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KEY POINTS SUMMARY 

 Afadin is a ubiquitously expressed scaffold protein with a recently discovered role in 

insulin signaling and glucose metabolism. 

 Insulin-stimulated phosphorylation of Afadin at S1795 occurs in insulin-responsive 

tissues such as adipose tissue, muscle, liver, pancreas and heart. 

 Afadin abundance and Afadin
S1795

 phosphorylation are dynamically regulated in 

metabolic tissues during diet-induced obesity progression. 

 Genetic silencing of Afadin
S1795

 phosphorylation improves glucose homeostasis in the 

early stages of diet-induced metabolic dysregulation. 

 Afadin
S1795 

phosphorylation contributes to the early development of obesity-related 

complications in mice. 

 

ABSTRACT 

Obesity is associated with systemic insulin resistance and numerous metabolic disorders. Yet, 

the mechanisms underlying impaired insulin action during obesity remain to be fully 

elucidated. Afadin is a multifunctional scaffold protein with the ability to modulate insulin 

action through its phosphorylation at S1795 in adipocytes. In the present study, we report that 

insulin-stimulated Afadin
S1795

 phosphorylation is not restricted to adipose tissues, but is a 

common signaling event in insulin-responsive tissues including muscle, liver, pancreas and 

heart. Furthermore, a dynamic regulation of Afadin abundance occurred during diet-induced 

obesity progression, while its phosphorylation was progressively attenuated. To investigate 

the role of Afadin
S1795

 phosphorylation in the regulation of whole-body metabolic 

homeostasis, we generated a phospho-defective mouse model (Afadin SA) in which the 

Afadin phosphorylation site was silenced (S1795A) at the whole-body level using CRISPR-

Cas9 mediated gene-editing. Metabolic characterization of these mice under basal 

physiological conditions or during high fat diet (HFD) challenge revealed that preventing 

Afadin
S1795

 phosphorylation improved insulin sensitivity and glucose tolerance and increased 

liver glycogen storage in the early stage of diet-induced metabolic dysregulation, without 

affecting body weight. Taken together, our findings reveal that Afadin
S1795

 phosphorylation in 

metabolic tissues is critical during obesity progression and contributes to promote systemic 

insulin resistance and glucose intolerance in the early phase of diet-induced obesity. 
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INTRODUCTION 

With its global prevalence still on the rise, obesity is a precipitating condition for various 

disorders such as insulin resistance, metabolic dysregulation and eventually metabolic 

syndrome (Grundy, 2004; Kahn et al., 2006; Hojlund, 2014; The Lancet Diabetes, 2020). A 

major forerunner of these events is the deterioration of the action of insulin, which regulates 

metabolic homeostasis via a complex signal transduction network in multiple tissues 

(Taniguchi et al., 2006; Tokarz et al., 2018). However, the precise mechanisms integrating 

the insulin signal to deliver specific cellular and physiological responses during metabolic 

dysregulation are not yet fully understood. 

In the last few decades, the complexity of the insulin signaling pathway has grown 

immensely with the discovery of novel mediators and intermediates (Siddle, 2011; Petersen 

& Shulman, 2018). We and others have recently discovered Afadin, a ubiquitously expressed 

scaffold protein encoded by the Mllt4 gene (Mandai et al., 1997; Ikeda et al., 1999; Mandai et 

al., 2013), as a new component of the insulin signaling pathway (Yu et al., 2011; Humphrey 

et al., 2013; Parker et al., 2015; Zhang et al., 2017; Dai et al., 2019; Lundh et al., 2019; 

Batista et al., 2020). Specifically, we have shown that Afadin is phosphorylated at serine 

1795 (S1795) in mouse or S1718 in human adipose tissue in response to insulin stimulation 

(Lundh et al., 2019). This facilitates its interaction with HDAC6, and engages a negative 

feedback mechanism controlling insulin action both in vitro and in vivo. Accordingly, 

adipose-specific ablation of Afadin protects against glucose intolerance induced by obesity 

(Lundh et al., 2019). A similar protective effect against metabolic dysregulation has been 

reported in hepatocytes, where Afadin modulated insulin signaling via regulation of SHP2 

tyrosine phosphatase activity (Dai et al., 2019).  

Afadin can be phosphorylated on several residues (Hornbeck et al., 2012). Among those, 

serine 1795 is highly conserved among species and is the primary site phosphorylated in 

response to insulin (Humphrey et al., 2013; Lundh et al., 2019; Batista et al., 2020). 

Mechanistically, Afadin phosphorylation at serine 1795 is mediated by different kinases, 

including AKT and S6K1, which stabilizes the protein, regulates its cellular localization and 

enhances its interactions with different partners (Nakata et al., 2007; Elloul et al., 2014; 

Lundh et al., 2019; Bonucci et al., 2020). Indeed, upon phosphorylation, Afadin interacts 

with several proteins, thus mediating numerous cellular processes including cell-to-cell 

communication, cell morphology and proliferation as well as metabolism (Radziwill et al., 
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2003; Nakata et al., 2007; Takai et al., 2008; Elloul et al., 2014; Lundh et al., 2019; Bonucci 

et al., 2020). The newly discovered link between Afadin
S1795

 phosphorylation, insulin 

signaling and metabolism in adipocytes suggests a broader role of Afadin phosphorylation in 

modulating insulin sensitivity in other insulin-responsive tissues. Therefore, to investigate the 

impact of Afadin
S1795

 phosphorylation on the regulation of energy homeostasis, we generated 

and characterized a mouse model where Afadin
S1795

 phosphorylation was silenced at the 

whole-body level. Our results highlight a functional role for Afadin
 S1795

 phosphorylation in 

multiple metabolic tissues, which, in association with high fat diet (HFD), impairs insulin 

action and glucose homeostasis in mice. 

