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Abstract

ARL15, a small GTPase protein, was linked to metabolic traits in association studies. We aimed 

to test the Arl15 gene as a functional candidate for metabolic traits in the mouse. CRISPR/Cas9 

germline knockout (KO) of Arl15 showed that homozygotes were postnatal lethal and exhibited 

a complete cleft palate (CP). Also, decreased cell migration was observed from Arl15 KO mouse 

embryonic fibroblasts (MEFs). Metabolic phenotyping of heterozygotes showed that females had 

reduced fat mass on a chow diet from 14 weeks of age. Mild body composition phenotypes were 

also observed in heterozygous mice on a high fat diet (HFD)/low fat diet (LFD). Females on a 

HFD showed reduced body weight, gonadal fat depot weight and brown adipose tissue (BAT) 

weight. In contrast, in the LFD group, females showed increased bone mineral density (BMD) 

while males showed a trend towards reduced BMD. Clinical biochemistry analysis of plasma on 

HFD showed transient lower adiponectin at 20 weeks of age in females. Urinary and plasma 

Mg2+ concentrations were not significantly different. Our phenotyping data showed that Arl15 is 
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essential for craniofacial development. Adult metabolic phenotyping revealed potential roles in 

brown adipose tissue and bone development.

Graphical Abstract

The ADP-ribosylation factor like 15 (Arl15) gene was knocked out by using CRISPR-Cas9 

that targeted exon 2 globally. Homozygous mutant embryos exhibited a cleft palate and died 

postnatally. KO MEFs collected at E13.5 showed reduced cell migration in vitro. Heterozygotes 

were viable and exhibited minor metabolic phenotypes such as reduced fat mass on normal chow. 

HFD induced whitening of brown adipose tissue, however, heterozygous female mice showed less 

whitening compared to wildtype. LFD resulted in female heterozygous having an increased BMD.

Keywords

Small GTPases; Cleft Palate; Cell Migration; Adiposity; Bone Mineral Density; Epithelium to 
Mesenchymal Transition (EMT); Intermediate Filament

Introduction

ADP-ribosylation factor-like 15 (ARL15) protein belongs to the ADP-ribosylation factor 

family (ARF). ARF together with four other families: Rab, Ran, Ras and Rho, form the Ras 

superfamily. The ARL15 protein has a functional domain highly homologous to ARF/SAR 

subfamily proteins. The ARF subfamily plays a significant role in vesicle trafficking by 

modulating vesicle budding and uncoating within the Golgi apparatus through cycles of 

GTP/GDP-binding (1). Indeed, ARL15 is predominantly expressed in the Golgi apparatus 

and has been demonstrated to regulate glycosylation of membrane proteins (2–4). However, 

a GTPase function has never been confirmed to date.
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Genome wide association studies (GWAS) linked ARL15 locus to type 2 diabetes, coronary 

heart disease and adiponectin level (5), HDL-C, triglyceride level, insulin resistance 

dependent on peripheral fat storage (6), kidney function (7) and Mg2+ homeostasis (8), 

although these studies do not show functional causality for the ARL15 gene. Rocha et 
al. later demonstrated Arl15’s role in adipogenesis as well as adiponectin secretion in 

3T3-L1 mouse preadipocytes and discovered two human lipodystrophy patients carrying 

heterozygous mutations in the ARL15 gene (2). In addition, ARL15 function has also been 

linked to insulin secretion in a human pancreatic β cell line (9, 10), insulin signalling (11), 

tumour suppression in the mouse (12), upregulation of adiponectin in synovial tissue (13), 

Mg2+ uptake in kidney cell lines (4) and upregulation of TGFβ signalling (14). A recent 

study revealed its molecular function in cargo transport, adhesion and cell motility which is 

ARF1 dependent (15). However, its functional role in a mammalian in vivo system remains 

unknown. Here we generated on a C57BL/6NTac background, a global knockout (KO) of 

the Arl15 gene in mice using CRISPR/Cas9. By extensive metabolic phenotyping, we aimed 

to determine the role of ARL15 in development and metabolism.

Materials and Methods

Designing and breeding for CRISPR/Cas9 induced knockout mice

The Molecular and Cellular Biology team at the MRC Harwell Institute used CRISPR/

Cas9 to introduce indels in exon 2 of the Arl15 gene. The detailed methods have been 

previously published (16). Exon2 is shared by all the transcripts of the Arl15 gene and 

indels in exon2 generated frameshifts in all the transcripts. A sgRNA containing 23 bp 5’ 

AAGTCATATTCAGGGCGCGCAGG 3’, predicted to have the least off-target effect from 

Wellcome Sanger Institute Genome Editing (WGE) website, was used. Genotyping of the 

mutant mice was done with the forward primer 5’ GATGTGCAGTAGTGGGATGCT 3’ 

and the reverse primer 5’ GGAGACAAGGAGGACACAA 3’. Five out of 15 founders 

were found to be mutated and three founder animals were mated to assess the germ-

line transmission of the mutated alleles. An indel containing 2-nucleotide mutations was 

successfully germline transmitted which resulted in a frameshift and the appearance of 

a premature stop codon therefore creating a null allele of Arl15. Briefly, the F1 ARL15-

INDEL-CAS-LINE2-B6N/1.1f founder male that carried the indel mutation in exon 2 of 

Arl15 was backcrossed to C57BL/6NTac females to produce heterozygous F2 animals 

that had the stock code: Arl15-Del2-EM1-B6N. These mice have now been given the 

designation C57BL/6NTac-Arl15em1(IMPC)H/H and can be obtained from the MRC Harwell 

Institute which distributes these mice on behalf of the European Mouse Mutant Archive 

(www.infrafrontier.eu; Repository number EM:10785).

Arl15 lacZ reporter mice generation

We utilized the “knockout first” allele targeted construct from the European Conditional 

Mouse Mutagenesis Program (EUCOMM) to generate lacZ reporter mice for the Arl15 
gene. Briefly, the mouse Arl15tm1a(EUCOMM)WtsiArl15 allele was crossed to a global Cre 

expressing mouse which leads to deletion of the neomycin cassette and exon 2 of Arl15 
upon recombination between the loxP sites. The resulting allele Arl15tm1b(EUCOMM)Wtsi, 

lacZ reporter mice expresses the β-galactosidase gene in tissues where Arl15 would be 
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expressed. Embryos carrying tm1b lacZ allele were collected at E12.5 for x-gal staining to 

investigate where Arl15 gene is expressed in mouse embryo tissues.

Animal Husbandry

Mice were kept and studied in accordance with UK Home Office legislation and local ethical 

guidelines issued by the Medical Research Council (Responsibility in the Use of Animals 

for Medical Research, July 1993; home office licence 30/3146). Procedures were approved 

by the MRC Harwell Animal Welfare and Ethical Review Board (AWERB). Mice were kept 

under controlled light (light 7am–7pm, dark 7pm–7am), temperature (21±2°C) and humidity 

(55±10%) conditions. They had free access to water (9–13 ppm chlorine) and were fed ad 

libitum on a commercial diet (SDS Rat and Mouse No. 3 Breeding diet, RM3, France).

Protein sequence and transcript bioinformatics search

Arl15 transcript information was obtained from the Ensemble browser (https://

www.ensembl.org). A list of ARL15 family members was generated using Panther (http://

www.pantherdb.org/) and they were then mapped using JalView 2.9.0b2 (17) to show the 

conserved motifs at the residue level.

