups were being

compared. All data are presented as mean G standard error of mean. */y indicates p-value < 0.05, **/yy
indicates p-value < 0.01, ***/yyy indicates p-value < 0.001, and **** indicates p-value < 0.0001.
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