 

MATERIALS AND METHODS 

Ethical approval 

All animal experiments were carried out using male mice and were approved by the Danish 

Animal Experiments Inspectorate (permit number 2015-15-0201-00728 and 2018-15-0202-

00122). They have been designed and performed in accordance with the guidelines and 

regulations of the Department of Experimental Medicine at the University of Copenhagen. 

Generation of animal model 

Afadin S1795A (Mllt4
tm(S1795A)CBMR

) mice were generated using CRISPR-Cas9 technology to 

introduce a mutation at a specific gene locus (Ran et al., 2013b). We employed the Cas9 

nickase (nCas9) to significantly reduce the chances of genetic off-target effects (Ran et al., 

2013a), with two single guide RNAs (sgRNAs) targeting the endogenous gene and a repair 

template encoding the desired mutation(s) in order to substitute the S1795 codon (TCA) with 

an alanine codon (GCG) in exon 33. Silent mutations were inserted in the repair template to 

introduce a TseI restriction site allowing the mutated gene to be detected by PCR for 

genotyping (Fig. 1A, Table 1), and to prevent sgRNA re-annealing. The constructs were 

electroporated into TCF2.2 embryonic stem cells with genetic background 129S2;C57BL/6N 

(Martin Gonzalez et al., 2016). A positive clone was selected based on sequencing, injected 

into a blastocyst and subsequently implanted into a recipient female to produce chimeric 

pups. Chimeric mice were bred to obtain F1 mice bearing the knock in allele (heterozygous 

Afadin SA). Mice carrying the point mutation were backcrossed 5 times onto the C57BL/6N 

background. Eventually, we had generated and bred wild type (WT), heterozygous and 
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homozygous Afadin SA mice, which were all viable and fertile. Afadin SA mice had no overt 

neurological phenotypes assessed by direct daily observation of home cage activity (i.e., head 

tilt, gait impairment) and showed a similar behavior compared to WT mice during weaning 

and adulthood. 

Table 1. List of sgRNAs, repair template, and primers used for genotyping. 

sgRNA#1 TCTTTAAATGTCAGATTTTCAGG 

sgRNA#2 GCGCCTTTTTTCACAAGGGCAGG 

Repair template CCAAGACGCAGACTTACCTGGCAGTTCTGGAGCCCCTGAGAACCT

GACATTTAAAGAGCGGCAGCGCCTTTTTGCGCAGGGCCAAGATGT

GTCTGACAAAGTGAAAGCTTCTCGTAAATTAACAGAGCTCGAGAA

TGAAC 
FW primer GCTGTCCTCTCCCTTTTCTTT  

RV primer GCAGACCTCTCTCTTCTCACT 
 

Genotyping 

DNA was extracted from ear samples using 50 mM NaOH at 95 °C for 15 min, then 

neutralized with 0.1 M Tris-HCl. A PCR reaction was setup using HotStarTaq Plus DNA 

Polymerase Kit (QIAGEN, #203695) with the selected primers (Table 1); and run on a Bio-

Rad C1000 Thermal Cycler. The PCR product was digested with TseI (NEB, #R0591L) at 

65°C for 15 min. The DNA was visualized on a 2% agarose gel in TAE buffer. Expected 

band sizes were 400 bp for WT and 290 bp + 110 bp for mutated (S1795A) alleles, 

respectively (Fig. 1B). 

Mouse Husbandry 

Mice were bred and housed in the Department of Experimental Medicine, Faculty of Health 

Sciences, University of Copenhagen at 22°C under daily 12 h light/dark cycles in an enriched 

environment in ventilated racks with ad libitum access to standard chow diet and water. At 

termination of the experiment, mice were euthanized by cervical dislocation and tissues were 

harvested.  

Animal diets 

For the diet studies, 9-week-old mice were fed ad libitum with either high fat diet (HFD) 

(D12492i, Research Diets with 60% fat) or a matched low fat diet (LFD) (D12450Ji, 
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Research Diets with 10% fat) for up to 20 weeks. Body weight was recorded weekly and lean 

and fat mass was measured before and at the end of the diet paradigms using an EchoMRI™ 

4in1 Body Composition Analyzer. 