Phenotyping pipeline

Firstly, a small cohort of heterozygous mice (n=6–10) were generated and fed with 

the RM3 diet to assess their body mass and body composition. Then a pilot cohort 

of homozygous, heterozygous and wildtype mice were generated by intercrossing (IC) 

heterozygous F2 mice to assess homozygous viability and evaluate any underlying welfare 

issues. Finally, a cohort of wildtype and heterozygous BC mice were generated for large 

scale of metabolic phenotyping on high fat diet (HFD) (60% fat, D12492, Research 

Diets, USA) and matched low fat diet (LFD) (10% fat) low sucrose (7%) control diet 

(D12450J, Research Diets, USA). To achieve this, heterozygous male Arl15-Del2-EM1-
B6N mice aged between 6–8 weeks were backcrossed to C57BL/6NTac females to produce 

heterozygotes. Therefore, new cohorts of BC mice with n=20–25 (80% power at p=0.01) 

per genotype per sex were generated and weaned onto HFD or matched LFD for metabolic 

phenotyping. Mice in the BC phenotype study were randomised to diet groups and the 

phenotype data collection was blinded to genotype. To do this, progenies were biopsied 

at 2 weeks of age and weaned at 3 weeks of age into cages with the high fat (60%) and 

matched low fat (10%) low sucrose (7%) control diet. All the procedures were carried out 

following the standard protocols according to EMPReSS (European Phenotyping Resource 

for Standardised Screens from EUMORPHIA). A tailored metabolic phenotyping pipeline 

was created to cover body composition, glucose homeostasis, and insulin sensitivity, bone 

density, circulating hormones, lipids, and electrolytes (Supplementary Fig. 7).

Body Composition

Body mass was measured every two weeks from weaning using scales calibrated to 0.01 

g. Body composition was measured using an Echo-MRI (EMR-136-M, Echo-MRI, Texas, 

USA) to determine whole body fat, lean, free water, and total water mass.
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Dual Energy X-ray Absorptiometry (DEXA)

Terminally anaesthetised mice were assessed using a Lunar Piximus II (GE Medical 

Systems, USA) to measure bone density and soft tissue values.

Fasted blood plasma analysis

Mice were fasted overnight, weighed and blood collected from the tail vein into Lithium-

heparin microvette tubes (CB300, Sarstedt, Numbrecht, Germany) under local anaesthetic 

(EMLA cream, Eutectic Mixture of Local Anaesthetics, Lidocaine/Prilocaine, AstraZeneca, 

U.K.). Alternatively, blood was collected from the retro-orbital sinus under a terminal 

anaesthetic. Blood samples were centrifuged at 800 × g for 10 minutes at room temperature. 

The supernatant (plasma) was transferred into a 1.5 mL Eppendorf tube and stored at 

−20°C before testing. Insulin plasma concentrations were measured using a Mercodia 

Insulin ELISA kit (Mercodia, Sweden). Adiponectin levels were measured using a Mouse 

Adiponectin ELISA kit (EZMADP-60K, Merck, Germany). The plasma concentrations of 

glucose, ions (including Na+, K+, Cl−, Ca2+), creatinine, total cholesterol, HDL-C, LDL-C, 

triglyceride, free fatty acids, glycerol, ALP, ALT, and urine creatinine measured on an 

AU400 (Olympus, U.K.). Serum and urinary total Mg2+ concentrations were measured by 

a colorimetric xylidyl-II blue assay kit (Roche Diagnostics, Woerden, The Netherlands), 

according to the protocol provided by the manufacturer. Urine volume was measured in 

order to calculate 24-hour Mg2+ excretion. Haemolysis was recorded from plasma samples 

with AU400 Olympus and analysis of potassium, glucose, triglycerides, and total cholesterol 

levels were carried out by using non-haemolyzed samples. Plasma samples with haemolysis 

score given by two plus (++) flag were excluded.

Urine collection

Urine was collected over 24 hours and their weight measured. Urine creatinine was 

measured on an AU400 Olympus chemistry analyser (Olympus and Beckman Coulter, 

USA), as described (18).

Adult Tissue Collection for RNA, DNA and Protein Extraction

Tissue was collected from adult mice; liver, kidneys, inguinal white adipose tissue, gonadal 

WAT, brown adipose tissue and pancreas were snap frozen in liquid nitrogen using 2 mL 

cryotubes (Nunc, Thermo Fisher Scientific, USA) and stored below −70 °C.

Haematoxylin and Eosin Staining of Tissues

Epi-gonadal WAT, inguinal WAT and BAT were dissected and fixed in 10% neutral buffered 

formaldehyde (Surgipath Europe Ltd, U.K.). Sagittal sections were prepared at a thickness 

of 8 μm across the whole tissue with 50 μm between levels. H&E staining was carried out 

and slides scanned using ZEISS Axioscan 7 (ZEISS, Germany) at magnification of 20x.

Statistical Analysis

Results are expressed as mean ± standard error of the mean (S.E.M.). Statistical analysis 

was carried out using GraphPad Prism Software (GraphPad, USA), version 9.0. Area under 

curve (AUC) analysis was performed using GraphPad Prism and compared using unpaired 
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t-tests as described in the figure legends. The significance levels between genotype groups 

are indicated by asterisks in each figure above the bars: *P<0.05; **P<0.01; ***P<0.001.

Bioinformatic interactome analysis of the CP

Genes associated with craniofacial, cardiovascular, and adipose phenotypes from the 

Mammalian Genome Informatics (MGI) database and Arl15 were organized into a protein-

protein interaction network using String (19). Genes that are first and second interaction 

partners of Arl15 were placed in cluster 1 and the other genes in cluster 2. Both clusters 

were assessed for their overrepresenting KEGG pathways and biological pathways using 

g:Profiler (20).

Micro-CT sample preparation and imaging

Embryos at either 14.5 dpc or 18.5 dpc, were collected, processed and imaged using 

microCT by the CRISPR team at Harwell to generate embryos’ phenotype. Mice were 

mated and detection of a vaginal plug the following morning was considered 0.5 dpc. 

Collected embryos were placed in individual wells of a 6-well plate and fixed in 10 mL 

of 4% paraformaldehyde (PFA) (158127, Sigma-Aldrich, Germany) pH 8.0. E14.5 embryos 

were fixed overnight on a rocker at 4°C and E18.5 embryos were fixed for 7 days on a 

rocker at 4°C. Once fixation was confirmed embryos were stored in 1% PFA, pH 8.0 until 

ready for potassium triiodide (Lugol) staining (32922, Sigma-Aldrich, Germany). Embryos 

were placed in individual glass bijou bottles with 15 mL of contrast agent, 50% Lugol 

solution made up in distilled water (dH2O). These were wrapped in foil to protect from light 

and placed on a rocker at room temperature. E14.5 embryos were contrasted for two days 

without changing the Lugol solution. E18.5 embryos were contrasted for 14 days changing 

the Lugols solution every other day. Following contrast samples were rinsed and then 

washed with dH2O for at least one hour to remove any excess contrast solution. Samples 

were then embedded in 1% Iberose – High specification agarose (AGR-500, Web Scientific, 

UK). 4.5mL CryoTube vials were used to embed up to 4 × E14.5 embryos and a supplied 

sample tube was used to embed up to 2 × E18.5 embryos. Samples were left to set in the 

agarose for a minimum of two hours at room temperature prior to scan initiation.

For imaging each embryo, 3D datasets were acquired using a Skyscan 1172 high resolution 

Micro-CT scanner (Bruker, USA). Scans were carried out with the X-ray source at 80 kVp 

and 124 μA and using an aluminium filter. Using the NRecon software supplied with the 

Micro-CT scanner, slices were reconstructed into digital cross sections by a Feld Kamp 

algorithm for cone beam CT. The resulting 3D dataset is 4000 × 4000 × 2000 voxels of 3 

μm for E14.5 and 5 μm for E18.5. Following reconstruction, 3D datasets underwent further 

processing through an in-house made program, HARP (21), which automatically crops 

tightly around the sample to remove empty data. Once post-processed, datasets were viewed 

in 3D Slicer (http://slicer.org/) or FUJI. To assess the embryo’s phenotype in more detail a 

LAMA pipeline was used, the methods of which can be found in previous published paper 

(22).
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Mouse Embryonic Fibroblast (MEFs) Culture

Timed matings were set up and females were plug checked. Embryos that at 13.5 days post 

coitum (dpc) were collected and cultured. The individual embryo was firstly placed into ice 

old DPBS no calcium, no magnesium (14190144, Gibco, ThermoFisher Scientific, USA) in 

a well of a 6-well plate. The head, liver, heart and four limbs were removed in PBS and the 

body was transferred into 3 mL of 0.25% trypsin (EDTA) (ThermoFisher Scientific, USA) 

and minced using surgical scissors and a scalpel. Tissue was then pipetted up and down 

10 times in a P1000 pipette tip to ensure good dissociation before transfer into a 15 mL 

Falcon tube. The tube was then incubated in 37°C water bath for 10 minutes before 7 mL 

of fresh MEF media (DMEM, 10% FBS) (DMEM 31966021, FBS 10082147, ThermoFisher 

Scientific, USA) was added to deactivate trypsin. The 10 mL cell suspension was then plated 

onto a 10 cm2 tissue culture dish and placed into an incubator. MEFs were passaged 1 in 3 at 

80% confluence.

