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He is a man of  intelligence, but to act sensibly, intelligence is not enough. 

Fyodor Dostoevsky 
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Abstract 
The leucine-rich repeats and immunoglobulin-like domains (LRIG) gene family 
has three members, LRIG1, LRIG2, and LRIG3, that encode three structurally 
similar transmembrane proteins. LRIG1 is a receptor tyrosine kinase regulator, 
tumor suppressor, and stem cell marker in the skin, intestine, and brain. LRIG2 
and LRIG3 have been less studied but shown to interact with LRIG1. The 
different roles and mechanisms of  action of  LRIG proteins have not yet been 
fully elucidated. In Caenorhabditis elegans (C. elegans), the LRIG homolog SMA-10 
regulates bone morphogenetic protein (BMP) signaling; however, this function 
has not been demonstrated for mammalian LRIG proteins. In mice, the gene 
encoding the neurodevelopmental guidance cue netrin-1, Ntn1, interacts with 
Lrig3 in inner ear development. The physical interactions between LRIG 
proteins and other proteins are mostly unknown.  

Here, we describe an LRIG1-centered protein interaction network that regulates 
growth factor receptor levels. The LRIG1 interactome comprised LRIG2 and 
LRIG3 as well as many unanticipated proteins.  

An unbiased pathological examination of  female mice with different Lrig3 
genotypes (homozygous, heterozygous, or knockout) revealed a reduced 
incidence of  spontaneous fatty liver and lymphocytic hyperplasia of  the spleen 
in Lrig3-null mice. Female Lrig3-null mice also had a lower incidence of  
microvesicular cytoplasm in the liver after eight weeks on a high-fat diet.  

To further explore the molecular and physiological functions of  LRIG proteins, 
we generated Lrig-null (Lrig1-/-;Lrig2-/-;Lrig3-/-) mouse embryonic fibroblasts 
(MEFs), which displayed a deficiency in adipogenesis caused by impaired BMP 
signaling. LRIG1 and LRIG3, but not LRIG2, sensitized cells to BMP and 
rescued the adipogenesis deficiency in Lrig-null MEFs. In C. elegans, the LRIG 
homolog sma-10 was needed for proper lipid accumulation. By analyzing data 
from the UK Biobank and GENiAL cohort, we found that certain LRIG1 gene 
variants were associated with a higher body mass index (BMI) yet protected 
against type 2 diabetes. This effect was probably mediated by altered adipocyte 
morphology.  

iv



CRISPR/Cas9-mediated ablation of  Ntn1 revealed that the BMP-promoting 
function of  LRIG1 and LRIG3 was opposed by netrin-1, which functioned as 
an inhibitor of  BMP signaling via its receptor neogenin. 

In summary, the present thesis describes a novel LRIG protein interaction 
network, the regulation of  BMP signaling by LRIG proteins and netrin-1, and 
an important function of  LRIG proteins in regulating fat metabolism with 
implications for human metabolic health. 
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Populärvetenskaplig 
sammanfattning på svenska 
Genfamiljen LRIG (leucine-rich repeats and immunoglobulin-like domains) består av tre 
gener som bildar tre likartade proteiner: LRIG1, LRIG2 och LRIG3. LRIG1 är 
en tumörhämmare, reglerar tyrosinproteinkinaser, och är en markör för 
stamceller i hud, hornhinna och nervsystem. Funktionerna av LRIG2 och 
LRIG3 är inte lika klarlagda. I nematoden Caenorhabditis elegans (C. elegans) finns 
ett närbesläktat protein, SMA-10, som reglerar nematodens storlek via reglering 
av så kallad BMP (bone morphogenetic protein) -signalering. I möss regleras 
utvecklingen av båggångarna i örats balansorgan av Lrig3, vilket motverkas av 
genen för det utsöndrade proteinet netrin-1.  

I föreliggande arbete identifierade vi ett nätverk av interagerande proteiner med 
LRIG1 i centrum. Där studerade vi LRIG1:s funktion i att reglera ett 
receptortyrosinproteinkinas, PDGFRA (platelet-derived growth factor receptor A), och 
på vilket sätt de interagerande proteinerna påverkade LRIG1:s funktion. Bland 
annat så fann vi att LRIG2 och LRIG3 motverkade denna funktion hos LRIG1. 

Genom att undersöka patologier i olika organ hos 1 år gamla möss med olika 
Lrig3-genotyper fann vi att möss som saknar Lrig3 är skyddade mot spontan 
fettlever och lymfocytisk hyperplasi i mjälten. För att vidare utreda kopplingen 
till fettlever så fick möss äta en fettrik kost, som skulle motsvara en västerländsk 
diet, i åtta veckor för att utveckla fettlever. Här såg vi ingen skillnad i incidensen 
av fettlever mellan Lrig3-genotyperna, dock såg vi att honmössen som saknade 
Lrig3 i mindre utsträckning utvecklade en slags blåsor i levercellerna som skulle 
kunna ha varit ett förstadium till fettlever.  