Metabolic studies 

All the experimental procedures on animals were conducted with caution by the same two 

blinded investigators (MT, PSSP) in order to minimize stress and pain and they are reported 

here following the principles and standards for reporting animal research (Grundy, 2015; 

Percie du Sert et al., 2020).  The sample size of the animal groups was not calculated a priori, 

but decided taking into consideration the primary objective of the study, the possible 

variability of the mice phenotypic responses and in-house empirical data for metabolic 

characterization and in vivo insulin action studies. Fasting blood was collected via tail-bleed 

after 4 h fasting. Blood glucose levels were measured using the Contour XT glucometer, 

plasma insulin concentration was assessed by Ultra Sensitive Mouse Insulin ELISA Kit 

(Crystal Chem #90080), FFA by Free Fatty Acid Quantitation Kit (Sigma #MAK044), 

glucagon by Glucagon ELISA (Mercodia #10-1281-01) and catecholamines by 

QuickDetect™ Catecholamine ELISA Kit (BioVision #E4462). HOMA-IR index was 

calculated following the formula (fasting insulin [µU/mL] X fasting glucose [mg/dL]) / 22.5 

(Mather, 2009). Glucose tolerant tests (GTT) and insulin tolerance tests (ITT) were 

performed on mice fasted for 4 h (GTT) or 2 h (ITT) and injected intraperitoneally (IP) with 

1 g glucose/kg body weight or 0.75 U insulin/kg body weight, respectively. Blood glucose 

was measured from the tail using the Contour XT glucometer before glucose/insulin injection 

and after 15, 30, 60 and 120 min. Glucose-stimulated insulin secretion was performed via 

oral administration of 2 g/kg body weight of glucose, and blood insulin concentration was 

directly measured with the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem). 

In vivo glucose uptake 

In vivo glucose uptake was performed as previously described (Dalbram et al., 2019). Briefly, 

mice were fasted for 4 h before they were anesthetized with 0.08 mg/g body weight 

pentobarbital sodium. Glucose uptake in skeletal muscle (i.e., quadriceps, extensor digitorum 

longus and soleus) and adipose tissue [ i.e., brown adipose tissue (BAT), inguinal and 

epididymal white adipose tissue (WAT) ] was assessed in response to retro-orbital injection 

of 
3
H-2-deoxyglucose (

3
H-2-DG) [12.32 MBq/kg bodyweight (PerkinElmer 

#NET331C005MC)] combined with saline or insulin (0.5 U/kg body weight). Blood was 
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collected from the tail vein before and 5, 10, 15 and 20 min after the injection. Tissues were 

collected 20 min after injection, immediately after mice were euthanized. Blood glucose 

levels and tissue-specific glucose uptake were measured by the accumulation of 

phosphorylated 
3
H-2-DG, which was assessed using a barium hydroxide (BaOH), zinc sulfate 

(ZnSO4) and perchloric acid (PCA) precipitation procedure (Ferre et al., 1985). Radioactivity 

was measured in blood and tissue lysates by liquid scintillation counting (Hidex 300SL, 

Hidex) and corrected for tissue weight. 

In vivo insulin stimulation 

Mice were fasted for 2 h prior to anesthesia with 2,2,2-Tribromoethanol (Avertin) followed 

by retro-orbital injection of saline or 1 U insulin. Mice were euthanized after 5 min and 

tissues were immediately extracted and snap frozen for further analysis. 

Adipose stromal vascular fraction (SVF) isolation and in vitro insulin stimulation 

Inguinal WAT was isolated from euthanized mice, minced in PBS supplemented with 10 mM 

CaCl2 and 0.5% BSA, and digested with 2 mg/ml collagenase type II in a shaking water bath 

at 37°C for 30–40 min. Floating adipocytes were separated from the SVF by centrifugation at 

700 × g for 10 min. SVF pellet was re-suspended in DMEM with 10% FBS and 1% P/S and 

plated in 24-well plates. Two days after, cells were serum-starved for 2 h in 0.1% BSA 

DMEM followed by stimulation with 10 µM insulin or vehicle for 15 min. Cells were then 

washed in PBS and lysed in RIPA buffer with protease and phosphatase inhibitors for protein 

extraction. 

Glycogen measurements 

Liver and muscle (quadriceps) extracted from mice fasted for 4h were first lysed with 1 M 

HCl for 2 h at 95°C and then neutralized using 2 M NaOH followed by centrifugation at 

16,000 × g for 20 min at 4°C. The supernatant was collected and incubated for 15 min at 

room temperature (RT) with the following reaction mix: 200 mM Tris-HCL, 500 mM MgCl2, 

5.2 mM ATP, 2.8 mM NADP and 6 mg/ml of a hexokinase and glucose-6-phosphate 

dehydrogenase mixture (Roche #10737275001). The glucose content of each sample, 

generated from the hydrolyzed glycogen, was assessed by measuring the absorbance at 340 

nm (Hidex sense) and was normalized to tissue weight. 
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Western blot 

Frozen tissues isolated from mice were homogenized with steel beads and lysed at 4°C in 

RIPA Buffer supplemented with protease inhibitors (Sigma) and phosphatase inhibitors (1 

mM Na3VO4, 10 mM β-Glyc, 10 mM NaF, 10 mM Na4P2O7). Lysates were spun down at 

15,000 × g for 15 min, and supernatant was collected. Samples were reduced by heating to 

95°C for 5 min in 20% sample buffer (0.35 M Tris–HCl, 30% glycerol, 10% SDS, 603 mM 

DTT, and 150 µM bromophenol blue). 20-30 μg of protein was loaded on 4-15% Criterion 

TGX gels, run and then blotted onto PVDF membranes (Invitrogen). Membranes were 

blocked with 5% skim milk solution in TBS Tween (0.1%) buffer for 1 h at RT and incubated 

overnight at 4°C with primary antibodies (Table 2). Membranes were incubated with 

appropriate secondary HRP conjugated antibodies (1:3000, Biorad) and developed with 

Immobilon Forte Western HRP substrate (Merck) on ChemiDoc XRS+ (Biorad). 