Wound Healing Assay

The wound healing assay was carried out in the ibidi Culture-Insert 2 Well 24 well plate 

(80242, ibidi®, Germany). Before cells were plated, each insert of the 2 well was coated 

with 60 μg/mL of bovine collagen I (Cultrex®, R&D Systems, USA). Then P3 mouse 

embryonic fibroblasts (MEFs) of Arl15 wildtype (Arl15+/+) (N=3) and homozygous KO 

(Arl15−/−) (N=3) were counted from Countess® Automated Cell Counter (ThermoFisher 

Scientific, USA). 350k cells in 70 μL complete media (5×105 /mL) were plated into each 

insert. The next day, each well was treated with 1 mL of either complete culture media or 

complete media supplemented with 20 ng/mL recombinant human PDGF-BB (PHG0044, 

Gibco, USA), 5 ng/mL mouse recombinant TGF-β1 (7666-MB, R&D® System, USA) or 

10 μM cytochalasin D (C2618, Merck, Germany). Wound healing was imaged every hour 

over 19 hours using BioTek Cytation1 cell imaging machine (Agilent, USA). Images were 

analyzed using Agilent BioTek Gen5™ software. A plug function was used to assign a 

fix area for analysis which was set at 1000 μm (Width) × 500 μm (Length). The percent 

confluency within the wound area was calculated by following the formula below:

%Confluency = Sum Area t − PL PW − W t=0
PLW t=0

Wt=0 is the average wound width (μm) at the first time point, Pw is the image plug width (μm), 

PL is the image plug length (μm), and the Sum Area t is the calculated metric from Gen5 

(μm2).

EdU Click-it proliferation assay

MEFs from passage number 1 were thawed and maintained in 10% FBS in high glucose 

DMEM media (31966021, ThermoFisher Scientific, USA) in 10cm2 cell culture dishes. 

Cells were split 1 in 3 when reaching 80–90% confluency. To capture cell proliferation, EdU 

was pulse labelled 24 hours before serum starvation (T-24) in complete culture medium with 

10% FBS, 24 hours post serum starvation (T0) in 0.01% FBS in DMEM medium and 24 

hours post recovering in complete culture medium (T24). Each labelling was carried out by 

Bai et al. Page 7

FASEB J. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adding EdU to culture medium at each time point at a final concentration of 20 μM and 

cells incubated for 30 minutes (37°C, 5% CO2). Cells were then spun down at 400 × g 
for 3 minutes and washed with DPBS at room temperature. Finally, cells were fixed with 

4% paraformaldehyde and stored at 4°C before proceeding to EdU staining. EdU Click-iT™ 

EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit (C10419, ThermoFisher Scientific, 

USA) was used following the manufacturer’s instructions. FxCycle™ Violet Ready Flow™ 

Reagent (R37166, ThermoFisher Scientific) was used for DNA content staining.

Flow cytometry

CytoflexS (Beckman Coulter, USA) was used for EdU and DNA content fluorescent 

counting. 12×75 mm tube containing 200–500 μl of 1×107 cells were loaded and 10,000–

30,000 events were recorded with a flow rate set as slow. FSC data was analysed by FlowJo 

(BD, USA). SSC-A vs FSC-A was firstly used for gating cells and Width-FSC vs FSC-A 

used for gating singlets and live singlets were gated based on DNA signal vs FSC-A. Then 

EdU fluorescence was plotted against DNA content. S phase was manually selected based 

on positive EdU signals present in cells that had both 2N and 4N DNA content.

Immunoblotting

Mouse soft tissues such as brain, liver, pancreas, kidney, spleen and testis were homogenized 

using CK14 precellys and hard tissues such as skeletal muscle, heart, gWAT, iWAT, BAT and 

lung were homogenized using CK28 precellys on a Precellys 24 Homogeniser (Precellys, 

Bertin Technologies, France). Tissues were lysed in the T-PER™ lysis buffer (78510, 

ThermoFisher Scientific, USA) with 1 X cOmplete protease inhibitor cocktail (EDTA free, 

1 μl / 100 μl lysis buffer, Sigma-Aldrich, Germany) and 1 X PhosStop phosphatase inhibitor 

cocktail (1 μl / 100 μl lysis buffer, Sigma-Aldrich, Germany). Lysates were placed on ice 

for 30 minutes and cellular debris removed by centrifugation for 15 min at 13,000 rpm 

(865 ×g, Beckman-Coulter Allegra 25R, TA-15 rotor, USA) at 4 °C. The supernatant was 

removed to a pre-chilled 1.5 mL tube and stored at −80 °C. The protein concentrations 

of the supernatant were determined using the DC Protein Assay Reagent (BioRad,USA). 

Protein lysates were read against a known bovine serum albumin (BSA) standard curve. 

20 μg of protein lysates were separated using a 4–12% gradient Bis-Tris ready mini 

polyacrylamide gel (Invitrogen, USA) or alternatively 4 μg of protein lysates were separated 

using Simple Western Wes capillary system (Bio-Techne, USA). Protein run on precast 

gel was then electro-transferred using iblot (Invitrogen, USA) onto a PVDF membrane 

for 7 minutes. Rabbit anti ARL15 (Ab178425, Abcam, UK), rabbit anti Vimentin (Cell 

Signalling #5741, CST, USA), rabbit anti β-catenin (Cell Signalling #8480, CST, USA), 

rabbit anti TRPM7 (Ab245408, Abcam, UK) were diluted 1:1000 in 5% milk in TBST 

and were added to membranes and incubated at 4°C overnight. HRP-conjugated secondary 

antibody at 1:2000 was used, and binding of primary antibody was then detected by 

enhanced chemiluminescence (ECL) (Pierce™ ECL Plus, ThermoFisher Scientific, USA). 

Visualization of protein on CL-XPosure™ (ThermoFisher Scientific, USA) autoradiography 

film was developed using the Compact X4 imaging system (Xograph, USA). Membranes 

were then re-blocked for 1 hour at room temperature before a loading control antibody 

Actin (MAB1501R, Merck, Germany) or Gapdh (Ab9485, Abcam, UK) or Vinculin (V9264, 
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Sigma-Aldrich, Germany) was probed overnight at 4 °C. Simple Western data was analysed 

by Compass for Simple Western software.

Quantitative PCR

RNA was extracted from iWAT, gWAT, kidney and 3T3-L1 cells (ATCC, CL-173, USA) 

using the Direct-zol RNA Kit (Zymo Research,USA) and the concentration was determined 

using Nanodrop. Superscript III reverse transcriptase (18080093, ThermoFisher Scientific, 

USA) was used to synthesise cDNA and a TaqMan system (Applied Biosystems™ 

7500 Fast Dx Real-Time PCR Instrument) (ThermoFisher Scientific, USA) was used to 

perform qPCR. Customized Arl15 FAM labelled TaqMan Probes (Arl15-201: Forward 

Primer: AGCCCGGAGAACGTTGTG, Reverse Primer: TCTGGAATGGCACTGCCTTT, 

Probe: CGACCACAGGTTTT; Arl15-202: Forward Primer: GCCCGGAGAACGTTGTGT, 

Reverse Primer: CGGCTCCAGTATTTCCGGATA, Probe: ACCACAGGAGCTGAC; 

Arl15-203: Forward Primer: TTCTGTACATGGATTATCTGGTCACTT, Reverse Primer: 

CCACCAAAATGGAAAAAAAAGAAAC, Probe: TAAATTGGTGTGACAATAGA) were 

used to analyse samples in triplicate. Gene expression was normalised in relation 

to the expression of house-keeping genes Canx (Mm00500330_m1) and Rpl13a 
(Mm01612986_gH). qPCR primer sequences for Mg2+ transport is listed below: Trpm6 
Fwd: CTTCACAATGAAAACCTGCCC, Rev: AAAGCCATGCGAGTTATCAGC; Trpm7 
Fwd: AGGATGTCAGATTTGTCAGCAAC, Rev: CCTGGTTAAAGTGTTCACCCAA; 

Gapdh Fwd: TAACATCAAATGGGGTGAGG, Rev: GGTTCACACCCATCACAAAC; 

Cnnm2 Fwd: GTCTCGCACCTTTGTTGTCA, Rev: GTCGCTCCGACTGAGAGAAT; 

Cldn16 Fwd: GTTGCAGGGACCACATTAC, Rev: GAGGAGCGTTCGACGTAAAC; 

Slc41a1 Fwd: CATCCCACACGCCTTCCTGC, CATCCCACACGCCTTCCTGC; Slc41a3 
Fwd: CTTCGGCCACTGGCATTCTG, Rev: GATGGCAAGGTAGGAGATGG.