För att ytterligare utreda funktionerna av LRIG-proteinerna så slog vi ut alla tre 
Lrig-generna i musfibroblaster som därmed helt kom att sakna Lrig-proteiner. 
Utan sina Lrig-proteiner visade musfibroblasterna en nedsatt förmåga att 
omvandlas till fettceller. Vi fann att detta berodde på en störd BMP-signalering. 
LRIG1 och LRIG3 men inte LRIG2 kunde positivt reglera BMP-signaleringen. 
Även i nematoden C. elegans behövdes sma-10/LRIG för en normal 
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fettackumulering. Genom att analysera data från nästan 400 000 individer i UK 
Biobank fann vi att vissa genvarianter av LRIG1 var paradoxalt kopplade till 
både ett ökat kroppsmasseindex (BMI) och en minskad risk för typ 2-diabetes. Vi 
undersökte dessa LRIG1-genvarianter ytterligare genom GENiAL-kohorten där 
det visade sig att LRIG1-varianterna som var kopplade till högre BMI och lägre 
risk för typ 2-diabetes även var kopplade till små men många fettceller.  

Slutligen så kunde vi genom att bland annat använda gensaxen CRISPR/Cas9 
visa att netrin-1 hämmar BMP-signalering i motsats till effekten av LRIG1 och 
LRIG3. Där såg vi också att receptorn för netrin-1, neogenin, var nödvändig för 
denna netrineffekt. 

Sammanfattningsvis så presenterar vi här ett tidigare okänt nätverk av proteiner 
som reglerar LRIG1:s funktion samt visar att LRIG-proteinerna tillsammans 
med netrin-1 reglerar BMP-signalering och att LRIG-proteiner är viktiga i 
regleringen av fettmetabolism med betydelse för metabol hälsa hos människa. 
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Introduction 

LRIG PROTEINS 

LRIG gene family 
The mammalian leucine-rich repeats and immunoglobulin-like domains (LRIG) 
gene family comprises three genes, LRIG1, LRIG2, and LRIG3 [Suzuki et al., 
1996; Nilsson et al., 2001; Guo et al., 2004], that encode three structurally 
similar transmembrane proteins, all of  which have an extracellular/luminal 
region, a transmembrane segment, and a cytosolic tail (Figure 1A). The 
extracellular/luminal region is structurally similar among LRIG family 
members, with an N-terminal leucine-rich repeat domain followed by three 
immunoglobulin-like domains, whereas the cytosolic tails are rather diverse. 
LRIG1 is the most studied LRIG protein. LRIG1 was originally found to be 
expressed in the brain [Suzuki et al., 1996], and further studies showed 
widespread expression in every organ studied [Nilsson et al., 2003]. LRIG1 is 
located on chromosome 3p14, which has been reported to be frequently deleted 
in cancer [Knuutila et al., 1999]. The connection between LRIG1 and cancer 
has been extensively studied; LRIG1 has been reported to function as a tumor 
suppressor and a positive prognostic factor in several cancer types [Wang et al., 
2013]. LRIG1 is also a stem cell marker that is expressed in stem cell 
populations in the hair follicle of  the skin [Jensen et al., 2009], intestine [Powell 
et al., 2012; Wong et al., 2012], cornea [Nakamura et al., 2013], and brain 
[Nam & Capecchi 2020]. LRIG proteins have been implicated in the regulation 
of  receptor tyrosine kinase (RTK) signaling, bone morphogenetic protein (BMP) 
signaling [Gumienny et al., 2010], and other signaling pathways, including the 
MAPK, PI3K/AKT, JAK/STAT, and WNT pathways. LRIG2 and LRIG3 
have not been as extensively studied as LRIG1. LRIG2 is located on 
chromosome 1p13, and LRIG3 is on chromosome 12q14. LRIG2 and LRIG3 
expression also seems to be ubiquitous in mammalian organs. The LRIG genes 
are evolutionarily conserved; there are LRIG homologs in both the nematode 
Caenorhabditis elegans (C. elegans) (sma-10) and the insect Drosophila melanogaster (D. 
melanogaster) (lambik) that encode proteins that are structurally similar to the three 
mammalian LRIG proteins (Figure 1B). 
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LRIG AND GROWTH FACTOR SIGNALING 

Receptor tyrosine kinase signaling 
RTKs are a subgroup of  transmembrane receptors in the tyrosine kinase family 
that harbor an extracellular ligand binding domain and an intracellular tyrosine 
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LRR