Table 2. Antibodies list 

Antibody Catalog number, 

company 

Dilution used 

Phospho-Afadin  #5485, Cell Signaling 1:1000 

Total l/s-Afadin  A0224, Sigma 1:1000 

Phospho-IGF-I Receptor β/ Insulin Receptor 

β  

#3024, Cell Signaling 1:1000 

Total Insulin Receptor   sc-57342, Santa Cruz 1:1000 

Phospho-Akt  #9271, Cell Signaling 1:1000 

Total Akt  #9272, Cell Signaling 1:1000 

Total β-actin  #8457, Cell Signaling 1:4000 

Gapdh  #2118, Cell Signaling 1:2000 

 

Histology 
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Tissues were isolated from WT and Afadin SA mice, fixed in 4% paraformaldehyde 

overnight and stored in 70% ethanol. Paraffin embedding, tissue sectioning and hematoxylin 

and eosin (H&E) staining were performed by the histology lab at the Core Facility for 

Integrated Microscopy, University of Copenhagen. Images were taken with the Zeiss Axio 

Scan.Z1 - Slide Scanner. 

Statistical analyses 

Data are presented as mean ± standard deviation (SD) with individual data points where 

appropriate. Statistical analyses were performed using GraphPad Prism 9. The statistical tests 

used varied according to the dataset: unpaired two-tailed Student t-test was used when 

comparing two groups and One- or Two-way ANOVA with Tukey post hoc test was used for 

multiple comparisons. Number of samples in each group is indicated and P < 0.05 was 

accepted as statistically significant. Significant difference among conditions is indicated in 

the figure legends as P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) and P < 0.0001 (****), 

while significance related to control is indicated as P < 0.05 (#), P < 0.01 (##), P < 0.001 

(###) and P < 0.0001 (####). All data and statistical analyses are reported in the Statistical 

summary document in the supplementary information. 

 

RESULTS  

Afadin S1795A mutation prevents insulin-stimulated Afadin phosphorylation in the 

major insulin-responsive tissues 

To study Afadin phosphorylation in vivo and assess its impact on metabolic homeostasis, we 

generated a mouse model (hereafter referred to as Afadin SA) using CRISPR-Cas9 mediated 

gene-editing, where the codon encoding the serine 1795 residue of endogenous Afadin was 

mutated into an Alanine codon to prevent phosphorylation at this site (Fig. 1A). In contrast to 

whole-body Afadin KO mice (Zhadanov et al., 1999), Afadin SA mice were viable and 

fertile. To validate the silencing mutation from our new mouse model, we firstly isolated cells 

from the stromal vascular fraction (SVF) of inguinal WAT of WT, heterozygous and 

homozygous Afadin SA mice and stimulated them ex vivo with insulin. Both basal (non-

stimulated) and insulin-stimulated Afadin phosphorylation on S1795 were reduced in cells 

from heterozygous, and absent in cells from homozygous SA mice as compared to cells from 
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WT mice (Fig. 1C, D), indicating that the stoichiometry of Afadin
S1795

 phosphorylation in 

cells is directly proportional to the abundance of its phosphorylatable form. In the whole 

tissues, at least one splice variant of Afadin was detected. L-Afadin (210 kDa) was 

expressed mainly in BAT, WAT, muscle, and heart; while both l- and s-Afadin (180 kDa) 

were detected in liver and pancreas (Fig. 2A). Insulin-stimulated Afadin
S1795

 phosphorylation 

was detected in BAT and WAT as previously reported (Lundh et al., 2019), as well as in 

other major insulin-responsive tissues such as muscle, liver, pancreas and heart. Consistent 

with compromised phosphorylation, both basal and insulin-stimulated phosphorylation were 

completely abolished in homozygous Afadin SA mice (Fig. 2A, B), despite intact activation 

of insulin receptor (IR) (Fig. 2A, C). These data validate the newly established Afadin SA 

mice as a model to study the contribution of Afadin
S1795

 phosphorylation in the regulation of 

Afadin function and metabolic homeostasis. 

Loss of Afadin
S1795

 phosphorylation does not affect glucose homeostasis under basal 

physiological conditions 

To investigate the impact of Afadin
S1795

 phosphorylation in the regulation of metabolic 

homeostasis under basal physiological conditions, we compared metabolic parameters 

between 9-week-old Afadin SA mice and control littermates (WT) fed with a normal chow 

diet. WT, heterozygous and homozygous Afadin SA mice had similar body weight and 

composition (i.e., lean and fat mass) (Fig. 3A, B). Fasting blood glucose and insulin plasma 

levels were also comparable between the genotypes (Fig. 3C, D). Glucose tolerance and 

insulin tolerance tests (GTT and ITT) showed comparable glucose and insulin tolerance in all 

groups (Fig. 3E, F). Collectively, these data indicate that Afadin
S1795

 phosphorylation is 

dispensable to maintain normal metabolic homeostasis. 