Immunoprecipitation and GTPases Glow Assay

HEK293T (ATCC, CRL-3216, USA) cells (2.5–3 million) were plated on 10 cm2 tissue 

culture plates (Nunc, USA) the day before transfection. Next day, 10 μg of DNA encoding 

ARL15 A86A, A86L and A86Q and empty vector were transfected with jetPEI® (Poly 

plus, France) according to manufacturer’s instruction. For each transfection, 6 plates were 

used. Thirty-six hours after transfection, plates were washed 3 times with ice cold PBS 

and cells were collected in 0.5 mL ice cold lysis buffer (50 mM HEPES pH8.0, 150 mM 

NaCl, 1 mM EDTA, 0.2 mM DTT, 1% Triton-X100 (93443, Sigma-Aldrich, Germany) and 

EDTA free protease and phosphatase inhibitors) and left on ice to lyse for 15 minutes. 

Lysed cells were centrifuged at 4°C for 15 minutes and the supernatant was collected, and 

protein concentrations measured by a BCA protein assay (Pierce, ThermoFisher Scientific, 

USA). ARL15 protein expression was verified by western blotting using rabbit ARL15 

antibody (Ab178425, Abcam, UK) and mouse Flag antibody (F1804, Sigma-Aldrich, 

Germany). Then each 0.5 mL protein extract was mixed with 20 μL of M2 flag resin 

(F2426, Sigma-Aldrich, Germany) that was washed and equilibrated in lysis buffer and 

incubated overnight at 4°C. After overnight incubation, flag resin with bound protein was 

collected by centrifugation at 1500 × g for 30–60 seconds and the supernatants were 

discarded. Resin from multiple transfections were pooled and washed with 900 μL of 

lysis buffer for 3 times with 30 minutes each. Finally, bound protein was eluted with 50 
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μL of lysis buffer containing 300 ng/μL flag peptide (F3290, Sigma-Aldrich, Germany) 

overnight. Resin bound protein slurry was used for GTPase-Glo™ Assay (Promega, USA). 

For GTPase-Glo Assay, we first titrated the amount of small G proteins to validate the 

performance of the kit. 2500 ng of each recombinant human KRAS (ab268714, Abcam, 

UK) and recombinant human ARL15 (ab113118, Abcam, UK) protein was serially diluted 

and tested for their intrinsic GTP hydrolysis activities according to the manufacturer’s 

instructions. After confirming the kit’s performance, 40 μL of slurry from each condition 

was used in the assay.

BAT image analysis

A subset of the data was used for manual annotation to train a random forest pixel classifier 

in ilastik. 1.4.0. which was then used to generate segmented images of the whole dataset. 

The segmented images were then analysed by a customized ImageJ (23) Macro script that is 

available on request. Particles Plugin data were normalized to the total area that the whitened 

adipocytes were originally derived from.

Results

Arl15/ARL15 exons, transcripts, and predicted proteins

We initially evaluated the gene structure, transcripts and proteins encoded by the Arl15/

ARL15 locus in mouse and human. There are three annotated Ensemble transcripts in 

the mouse, Arl15-201 (ENSMUST00000091201.6), Arl15-202 (ENSMUST00000224068.1) 

and Arl15-203 (ENSMUST00000224858.1) with the latter likely subject to nonsense 

mediated decay (Supplementary Fig. 1A and Supplementary Fig. 2A). The Arl15-202 

transcript skips exon 3 of the Arl15-201 transcript.

To find out which transcripts are expressed in adipose tissue we extracted mRNA from 

3T3-L1 cells, inguinal and gonadal mouse adipose tissue and carried out quantitative PCR 

(Supplementary Fig. 1B). The Arl15-202 transcript is present at approximately 35% of the 

level of Arl15–201 and the Arl15-203 transcript is near the limits of detection. To assess 

protein expression, we used Western Blotting on mouse tissues, including brain samples 

from our homozygous knockout mouse (see below) as a specificity control, and found 

that ARL15 was widely expressed and was detectable in adipose tissue (Supplementary 

Fig. 1C). Next, we compared human and mouse sequences and gene structure. Although 

more transcripts are annotated for the human genome in Ensemble, there is a transcript 

in each with 5 exons annotated in both mouse and human transcripts that encode a 

highly conserved (see below) 204 amino acid protein (Arl15-201 (mouse) and ARL15–202 

(human), Supplementary Fig. 1D and 2B).

To understand the function of the ARL15 protein at the amino acid level, we mapped 

the conserved domains of ARL15 along with its 35 family members obtained from the 

Panther website. As shown in Supplementary Fig. 3A, by setting the conservation score to 

50, ClustalO aligned 36 sequences according to homology and the conserved residues are 

highlighted in purple. Similar to other small GTPase proteins, full length ARL15 has five G 

boxes (highlighted in the orange rectangles) which facilitate guanine nucleotide binding and 
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Mg2+ coordination. The shorter length ARL15 translated from isoform Arl15-202 (missing 

exon 3 of the Arl15-201 transcript) doesn’t have a Switch II domain therefore might result 

in a protein that has a diverged function. Also, the Gln (Q) of DxxGQ motif which normally 

carries intrinsic GTP hydrolysis activity is not conserved in ARL15 (Glut(Q) to Ala (A)), 

thus ARL15 may not have any intrinsic GTP hydrolysis activity (14, 15). Comparing human 

ARL15 and KRAS proteins, the latter has a conserved Q residue and shows weak intrinsic 

GTP hydrolysis activity (Supplementary Fig. 3B). In order to evaluate ARL15 activity 

further, we then carried out a GTPases assay comparing the mouse wildtype A86A with 

A86Q and a mutant A86L that locks ARL15 in a GTP bound active (GTP non-hydrolysable) 

form. We did not observe any significant intrinsic GTP hydrolysis activity for any of the 

constructs A86A, A86L or A86Q (Supplementary Fig. 3B−D). These data are consistent 

with the work of Shi et al. who showed that wildtype ARL15 has very low intrinsic 

GTPase activity which is substantially increased on interaction with Smad4 and Smad2 

GAPs (14). As expected, the A86L mutation abolished all activity. We also observed in 

G4 box of ARL15 that Lysine (K) is not conserved in NKQD motif but instead is a 

His (H). Given lysine and histidine are both positively charged amino acids with similar 

biochemical properties, G4 box function probably is still conserved and is important for 

guanine nucleotide binding (24).

Validating the CRISPR/Cas9 induced Knockout of gene Arl15

In order to evaluate the function of the Arl15 gene in vivo we made a knockout mutation 

in the mouse using CRISPR/Cas9 to introduce an indel in exon 2 of the Arl15 gene 

(ENSMUSE00000568635). A sgRNA designed for the highest specificity against Arl15 in 

the mouse was recognized by Cas9 thus creating a double strand break in the genome. 