IG1

IG2

IG3

TM

Cytosolic

Figure 1. The structure of  LRIG proteins. (A) Schematic representation of  a mammalian 
LRIG protein. Protein domains and regions are indicated as follows: leucine-rich repeats 
domain (LRR), immunoglobulin-like domains (IG), transmembrane domain (TM), and cytosolic 
tail (Cytosolic). (B) The predicted three-dimensional structure of  the nematode LRIG protein 
SMA-10. The structure was generated, in silico, via the AlphaFold protein structure database 
(alphafold.ebi.ac.uk). 
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kinase domain. RTKs are expressed in all mammalian organs, and most RTKs 
are important for specific aspects of  development and/or tissue homeostasis. 
The human genome encodes 57 RTKs, including epidermal growth factor 
(EGF) receptor (EGFR), platelet-derived growth factor (PDGF) receptor 
(PDGFR), rearranged during transfection (RET), and mesenchymal epithelial 
transition factor (MET). EGFR, also known as erythroblastic oncogene b 
receptor1 (ErbB1), belongs to the ErbB subfamily of  RTKs that also includes 
ErbB2 (HER2), ErbB3, and ErbB4. ErbB family members form homo- and 
heterodimers that transduce signals from ligands such as EGF. The PDGFR 
family consists of  PDGFRA and PDGFRB, which transduce signals from 
different dimeric PDGF ligands (PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC, 
and PDGF-DD). Upon ligand binding, RTKs transduce signals via receptor 
dimerization and autophosphorylation of  specific tyrosine residues, thereby 
activating various downstream context-dependent pathways, including mitogen-
activated protein kinase (MAPK) pathways. 

LRIG1 and EGFR 
Kekkon-1, a D. melanogaster protein with structural similarities to LRIG proteins, 
was shown to bind and downregulate EGFR [Ghiglione et al., 1999]. Although 
the D. melanogaster homolog of  LRIG is Lambik [Gumienny et al., 2010] rather 
than Kekkon-1, this finding sparked great interest in the possible role of  LRIG1 
in regulating ErbB signaling [Hedman et al., 2002]. Thereafter, LRIG1 
overexpression was shown to reduce the expression of  all of  the ErbB receptors, 
including EGFR [Gur et al., 2004; Laederich et al., 2004]. Conversely, the 
downregulation of  Lrig1 increases EGFR levels in certain contexts [Jensen & 
Watt 2006]. For example, in the mouse intestine, total and phosphorylated ErbB 
levels were higher in Lrig1 knockout mice than in wild-type mice [Wong et al., 
2012]. However, in an in vitro mouse organoid model, Lrig1 ablation did not 
affect ErbB receptor levels, although increased EGFR phosphorylation was 
observed [Wong et al., 2012]. Intriguingly, the glioma-specific EGFR variant 
EGFRVIII is hypersensitive to LRIG1-mediated downregulation [Stutz et al., 
2008]. However, although the soluble part of  the extracellular/luminal region 
of  LRIG1 (sLRIG1) inhibited glioma growth in mice, this was unrelated to the 
EGFR mutational status of  the tumors [Johansson et al., 2013], and sLRIG1 
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did not affect EGFR protein levels but did suppress EGF-induced FOS 
expression [Yi et al., 2011; Johansson et al., 2013]. 

Proposed mechanism of LRIG1-mediated EGFR 
downregulation 
Ectopically expressed LRIG1 coimmunoprecipitates with all the ErbB receptors, 
including EGFR, via an interaction that requires the leucine-rich repeats and 
immunoglobin-like domains of  LRIG1 [Gur et al., 2004; Laederich et al., 
2004]. LRIG1 enhances the ubiquitination of  EGFR, which leads to the 
proteasomal degradation of  the receptor and LRIG1 itself  [Gur et al., 2004; 
Laederich et al., 2004]. Gur et al. proposed that the E3 ubiquitin ligase 3 casitas 
B-lineage lymphoma (CBL) is responsible for LRIG1-mediated ubiquitin 
labeling of  EGFR. However, these results have been disputed, as the 
involvement of  CBL could not be confirmed in another study [Stutz et al., 
2008]. Additionally, LRIG3 binds to and precipitates ErbB receptors, although 
experiments in Lrig3-null mice could not demonstrate that this interaction was 
responsible for the effect of  Lrig3 on inner ear development [Abraira et al., 
2010]. Another study showed that LRIG3 stabilizes ErbB receptors, thereby 
opposing the function of  LRIG1 by an unknown mechanism [Rafidi et al., 
2013]. 