Silencing of Afadin
S1795

 phosphorylation does not prevent HFD-induced obesity 

To further address the contribution of Afadin
S1795

 phosphorylation in the development of diet-

induced obesity and its associated metabolic disorders, Afadin SA mice (heterozygous and 

homozygous) and control littermates (WT) were challenged either with HFD or with a 

matched low fat diet (LFD) for a total of 20 weeks (Fig. 4A). WT and Afadin SA animals 

were equally able to gain weight on both LFD and HFD throughout the 20 week period (Fig. 

4B), leading to similar lean and fat mass at the end of the respective diet paradigms (Fig. 4C, 

D). In addition, no major difference in tissue morphology was observed between WT and 
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Afadin SA mice after 20 weeks of HFD (Fig. 4E). Thus, silencing of Afadin
S1795

 

phosphorylation had no impact on the development and progression of diet-induced obesity. 

Silencing Afadin
S1795

 phosphorylation improves glucose tolerance in the early stage of 

the diet-induced metabolic dysregulation 

Despite similar body weight, ablation of Afadin
S1795 

phosphorylation improved the overall 

glucose clearance during a GTT in mice fed a HFD for 6 weeks (Fig. 5A). Notably, both 

heterozygous and homozygous had similar improved glucose tolerance, suggesting that both 

partial and complete prevention of Afadin
S1795

 phosphorylation result in enhance glucose 

homeostasis. Improved glucose tolerance was associated with comparable insulin tolerance 

(Fig. 5B) and comparable glucose-stimulated insulin secretion (Fig. 5C). Despite similar 

fasting levels of circulating glucose, free fatty acids (FFA), glucagon, and catecholamines 

(Fig. 5D-G), insulin concentration was significantly decreased in Afadin SA mice (Fig. 5H). 

Accordingly, lower HOMA-IR index was obtained in Afadin SA mice, as compared to 

control littermates (Fig. 5I), indicating enhanced insulin sensitivity. Moreover, the correlation 

between the HOMA-IR index and body weight was significantly different between the two 

genotypes (Fig. 5J). While HOMA-IR increased proportionally to body weight in WT mice, 

this increase was significantly less pronounced in Afadin SA mice. Thus, Afadin SA mice 

maintained a lower HOMA-IR at higher body weight, suggesting that the insulin-sensitizing 

effect of Afadin phosphorylation silencing was more pronounced in the more obese mice. To 

further evaluate the interaction between improved glucose tolerance and insulin sensitivity 

and to dissect the contribution of Afadin
S1795

 phosphorylation at the molecular level, we 

investigated insulin signaling after 6 weeks of HFD feeding (Fig. 6A, D, G, J). IR 

phosphorylation was comparable in adipose tissues and liver, but was significantly 

upregulated in muscle (Fig. 6B, E, H, K). There was also a tendency for increased AKT 

phosphorylation in all tissues from Afadin SA mice, reaching statistical significance in WAT 

and liver (Fig. 6F, L). Increased insulin-stimulated phosphorylation of IR and AKT in 

muscle, liver or WAT suggested a tissue-specific improvement in the insulin response. 

However, basal and insulin-stimulated glucose uptake was comparable in skeletal muscle and 

adipose tissues in both groups (Fig.7A). Conversely, glycogen content was significantly 

increased in the liver, but not in the muscle of Afadin SA mice, as compared to WT mice 

(Fig. 7B). Thus, blocking Afadin
S1795

 phosphorylation prevented, at least partially, the 

development of insulin resistance and metabolic dysregulation induced by short-term HFD. 
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Silencing of Afadin phosphorylation does not prevent chronic HFD-induced metabolic 

dysregulation 

The acute benefits of constitutive inactivation of Afadin
S1795

 phosphorylation on glucose 

homeostasis were no longer evident after long-term HFD. Indeed, after 18 weeks of HFD, 

WT and Afadin SA mice were equally glucose- (Fig. 8A) and insulin-intolerant (Fig. 8B). 

Importantly, at this stage, basal and insulin-stimulated Afadin phosphorylation was no longer 

detected in any of the tissues processed (Fig. 8C-F). This indicates that Afadin
S1795

 

phosphorylation is dramatically impaired by prolonged HFD feeding, likely underlying the 

absence of phenotypic differences between WT and Afadin SA animals. In fact, insulin-

stimulated Afadin
S1795

 phosphorylation progressively declined with HFD, and  by 20 weeks 

was completely absent in muscle and liver (Fig. 9A, B, D, E). On the other hand, Afadin 

abundance was significantly upregulated after 6 weeks of HFD and returned to initial levels 

after 20 weeks in WT animals (Fig. 9A, C, D, F). Thus, our data reveal a dynamic regulation 

of Afadin abundance and phosphorylation in metabolic tissues during diet-induced obesity 

progression, leading to alterations in insulin action and glucose homeostasis. 

 

DISCUSSION 

Integration of cellular insulin signaling and modulation of insulin action in conditions of 

insulin resistance are complex processes for which a full mechanistic understanding is still 

lacking. Here, we provide evidence that Afadin
S1795

 phosphorylation, a common insulin-

signaling event in metabolic organs, contributes to the deterioration of glucose homeostasis in 

the early stages of diet-induced metabolic dysregulation. 

Besides their function in cell and tissue structure, adherent junction proteins like Afadin 

participate in several signaling transduction networks and thereby regulate different aspects 

of cell behavior (Matter & Balda, 2003; Mandai et al., 2013; Bhat et al., 2018). 