Non-homologous end joining (NHEJ) repair resulted in random insertions or deletions 

(Figure 1A) in the desired genomic region. We recovered an indel mutation that led to a 

frameshift of the open reading frame (ORF) and the creation of a premature stop codon 

(Figure 1B), and thus was predicted to be degraded by nonsense mediated decay resulting in 

a null knockout (KO) allele of ARL15. Knockout of ARL15 protein was then confirmed by 

Western Blotting using brain protein lysates from P1 male pups, probed with a commercial 

ARL15 antibody. We observed a reduction of ARL15 protein in the heterozygous mice 

and no protein expression in the homozygous mice (Figure 1C), confirming the successful 

generation of a KO allele.

Homozygous Knockout mice die postnatally

To evaluate the welfare and viability of homozygous knockout mice, pilot intercross matings 

were generated and offspring were collected and genotyped at embryonic stage E14.5, E18.5 

and postnatally before and after weaning. Homozygous and heterozygous embryos at both 

embryonic timepoints were present at a Mendelian ratio of 1:2 indicating viability until 

birth (Table 1, Figure 2, 2B). However, out of 78 pups present before weaning we found 

significantly fewer homozygotes than predicted (observed=6; expected=20, p=0.0002) and 

none of these were present after weaning (observed=0, expected=20, p<0.0001) (Figure 2C). 

These results showed that the Arl15 homozygous KO was postnatally lethal.

Bai et al. Page 11

FASEB J. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Homozygous Knockout mice exhibit a complete cleft palate

In order to investigate the observed postnatal lethality and to evaluate any other defects 

arising during development we carried out a histology and pathology analysis using the 

Harwell International Mouse Phenotyping Consortium pipeline (IMPC). The homozygous 

KO mice were born vital but began to die within several days after birth. Examination of 

homozygous Arl15 KO pups at one day old (P1) showed a swollen abdomen without a 

milk spot and a complete cleft palate (CP) (Figure 3A−B). A P1 homozygote with CP was 

fixed and embedded in paraffin for sectioning and H&E staining. The staining of sections 

with H&E showed a clear gap in the palate as indicated by the red arrow (Figure 3C). In 

order to investigate the closure of palate shelf in detail, six Arl15 KO embryos at E14.5 

and four Arl15 KO embryos at E18.5 were examined by Micro-CT. A delayed elevation of 

the palate shelf was observed in all KO embryos at E14.5 (Figure 3D, one representative 

animal shown, Supplementary Fig. 4A, all KO embryos at E18.5) and then fusion of the 

palate shelf stopped, leaving a gap in the Arl15 KO as shown in Figure 3E at E18.5. The 

initiation of primary palate development in mouse starts from day E11.5 and ends at day 

E17 with complete fusion of the palatal shelf (25). The whole process is composed of three 

major stages: 1) vertical growth of the shelves away from the maxilla along the side of the 

tongue, 2) elevation of palatal shelves to acquire a horizontal position above the tongue, 

3) formation of the midline epithelial seam (MES) by fusion of the medial edge epithelia 

(MEE) of the two opposing palatal shelves at the midline of nasal oral cavity (26–29). In 

order to investigate where Arl15 gene is expressed during palatogenesis, we used a tm1b 
lacZ Arl15 reporter mouse line, collected embryos at E12.5 and stained with x-gal, and 

found positive staining in primordium primary palate, cartilage primordium of nasal septum 

and the tongue as indicated by arrows (Figure 4). In addition, we also observed a sexual 

dimorphism in palatal shelf elevation as female palate shelf showed a delayed elevation in 

comparison to male palatal shelf at E14.5 in the wildtype C57B/6N mice (Supplementary 

Fig. 4B).

In order to screen for other developmental phenotypes, Micro-CT data was manually 

analysed using 3D Slicer software followed by a high throughput computational pipeline 

called LAMA (22). Two wildtype embryos were used in the primary screen to identify 

phenotypes that are highly penetrant. From manual interrogation, the tongue of homozygous 

KO animals was hunched because the development of the mandible was delayed 

(Supplementary Fig. 4C). The upper incisors did not contrast as well in all 6 KO 

embryos at E14.5, compared to the wildtypes, indicating a delay in maturation of the 

upper incisors (Supplementary Fig. 4D). However, no difference was found when examined 

at E18.5 (Supplementary Fig. 4C−4D). When subsequently a larger number of wildtype 

mice were used in the LAMA platform, to increase the confidence in identifying novel 

phenotypes, bigger eyes from both E14.5 (Cohens_D=1.439511; p=4.28E-04) and E18.5 

(Cohens_D=0.859047; p=4.44E-05) (Supplementary Fig. 5) were observed.

Interactome analysis of Arl15 and genes that are associated with craniofacial and adipose 
phenotypes

To assist in understanding the role of ARL15 in CP and the biological pathways ARL15 

might be involved in, we carried out an interactome analysis. The KEGG pathways 
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from Cluster1 were all pertaining to different cancers where the top over-represented 

term was ‘Pathways in Cancer’ (q = 8.66 ×10−33). Cluster 2 representing genes in the 

phenotypic network but further away from Arl15 were over-represented in 3 signalling 

pathways including TGFβ signalling (q= 1.77 × 10−5), hedgehog signalling (q= 5.31 × 

10 −12) and pluripotent stem cell signalling (q=1.64 × 10−18) (Figure 5). Nevertheless, 

most genes in cluster 2 were not part of any enriched/over-represented pathway in the 

network. Among the top 200 biological pathways that were shared between them, regardless 

of heart, muscle, and embryo development, it was notable that morphogenesis of an 

epithelium, cell population proliferation, regulation of locomotion and cell differentiation 

and mesenchyme development were overrepresented and potentially consistent with CP 

abnormalities (Supplementary Data Table T2).

Homozygous Knockout embryonic fibroblasts have impaired migration

The formation of bone and cartilage structures in the head and face occurs during embryonic 

development and is regulated by a coordinated network of transcription factors and 

signalling molecules that regulate cell proliferation, migration, cellular polarity and cell-cell 

interactions as the palate forms and fuses (30). To investigate whether cell proliferation and 

migration were affected by knocking out of the Arl15 gene, we carried out a wound healing 

assay using mouse embryonic fibroblasts (MEFs) isolated at E13.5. During a 19-hour wound 

healing process, homozygous KO MEFs showed a significant (individual student t-test) 

reduced migration compared to wildtype MEFs between 9h (p=0.0425) and 14h (p=0.006). 

When we adjusted the p values for multiple comparisons using the Holm-Sidak’s method, 

a significant reduction in migration was observed at 12h (p=0.0376; Figure 6A−B). TGFβ 
signalling is one of the major pathways that are involved in the process of palatogenesis 

(31, 32). We therefore added recombinant TGFβ1 into the complete culture media to 

attempt to rescue the impaired migration. However, there was reduced migration in both 

wildtype and homozygous KO MEFs and no difference was observed between the genotypes 

(Supplementary Fig. 6). Because the closure of the wound is due to the combination of 

cell proliferation and migration, it is not clear whether cell proliferation was responsible 

for the closure of the gap. Therefore, we carried out cell proliferation assays using 

EdU labelling of MEFs in S-phase. We synchronized MEFs by serum starvation before 

they were recovered with complete medium supplemented with 10% FBS. Both wildtype 

and homozygous Arl15 KO restarted proliferation but no difference in cell proliferation 

was observed between genotypes (Figure 6C). We then decided to investigate epithelial 

mesenchymal transition (EMT) because epithelial cells located near the dorsal midline of 

the neural tube undergo primary EMT to form migratory neural crest cells along the AP 

axis before differentiating into derivatives including craniofacial bone and cartilage and 

glia cell, pigment cells, glia cells of the peripheral nervous system (33). To investigate 

if EMT is perturbed in homozygous Arl15 KO MEFs, Western Blotting was carried out. 

After normalizing to loading control β-actin, Vimentin showed significant reduction while 

β-Catenin was not affected in the homozygous Arl15 KO MEFs (Figure 6D, 6H). Given 

ARL15 was shown to interact with CNNM1–4 and TRPM7 (34) while TRPM7 is also 

involved in regulating migration in breast cancer cells (35), we examined the TRPM7’s 

protein level in homozygous Arl15 KO MEFs and observed a significant reduction in 

TRPM7 in the homozygous KO MEFs (Figure 6E, 6F, 6G, 6H).
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Heterozygous female knockout mice showed reduced fat mass and in both sexes a 
dimorphic difference in bone mineral density

Two female patients with lipodystrophy were reported to have mutations in one allele of 

the Arl15 gene leading to loss of function and haploinsufficiency of the gene, warranting 

further investigation of this gene as a candidate for metabolic diseases (2). To evaluate the 

effect of haploinsufficiency of Arl15 on lipodystrophic traits in the mouse, we measured 

body composition using EchoMRI in the pilot cohort of mice on a RM3 diet. Female 

heterozygous Arl15 KO mice showed no differences in body weight or lean mass but did 

exhibit reduced fat mass as measured by Area Under Curve (AUC, p=0.0410) and significant 

differences at individual timepoints between 14 and 18 weeks of age (uncorrected p=0.0219, 

0.0149 and 0.0016 respectively, and at 18 weeks after Holm-Sidak correction for multiple 

comparison (corrected p=0.010) (Figure 7). In contrast, male heterozygous KO mice on 

RM3 diet did not show a difference in body composition compared to wildtype colony mates 

(Figure 7).

Having observed reduced fat mass in female heterozygous KO mice on RM3 diet, we 

then bred a larger better powered cohort of mice to fully investigate the phenotype over 

32-weeks (Supplementary Figure 7). Further, we challenged these mice with HFD (60% fat) 

to exacerbate traits and compared them to mice fed with a matched low fat (10% fat) diet 

(LFD). Lipodystrophy patients have impaired subcutaneous fat storage thus excess fat is 

stored centrally, and this leads to lipid toxicity in internal organs such as liver and muscle. 

By challenging with a HFD, we aimed to study adipose tissue expandability in a depot 

specific fashion. To evaluate any gross growth defects, we also measured body length of 

the heterozygous KO and wildtype colony mates on the two diets and found no genotype 

differences (Supplementary Fig. 8). No differences between AUCs for body weight, fat and 

lean mass over time were observed in both male and female heterozygous Arl15 KO mice 

compared to wildtype colony mates on either diet aged up to 22 weeks of age (Figure 

8A and B). However, 10 weeks later at 32 weeks, female heterozygous Arl15 KO mice 

on HFD showed decreased (Δ= −5.326 ± 2.288 (difference between the means ± SEM), 

P=0.0318) body weight (Figure 8C and D). To investigate whether Arl15 had a role in bone 

development, given that bone and adipose arise from the same cell lineages, we used DEXA 

to measure bone mineral density (BMD) (Figure 8C and D). Heterozygous Arl15 KO female 

mice on LFD showed a significant increase in BMD (Δ= 0.004 ± 0.001, P=0.0063) but no 

difference on an HFD. In comparison, heterozygous Arl15 KO male mice on HFD showed a 

trend for decreased BMD (Δ=−0.004 ± 0.001, P=0.0612) but no difference on LFD (Figure 

8C).

In order to investigate Arl15’s role in adipose tissue further, we dissected the gWAT, 

BAT and iWAT and weighed them. No changes were observed in dissected subcutaneous 

fat depot weights (inguinal white adipose tissue, iWAT). However, for visceral gonadal 

white adipose tissue (gWAT), and interscapular brown adipose tissue (BAT), there was 

a significant decrease in both gWAT (Δ=−0.07154 ± 0.03350, P=0.0467) and BAT (Δ= 

−0.1409 ± 0.04694, p=0.0077) weight in female heterozygous Arl15 KO on HFD. Given the 

observed bodyweight difference in females on a HFD at 32 weeks, we normalised gWAT 

and BAT to body weight which resulted in gWAT losing significance (p=0.9118 unpaired 
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Mann Whitney test) whilst the BAT significance was reduced (p=0.0162, data Y=log(Y) 

transformed to normalise distribution and analysed with an unpaired t-test). In comparison, 

male mice on HFD at 32 weeks of age showed a trend for decreased BAT weight (Δ= 

−0.08400 ± 0.04522, p=0.0796). When we evaluated female mice on a HFD by H&E BAT 

histology, we observed qualitatively less large white lipid droplets in heterozygous female 

KO mice (Supplementary Fig. 9). We then carried out high-throughput image analysis of 

the dissected BAT embedded and stained with H&E in order to quantify the amount of lipid 

droplet area between wildtype and heterozygous mice (Figure 8E). A reduction of whitened 

adipocyte area in BAT was observed in female heterozygous mice compared to wildtype 

and the distribution of fat area per analysed area showed a shift towards smaller area in the 

heterozygous mice (Figure 8F). Finally, in order to investigate if Vimentin is involved in 

fat tissue function, we carried out western blotting using gWAT and BAT tissue lysates. A 

reduction of Vimentin protein was observed in heterozygous BAT tissue lysates (Figure 8G) 

while no changes were observed in the gWAT tissue lysates (Supplementary Fig. 10).

Heterozygous knockout mice showed minor disturbances in plasma adiponectin

Decreased adiponectin has been associated with genetic variants in the Arl15 gene locus in 

humans and a functional study in the mouse 3T3-L1 cell line showed a reduced adiponectin 

secretion when Arl15 was knocked down by shRNA (2). We therefore measured plasma 

adiponectin at 20 and 32 weeks of age. There was a significant decrease in heterozygous 

female (Δ= −3.42 ± 1.585, P=0.0407) plasma adiponectin levels, however, this disappeared 

at the terminal time point, 3 months later at 32 weeks of age (Figure 9A).

As an indication of glucose homeostasis, we measured plasma insulin and glucose 

concentrations. No differences were observed by genotype arguing against any significant 

hyperinsulinemia or hyperglycaemia in heterozygotes, as would likely be observed in 

lipodystrophy (Figure 9B, C and D).

Given GWAS showed that ARL15 locus was associated with kidney function and 

magnesium homeostasis (8), we analysed serum and urinary Mg2+ concentrations in male 

and female Arl15+/+ and Arl15+/− mice. Serum and urinary Mg2+ concentrations did not 

alter significantly between wildtypes and heterozygotes (Figure 10A−D). However, Mg2+ 

excretion was nearly 3 fold lower in female mice on a high fat diet, independent of their 

genotype (Figure 10D). The expression of genes involved in renal Mg2+ transport was 

evaluated by RT-qPCR. The expression of Trpm6, Trpm7, Slc41a1, Slc41a3, Cnnm2 and 

Cldn16 did not change between genotypes (Supplementary Fig. 11). Also, western blotting 

showed no change of TRPM7 protein level in kidney tissues from Arl15 heterozygous mice 

(Supplementary Fig. 11B).

Finally, we analysed lipid and cholesterol plasma concentration in heterozygous Arl15 KO 

mice and showed unaltered blood lipid level in both sexes on both diets (Supplementary 

Fig.12).
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Discussion

In this study, we report a CRISPR/Cas9 induced frameshift mutation knockout mouse model 

of the Arl15 gene. Homozygous KO mice die postnatally and exhibit cleft palate (CP) while 

heterozygous female mice showed a mild reduced adiposity phenotype. We also showed that 

the CP phenotype is likely due to impaired cell migration, rather than a proliferation defect, 

concomitant with repressed Vimentin and TRPM7 in Arl15 homozygous KO. Heterozygous 

KO are viable and exhibit few metabolic disturbances.

The homozygous KO embryos developed a craniofacial defect as manifested by complete 

CP at full penetrance and delayed maturation in upper incisors, deformed tongue, and 

bigger eyes. Our homozygous Arl15 KO embryos had a delayed elevation of palatal shelf 

as manifested by failure in acquiring the horizontal orientation and lack of fusion activity 

from the opposing shelves. Interestingly, we also observed a sexual dimorphism in palatal 

shelf elevation as female wildtype mice showed delayed elevation of palatal shelf compared 

to male wildtype mice which is consistent with observation in human (36) and mouse (37). 