Phosphorylation of Afadin by multiple kinases is a key event regulating Afadin function and 

its engagement in various transduction pathways (Radziwill et al., 2003; Nakata et al., 2007; 

Lundby et al., 2013; Elloul et al., 2014; Minard et al., 2016; Sacco et al., 2016; Moniz et al., 

2017; Zhang et al., 2017; Zhai et al., 2018; Lundh et al., 2019; Bonucci et al., 2020; Wu et 

al., 2020). Specifically, the phosphorylation of Afadin at S1795 by insulin has been reported 
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in many cell types including adipocytes, kidney cells, myocytes and hepatocytes (Humphrey 

et al., 2013; Zhang et al., 2017; Lundh et al., 2019; Batista et al., 2020; Bonucci et al., 2020). 

In agreement with these reports, our results show that insulin-stimulated Afadin
S1795

 

phosphorylation in vivo occurs in major insulin-sensitive tissues, suggesting its broad role in 

regulating metabolic functions. 

While preventing Afadin
S1795

 phosphorylation had no effect on the metabolic health of mice 

under basal physiological conditions, the role of Afadin
S1795

 phosphorylation in metabolic 

control became apparent in the context of obesity, particularly in the early stages of 

obesogenic pathology. Indeed, despite no effect on body weight, our data reveal that both 

heterozygous and homozygous Afadin SA mice were more glucose tolerant than control 

littermates, indicating that both partial and global silencing of Afadin
S1795

 phosphorylation 

protects mice from HFD-induced glucose intolerance. Collectively, these data suggest that 

substantial level of Afadin
S1795

 phosphorylation, in combination with diet-induced obesity, is 

necessary to affect glucose metabolism at the whole body level. Our results are in line with 

previous reports showing that suppression of Afadin function in adipose tissue or liver does 

not affect body weight, adiposity and food intake in mice, but directly improves cell 

metabolism (Dai et al., 2019; Lundh et al., 2019). Interestingly, this effect was only observed 

after 6 weeks of a HFD regime, and was no longer detected after prolonged HFD, illustrating 

the complex and dynamic processes underlying obesity-induced metabolic impairment 

(Hariri & Thibault, 2010; An et al., 2013). At later stages, as previously shown in mouse and 

human adipose tissue (Lundh et al., 2019), insulin-stimulated Afadin
S1795

 phosphorylation 

was also dramatically inhibited by HFD in muscle and liver, likely explaining the similar 

phenotype of WT and SA animals with chronic obesity. The pathological inhibition of 

Afadin
S1795

 phosphorylation may result from impaired IR-AKT signaling by chronic HFD, or 

it may be due to a direct effect of diet on Afadin and its phosphorylation. Interestingly, 

Afadin abundance was initially upregulated following HFD and returned to basal levels after 

prolonged treatment. Similar Afadin upregulation has previously been reported in the liver of 

genetically- or diet- induced obese mice (Dai et al., 2019). These findings highlight a 

dynamic regulation of Afadin, which correlates with the dynamic changes in metabolic state 

of the Afadin SA mice during obesity development. 

Associated with improved glucose tolerance, fasting plasma insulin levels and HOMA-IR 

index were lower in the Afadin SA mice compared to WT. In addition, the correlation 

between HOMA-IR and body weight suggests that Afadin
S1795

 phosphorylation contributes to 
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diet-induced systemic insulin resistance proportionally to weight gain. This observation is 

compatible with a prominent role for Afadin in pathological conditions, as illustrated by our 

results showing that Afadin SA mice are metabolically similar to WT mice in the absence of 

obesity. Improved glucose tolerance and insulin sensitivity in Afadin SA mice did not result 

in higher insulin-stimulated in vivo glucose uptake in muscles or adipose tissues, suggesting 

that glucose uptake is not controlled by Afadin
S1795

 phosphorylation in these tissues, or that 

muscle and adipose tissues are not primarily involved in the Afadin
S1795

 phosphorylation-

dependent glycemic control. Supporting the idea that other organs may play a more 

pronounced role, we found higher glycogen content, the primary storage form of glucose, in 

the liver, but not in the muscle of phospho-defective mice, indicative of preserved hepatic 

insulin action. Based on these data, it is therefore tempting to speculate that Afadin
S1795

 

phosphorylation silencing exerts acute benefits against HFD-associated complications via 

enhanced insulin sensitivity and metabolism in the liver. Mechanistically, even though this 

hypothesis has not been tested, Afadin
S1795

 phosphorylation may be involved in the Afadin-

mediated upregulation of SHP2 tyrosine phosphatase activity, which inhibits insulin action in 

hepatocytes (Dai et al., 2019). Afadin phosphorylation may also modulate insulin action via 

the interaction with HDAC6 and promote insulin resistance as previously described in 

adipocytes (Lundh et al., 2019). In addition, Afadin
S1795

 phosphorylation may facilitate its 

interaction with yet unknown partners that are directly or indirectly involved in the regulation 

of glucose homeostasis. Importantly, this regulation only occurs during HFD feeding, 

suggesting that the signaling pathways affected during obesity are, at least in part, dependent 

on Afadin
S1795

 phosphorylation to alter insulin action and glucose metabolism.  