In normal craniofacial development, flattening of the tongue reduces the dorsal arch of the 

tongue thus creating more space above it for palatal shelf elevation, causing the tip of the 

tongue to protrude out of the oral cavity (38). Due to delayed mandible development, tongue 

flattening was obstructed. It would be useful to include screening of the gene ARL15 for 

variants in human patients that have syndromic CP in the future.

We excluded the possibility that the delayed migration was due to proliferation even though 

our bioinformatic analysis pointed to cancer pathways associated with the craniofacial and 

metabolic phenotypes in Arl15 and previous evidence pointing ARL15 being a tumour 

suppressor gene in the mouse (12). Craniofacial structure originates from the neural crest 

cell lineage, a group of multipotent stem cells that can differentiate into cranial, cardiac, 

vagal and trunk derivatives as they migrate along the anterior and posterior axis of the 

embryo via epithelial to mesenchymal transition (39–42). When we investigated the EMT 

process with Arl15 KO MEFs cells, Vimentin was reduced significantly. Vimentin belongs 

to the intermediate filament (IF) which along with actin filament and the microtubule 

filament form the cytoskeleton in a eukaryotic cell. Type III IF is involved in cell migration, 

wound healing, and tissue regeneration (43). It is expressed in mesenchymal cells such as 

fibroblasts, smooth skeletal muscle cells and white blood cells (44). Therefore, we suggest 

as a focus for future studies, that Arl15 may have a role, either directly or indirectly, 

in maintaining the mesenchymal status of cells via Vimentin which, when repressed, 

contributes to delayed migration.

We also demonstrated that TRPM7’s expression was low in homozygous Arl15 KO MEFs. 

TRPM7 has a variety of physiological roles including regulating Ca2+/Mg2+ homeostasis, 

the kinase domain enables its role in phosphorylating target proteins that are involved 

in embryogenesis (45), cell migration (46), cell viability (47) and cell proliferation (48). 

Two independent studies recently demonstrated that ARL15 inhibits TRPM7 activity (34, 

49). Reduced TRPM7 expression may, therefore, be a compensatory response to prevent 

an overload of Ca2+/Mg2+ influx in ARL15 KO MEFs. Because TRPM7 was previously 

reported to regulate Vimentin’s expression via affecting Ca2+ influx by EGF signalling (50), 
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and EGFR was predicted by our bioinformatic analysis to be interacting with Arl15, we 

postulate that ARL15 might regulate Vimentin’s expression via regulating TRPM7’s activity 

during early embryogenesis. Indeed, ARL15 can regulate the channel activity of TRPM6, 

which is the closest homologue of TRPM7 (8). TGFβ1 failed to rescue the migration defect 

possibly due to cells becoming growth arrested by TGFβ1 during the wound healing assay 

(51). Whether Arl15 is participating in TGFβ signalling during the palatal shelf elevation 

and fusion requires further study. Nevertheless, the migration study was limited by our use 

of MEFs because they can’t fully represent the cellular function of neural crest cells as 

located at anterior or posterior region of the palatal shelf, it would be interesting to carry 

out further experiments using embryonic palatal mesenchyme cell cultures in future studies. 

However, reduced Vimentin and TRPM7 observed in homozygous Arl15 KO form a good 

foundation for future mechanistic study of palatogenesis.

Two female patients with a severe insulin resistance phenotype, one with femoral gluteal 

lipodystrophy and one with partial lipodystrophy, have been found to have heterozygous loss 

of function ARL15 variants, a nonsense mutation, and a splice site mutation, respectively 

(2). However, in the study reported here, mice heterozygous for the Arl15 KO did 

not develop overt lipodystrophy. Female mice showed evidence of mildly reduced fat 

mass, dependent on diet, but did not exhibit signs of severe insulin resistance such as 

hyperinsulinemia and hyperglycaemia. Although gWAT and BAT depot weights were 

both reduced, only BAT mass reduction persisted after normalising to body weight, 

suggesting that gram white adipose differences reflect overall body composition changes. 

The decreased BAT mass in Arl15 heterozygous KO on HFD analysed by histology 

indicates a role Arl15 plays in reducing fat accumulation in BAT on an HFD. However, 

whether this is due to less differentiation of brown adipose precursor cells or increased 

lipolysis of the adipocytes requires additional investigation. Further, a reduction of Vimentin 

was observed in brown adipose tissue lysates in the female heterozygous mice on HFD. This 

suggests a role for ARL15 in the regulation of Vimentin and brown adipose tissue whitening. 

Interestingly, Vimentin has previously been shown to be involved in binding to β3AR in 

adipocytes from a proteomic study (52) and is also involved in lipolysis via direct binding 

to perilipin protein at the lipid droplet surfaces (53). Therefore, investigating the role of 

ARL15 in regulating brown adipose tissue mass and function is a promising future avenue 

for research.

The disturbances in metabolic traits observed in Arl15 KO mice contrasts with patients 

that have heterozygous mutations of this gene and developed lipodystrophy accompanied 

by insulin resistance (2). This discrepancy could be explained by species differences or 

potentially by the involvement of other genes in these patients. However, the phenotypes 

Arl15 KO mice developed are similar to patients with a dominant Vimentin variant mutation. 

Human genetic variants in Vimentin, depending on the domain affected, causes cataract, 

premature aging with progeroid syndromes, and abnormalities in adipose and ectodermal 

tissues (54, 55). A phospho-deficient Vimentin knock-in in mice revealed its role in fat 

accumulation, skin aging and neuronal differentiation (56–58).

Our mice showed a decrease in circulating adiponectin in heterozygous female mice on 

HFD at 20 weeks of age although surprisingly this phenotype was not observed at 32 weeks 
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of age. This discrepancy may indicate an impact of ageing on adiponectin level. Human 

studies have provided some evidence of the effect of ageing on adiponectin levels (59, 60). 

Adiponectin levels are reported to be increased with age in males possibly due to a decrease 

in adiponectin clearance in the kidneys of older people (60). Therefore, a combination of 

examination of adiponectin secretion in adipose tissue with kidney clearance of adiponectin 

should be considered to determine final plasma adiponectin level.

Osteoclast mediated bone resorption and osteoblast mediated bone formation needs to be 

well balanced to maintain bone volume (61). Arl15 heterozygous KO female mice showed 

an increased BMD on LFD while Arl15 heterozygous KO male showed a decreased BMD 

on HFD. This demonstrates an opposite effect of Arl15 mutation on BMD in different sexes 

revealing a sex × diet × genotype interaction. Given bone and fat share the same lineage by 

differentiating from the mesenchymal stem cells, Arl15’s role in cell fate determination in 

early mesenchymal stem cells as affected by different diets could be studied further.

ARL15 has been demonstrated as a regulator of several Mg2+ channels and transporters, 

including TRPM6, TRPM7 and CNNM3 (4, 8, 34, 49). Moreover, a GWAS associated 

ARL15 with urinary Mg2+ levels and knockdown of arl15b expression in zebrafish 

larvae decreased their Mg2+ content (51). However, in our study urine and plasma Mg2+ 

levels were normal in heterozygous KO on both HFD and LFD. Although Trpm6 and 

Cnnm2 expression was not altered, compensatory mechanisms may prevent Mg2+ loss e.g., 

increased Mg2+ transport in the proximal tubule or thick ascending limb (TAL). Kidney-

specific ARL15 mice may be required to observe a kidney phenotype.