Given that insulin-induced Afadin
S1795

 phosphorylation occurs in metabolic organs and that 

this event was prevented in all cell types in our model, more research is needed to address the 

complex molecular mechanisms by which Afadin
S1795

 phosphorylation affects specific 

cellular functions to drive this metabolic phenotype. For example, Afadin
S1795

 

phosphorylation has been suggested to modulate insulin release from pancreatic β-cells 

(Sacco et al., 2016). Although we found Afadin
S1795

 phosphorylation to be induced in the 

pancreas, glucose-stimulated insulin secretion was not affected by inactivation of Afadin
S1795

. 

Furthermore, Afadin has recently been shown to be required to support brown adipose tissue 

activity (Lundh et al., 2021). Notably, the present study focused on the involvement of 

Afadin
S1795

 phosphorylation in insulin signaling. However, it is possible that this
 

phosphorylation may be involved in other signaling networks that control metabolic 
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homeostasis. Indeed, there is evidence that Afadin is phosphorylated at S1795 in response to 

β-adrenergic agonists in the heart (Lundby et al., 2013) and FGF-21 stimulation in adipocytes 

(Minard et al., 2016). These and other pathways may contribute, together with insulin, to 

dynamically regulate and counter-regulate whole-body glucose homeostasis and energy 

balance. Finally, since glucose homeostasis is finely tuned by a complex neuro-hormonal 

system (Gerich, 2000; Aronoff et al., 2004), we cannot exclude the participation of other cells 

and organs not assessed here.  

In conclusion, our findings reveal that diet-induced obesity dynamically affects Afadin 

amount and progressively decreases Afadin
S1795

 phosphorylation, which fine-tunes insulin 

action and glucose homeostasis during early stages of diet-induced obesity. However, 

additional studies are required to understand how Afadin
S1795

 phosphorylation is integrated 

into various signaling networks to regulate glucose homeostasis in different metabolic organs. 

Finally, since Afadin
S1795

 phosphorylation occurs in response to various physiological and 

pathological cues, its role in other cellular and pathophysiological contexts remains to be 

explored. 
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FIGURE LEGENDS  

 

Figure 1. Afadin SA mouse model generation and validation. (A) Schematic 

representation of the Afadin SA mouse model generation, with position 1795 of exon 33 of 

the Mllt4 gene highlighted in both C57BL/6N WT (green) and Afadin SA (blue) mice. The 

WT mouse has the wild-type S1795 codon (TCA), while in the Afadin SA mouse, the S1795 
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codon was substituted with an Alanine codon (CGC) using CRISPR-Cas9 with designed 

sgRNAs and a repair template (Table 1). Selected sequence of the wild type (WT) Afadin 

exon 33 locus aligned with the repair template used to introduce the mutation of the 

Serine
1795

 codon into Alanine
1795

, with PAM sequences (in red). In purple the mutations that 

were introduced for the Alanine codon mutation, as well as silent mutations to introduce a 

TseI restriction site and to prevent sgRNA re-annealing. (B) Representative genotyping gel 

showing the typical undigested PCR amplification band at 400 bp for WT; a combination of 

the 400 bp band and of the 290 and 110 bp fragments for heterozygous Afadin SA; and the 

290 and 110 bp fragments only for homozygous Afadin SA, after digestion with TseI. (C) 

Representative Western blots of indicated proteins extracted from the cultured SVF isolated 

from inguinal WAT. (D) Normalized quantification of phosphorylated Afadin band intensity 

relative to the l-Afadin expression in vehicle (black) and insulin-stimulated (purple) WT, 

heterozygous (SA Het) and homozygous (SA) Afadin SA mice (n=4). Two-way ANOVA 

with Tukey post hoc test was used for statistical analysis. 
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Figure 2. Afadin SA mouse model validation. (A) Western blots of indicated proteins 

extracted from BAT, inguinal WAT, quadriceps (muscle), liver, pancreas and heart of WT 

and homozygous Afadin SA mice stimulated with vehicle (-) or insulin (+) for 5 min. (B) 

Normalized quantification of phosphorylated Afadin band intensity relative to the l-Afadin 

expression in vehicle- (black; n=2) and insulin-stimulated (purple; n=5/4) WT and 

homozygous Afadin SA mice. (C) Normalized quantification of phosphorylated IR relative to 

IR (n=2 for vehicle, 5/4 for insulin). Two-way ANOVA with Tukey post hoc test was used 

for statistical analysis. 
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Figure 3. Silencing of Afadin
S1795

 phosphorylation does not affect glucose homeostasis 

under basal physiological conditions. (A) Body weight of 9-week-old WT (black), 

heterozygous (blue) and homozygous Afadin SA (red) mice (n=22/20/15). (B) Body 

composition expressed as lean and fat mass normalized to the body weight (n=11). Two-way 

ANOVA with Tukey post hoc test was used for statistical analysis. (C) Blood glucose 

concentration after 4 h fasting (n=30/28/24). (D) Plasma insulin concentration after 4 h 

fasting (n=16/18/17). (E) GTT and area under the curve (AUC) (n=22/20/15, 4 independent 

cohorts). (F) ITT and AUC (n=22/20/15, 4 independent cohorts). One-way ANOVA with 

Tukey post hoc test was used for statistical analysis. 
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Figure 4. Afadin
S1795

 phosphorylation is dispensable for HFD-induced obesity (A) 

Schematic representation of the experimental design used to characterize Afadin SA mice. 

WT, heterozygous (Het) and homozygous (Homo) Afadin SA mice were fed standard chow 

diet until 9 weeks old. The diet was then switched to either HFD or the control matched LFD 
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for 20 weeks. Body weight was recorded weekly and body composition was assessed by MRI 

before termination (week 19). GTTs were performed on week 6 and 18, while ITTs were 

performed a week after the GTT (week 7 and 19). GSIS was measured after 6 weeks of HFD. 

At week 6 and 20, mice were terminated and tissues and blood collected for post-mortem 

analyses. (B) Body weight gain during the 20 weeks of LFD (n=5/4/4) or HFD (n=17/17/12). 

(C-D) Body composition after 19 weeks of LFD (n=5/4/4) (C) or HFD (n=17/17/12) (D). 

Two-way ANOVA with Tukey post hoc test was used for statistical analysis. (E) 

Hematoxylin-eosin staining of BAT, inguinal WAT, muscle (quadriceps), liver and pancreas 

sections of WT and homozygous Afadin SA mice after 20 weeks of HFD. 
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Figure 5. Afadin
S1795

 phosphorylation silencing improves metabolic homeostasis in the 

early stage of HFD-induced obesity. (A) GTT after 6 weeks of LFD (n=5/3/4, 1 cohort) or 

HFD (n=17/17/12, 3 independent cohorts) with area under the curve (AUC). (B) ITT after 7 

weeks of LFD (n=5/3/4, 1 cohort) or HFD (n=17/17/12, 3 independent cohorts) with area 

under the curve (AUC). Two-way ANOVA with Tukey post hoc test was used for statistical 

analysis of the time course and one-way ANOVA with Tukey post hoc test was used for 

analysis of AUC and AAC. (C) GSIS after 6 weeks of HFD with baseline corrected area 

under the curve (AUC) (n=8/9). (D-H) 4 h fasting levels of blood glucose (n=40/35) (D), free 

fatty acids (FFA) (n=8/8) (E), glucagon (n=6/8) (F), catecholamines (n=8/8) (G) and insulin 

(H) (n=21/20) measured after 6 weeks of HFD. (I) Calculated HOMA-IR index after 6 weeks 

of HFD (n=21/20, 3 independent cohorts) (J) Correlation between HOMA-IR and body 

weight (n=21/20). Unpaired two-tailed Student t-tests were used for statistical analysis. 
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Figure 6. Afadin
S1795

 phosphorylation silencing improves insulin signaling in the early 

stage of HFD-induced obesity. (A-J) Western blots and band quantification of indicated 

proteins extracted from BAT (A-C), inguinal WAT (D-F), muscle (quadriceps) (G-I) and 

liver (J-L), of WT and homozygous Afadin SA mice fed on HFD for 6 weeks and stimulated 

with vehicle (-) or insulin (+) for 5 min on week 6. The quantification of phosphorylated IR 

relative to IR (B, E, H, K) or phosphorylated AKT relative to AKT (C, F, I, L) (n=6/5). 

Unpaired two-tailed Student t-tests were used for statistical analysis.  

 

Figure 7. Afadin
S1795

 phosphorylation silencing does not affect muscle and adipose 

tissues glucose uptake, but enhances hepatic glycogen storage. (A) In vivo glucose uptake 

in quadriceps (Quad), soleus (SOL) and extensor digitorum longus (EDL) muscle tissues, 

BAT, inguinal WAT and epididymal WAT (eWAT) in control (n=3) or insulin (n=4) 

stimulated condition. Two-way ANOVA with Tukey post hoc test was used for statistical 

analysis. (B) Glycogen content in liver and muscle normalized to tissue weight (n=6). 

Unpaired two-tailed Student t-tests were used for statistical analysis. 
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Figure 8. Afadin
S1795

 phosphorylation is inhibited by prolonged HFD and becomes 

dispensable for glucose homeostasis. (A) GTT after 18 weeks of LFD (n=5/4/4, 1 cohort) or 

HFD (n=17/17/12, 3 independent cohorts) with area under the curve (AUC). (B) ITT after 19 
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weeks of LFD (n=5/4/4, 1 cohort) or HFD (n=17/17/12, 3 independent cohorts) with area 

under the curve (AUC).  Two-way ANOVA with Tukey post hoc test was used for statistical 

analysis of the time course and one-way ANOVA with Tukey post hoc test was used for 

analysis of AUC and AAC. (C-F) Western blots of indicated proteins extracted from BAT, 

inguinal WAT, quadriceps (muscle) and liver of WT and homozygous Afadin SA mice fed 

for 20 weeks with HFD and stimulated with vehicle (-) or insulin (+) for 5 min. 

 

 

Figure 9. HFD regime dynamically regulates Afadin abundance and phosphorylation. 

(A-F) Western blots and normalized quantification of indicated proteins extracted from 

muscle (quadriceps) (A-C) and liver (D-F) of WT mice fed with HFD for 0, 6 and 20 weeks 

(n= 2 for vehicle, 5-6 for insulin). Two-way or One-way ANOVA with Tukey post hoc tests 

were used for statistical analysis. 
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