In summary, we identified Arl15 as a new mouse CP gene and created a novel mouse 

model for the study of craniofacial development. We also identified preliminary molecular 

mechanisms that disturbed mesenchymal origin. Finally, this gene, which appears to 

have sexual dimorphic effects on metabolic traits and haploinsufficiency does not cause 

lipodystrophy in the mouse.
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Figure 1. Design and validation of Arl15 knockout by CRISPR/Cas9.
A: Design of sgRNA (5’AAGTCATATTCAGGGCGCGCAGG3’) targeting exon2 of gene 

Arl15. B: Consequences of the two-nucleotide deletion induced by CRISPR/Cas9 through 

non-homologous end joining (NHEJ). The indel mutation led to a frameshift of the ORF 

and creation of the premature stop codon, resulting in the mutant transcript to undergo 

nonsense mediated decay. C: Western Blotting with protein lysates from brain tissue of 

wildtype, heterozygous and homozygous Arl15 KO mice at age of P0 after birth (N=2/

genotype). Commercial ARL15 antibody (Abcam178425) was used at 1:1000 and a rabbit 

HRP conjugated secondary antibody was used at 1:3000. ACTIN antibody was used as a 

loading control.
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Figure 2. Number of embryos or pups observed at E14.5, E18.5 and pre/post weaning.
A: E14.5 stage B: E18.5 stage C: P0 (Before weaning) and after weaning. Statistical 

analysis of observed versus expected by Mendelian inheritance was carried out using a 

Chi-square test in Prism.
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Figure 3. Cleft palate from homozygous Arl15 KO (Arl15−/−) compared to C57B6/NTac wildtype 
mice.
A: Homozygous mouse with a swollen abdomen at postnatal day 1 (P1). B: Homozygous 

mouse with a cleft palate. C: H&E staining from P1 pups. Arrow showing the gap in the 

palate caused by the failure in palate shelf fusion. D: Micro-CT of male embryos’ palate 

from coronal view at E14.5 presented from anterior to posterior direction. E: Micro-CT 

of male embryos’ palate from coronal view at E18.5 presented from anterior to posterior 

direction. NS: Nasal septum, PS: Palatal shelf, T: Tongue, MS: Meckel’s cartilage, TG: 

Trigeminal ganglion.
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Figure 4. Arl15 Tm1b reporter mice with LacZ expression in embryos at E12.5.
Embryos were cut sagittal and stained with X-gal. Images from medial (A) to lateral (C) 

were shown. Scale bar: 500 μm or 250 μm (zoom in). PPP: Primordium Primary Palate; 

NS: Cartilage primordium of nasal septum; TE: Togue; CPBB: Cartilage primordium of 

basisphenoid bone.

Annotations were made according to https://www.emouseatlas.org/eAtlasViewer_ema/

application/ema/kaufman/plate_29a.php?image=a)
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Figure 5. Protein-protein interaction map of cardio, craniofacial and adipose phenotype 
contributing genes including Arl15.
Two clusters were plotted and KEGG pathways that were top or overrepresented by genes 

from each cluster were highlighted in colours. Unannotated genes are in grey because they 

are not in top terms or not over-represented.
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Figure 6. Wound healing assay with Arl15 KO and C57BL/6N control MEFs.
A: The wound created by ibidi 2-well insert in MEFs were allowed to grow in complete 

media containing 10% FBS for 19 hours. Representative images from T0, T12 and T19 were 

shown with the gap edges highlighted in yellow line. B: The wound confluence calculated 

from Arl15 KO and wildtype MEFs over 19-hour incubation. Data was presented as mean± 

S.E.M. from N=3 per genotype. #: data was analysed by two tailed unpaired t-test; *: 

data was analysed by multiple t-test corrected for multiple comparison with Holm-Šídák 

method. C: EdU flow analysis showing percentage of cells in S phase from Arl15 KO 

and wildtype MEFs culture pre- and post-serum starvation. Data was presented as mean± 

S.E.M and analysed by multiple t-test D: Western Blotting of EMT markers using total 

protein lysates isolated from wildtype and homozygous Arl15 KO MEFs. E: Simple Western 

Wes data analysed by Compass for Simple Western software. Total protein lysates from 3 

wildtype and 3 homozygous Arl15 KO MEFs were loaded onto the capillary system. Peaks 

were called at the molecular weight of each antibody and highlighted in colours. Green: 

ARL15 at 23 kD (observed 25–27 kD); F: Yellow: TRPM7 at 213 kD (observed 204–225 

kD); G: Blue: ACTIN at 42 kD (observed 45–49kD). H: Relative intensity of VIMENTIN, 

β-CATENIN and TRPM7 after normalizing to ACTIN Data was presented as mean± S.E.M 

and analysed by multiple t-test * P<0.05, **<0.01.
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Figure 7. Body composition of heterozygous Arl15 KO mice fed with RM3 diet.
Data analysed using unpaired multiple t-test without correction for multiple testing. Fat mass 

data was Y=Log(Y) transformed before analysis to normalise data distribution.
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Figure 8. Body composition and bone mineral density measured from heterozygous Arl15 KO 
and wildtype littermates fed with HFD and LFD.
A and B: Body composition of female and male heterozygous Arl15 KO mice fed with 

HFD and LFD. Fat and lean mass were measured by EchoMRI. AUCs were calculated 

and analysed within diets by an unpaired t-test or Mann-Whitney test. C and D: Body 

weight, depot weights from gonadal (gWAT), inguinal white adipose tissue (iWAT) and 

brown adipose tissue (BAT) and BMD in female and male mice fed with HFD and LFD 

at 32 weeks of age. Female data was Y=log(Y) transformed to normalise distributions and 

analysed within diets using an unpaired t-test. Male gWAT HFD and iWAT HFD data was 
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analysed by an unpaired Mann-Whitney test. Male gWAT LFD and BAT LFD was Y=log(Y) 

transformed and analysed by an unpaired t-test. Male iWAT LFD, BAT HFD and all BMD 

data were analysed by an unpaired t-test. All data presented as mean± S.E.M. * P<0.05 and 

** P<0.01. E: Representative image of wildtype and heterozygous mouse brown adipose 

tissue that is H&E stained and ilastik 1.4.0 segmented displayed. F: Fat area representing 

whitening of BAT was measured and counted. Total area including fat area, muscle tissue, 

vascular structure as well as gaps and unknown structures were measured. Fat area per total 

area was used to prove the difference in whitening of brown adipose tissue between wildtype 

and heterozygous mice. Histogram was generated to visualize the distribution of the data 

either that’s fat area or the percentage of the fat per analysed area. G: Immunoblotting of 

vimentin in brown adipose tissue lysates from Arl15 wildtype and heterozygous mice on 

HFD. Brightness was adjusted for Vimentin in order to show all isoforms. N=5, two tailed 

student t-test was used for statistical analysis. * P<0.05, ** P<0.01
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Figure 9. Clinical biochemistry of blood adiponectin, insulin, and glucose levels.
A: Fasting plasma adiponectin concentrations in HFD fed female and male mice, measured 

at 20 and 32 weeks of age. Female and male data at 20 weeks was Y=log(Y) transformed 

and analysed using an unpaired t-test. Female and male data at 32 weeks was analysed by 

an unpaired t-test and unpaired Mann-Whitney test respectively. B: Fasting plasma insulin 

in HFD fed female and male mice at 20 weeks of age. Female data was analysed by an 

unpaired Mann-Whitney test and male data was Y=log(Y) transformed and analysed by and 

unpaired t-test. C: Fasting plasma glucose in HFD fed female and male mice at 20 weeks 
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of age. Female data was analysed by an unpaired t-test and male data was analysed by an 

unpaired Mann-Whitney test. All data presented as mean± S.E.M. D: Fasting plasma glucose 

in HFD fed female and male mice at 32 weeks of age. Female data was analysed by an 

unpaired t-test and male data was analysed by an unpaired Mann-Whitney test. All data 

presented as mean± S.E.M.
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Figure 10. Arl15+/− mice exhibit normal serum and urinary Mg2+ concentrations.
A-B: Serum Mg2+ concentrations of male (A) and female (B) Arl15+/+ and Arl15+/− mice 

fed with either low fat diet or high fat diet respectively. C-D: 24 hours urinary Mg2+ 

excretion of male (C) and female (D) Arl15+/+ and Arl15+/− mice treated with either low fat 

diet or high fat diet respectively. Values are presented as single data points with means ± 

SEM (n = 10) and data were analysed using unpaired t-tests. +/+, Arl15 wild type mice, +/−, 

Arl15 heterozygote mice, LF, low fat diet, HF, high fat diet.
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Table 1

Number of offspring observed from intercross matings

Number of offspring Arl15 +/+ Arl15 +/− Arl15 −/− Hom:Het Ratio

E14.5 42 3 26 13 1:2.00

E18.5 38 12 17 9 1:1.88

Pre-weaning 78 32 40 6 1:6.66

Post-weaning 71 32 39 0 Hom not found
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