LRIG and other RTKs 
In addition to ErbB family members, other RTKs are negatively regulated by 
LRIG1, including MET [Shattuck et al., 2007], RET [Ledda et al., 2008], 
PDGFRA [Rondahl et al., 2013], and tropomyosin receptor kinase b (TRKB) 
[Alsina et al., 2016]. However, the mechanisms by which LRIG1 regulates 
different RTKs vary. For example, ectopic expression of  LRIG1 downregulates 
EGFR, MET, and PDGFRA levels but not RET and TRKB levels, although 
phosphorylated RET and TRKB levels are reduced. Overall, the up- or 
downregulation of  LRIG1 similarly up- or downregulates the activation of  
downstream targets of  RTKs, including MAPK [Gur et al., 2004; Laederich et 
al., 2004; Ledda et al., 2008; Ye et al., 2009; Powell et al., 2012]. In contrast to 
LRIG1, LRIG2 cannot regulate the levels of  ectopically expressed PDGFRA 
[Rondahl et al., 2013]. Nevertheless, Lrig2-deficient mouse embryonic fibroblasts 
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(MEFs) showed altered kinetics of  the PDGF-BB-induced expression of  Fos and 
early growth response (Egr). 

Conflicting reports 
Notably, the interaction of  LRIG1 with RTKs and its regulation of  these kinases 
have been challenged. In the publication of  the three-dimensional X-ray 
structure of  the LRIG1 extracellular/luminal protein fragment, the authors 
failed to demonstrate an interaction between LRIG1 and EGFR, nor could they 
confirm an effect of  LRIG1 on EGFR expression levels [Xu et al., 2015]. 
Furthermore, in an unsupervised high-throughput screening of  2,594 human 
proteins used as bait to identify possible interacting endogenous proteins, no 
specific interaction between LRIG1 and EGFR was captured, although many 
other interactions were found, including interactions between LRIG1, LRIG2, 
and LRIG3 [Huttlin et al., 2015]. However, a semi-unsupervised study in 
neuronal stem cells identified EGFR in the vicinity of  LRIG1 using proximity 
biotinylation of  proteins [Jeong et al., 2020]. Notably, as discussed above, the 
cytosolic tail of  LRIG1 has been reported to be both necessary [Gur et al., 
2004] and dispensable [Goldoni et al., 2007; Johansson et al., 2013; Yi et al., 
2011] for the LRIG1-mediated regulation of  EGFR signaling. 

In summary, although the physiological functions of  LRIG1 are commonly 
attributed to the regulation of  various RTKs, an undisputed mechanistic model 
has not yet been presented. Additionally, whether LRIG1 regulates receptor 
protein levels, receptor phosphorylation levels, or downstream events is not fully 
understood and could be context-dependent or affected by the commonly used 
overexpression systems. There has also been debate over the association and 
interaction of  LRIG1 with RTKs. Although LRIG1, LRIG2, and LRIG3 all 
seem to interact with each other, only LRIG3 has been shown to have similar or 
opposite functions of  LRIG1 in RTK regulation, leaving LRIG2 as the third 
wheel, with no apparent function in the regulation of  RTK signaling. Hence, 
future research must untangle and confirm the mechanisms by which LRIG 
proteins regulate RTK signaling. 
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LRIG and BMP signaling 
The C. elegans sma genes (sma stands for small) regulate body size. Many of  the 
sma genes encode proteins in the transforming growth factor beta (TGF-β)/BMP 
signaling pathway. Sma-10/LRIG regulates worm size and has been shown 
genetically to function via the BMP signaling pathway [Gumienny et al., 2010]. 
SMA-10 is structurally similar to mammalian LRIG proteins, although SMA-10 
has a much shorter cytosolic tail, only 19 amino acids, than human LRIG 
proteins, which have cytosolic tails between 237 and 289 amino acids long. 
Intriguingly, the short cytosolic tail of  SMA-10 is not needed for its BMP-
promoting function. Genetic studies place SMA-10 function downstream of  the 
BMP ligand DBL-1 but upstream of  the type 1 BMP receptor SMA-6. 
Mechanistic studies have shown that SMA-10 associates with SMA-6 during 
vesicle recycling in the cytoplasm [Gleason et al., 2017]. Hence, the function of  
C. elegans SMA-10 in regulating BMP signaling contrasts in several ways with the 
functions of  mammalian LRIGs in regulating RTK signaling. For example, 
SMA-10 promotes BMP signaling, whereas mammalian LRIG1 inhibits RTK 
signaling, and the cytosolic tail seems to be dispensable for SMA-10-mediated 
regulation of  BMP signaling but is required for the downregulation of  RTKs by 
LRIG1. 

LRIG IN CANCER 

Shortly after its discovery, LRIG1 was hypothesized to be a tumor suppressor 
[Hedman et al., 2002]. Subsequently, several studies confirmed a role for 
LRIG1 in tumor biology, both as a putative tumor suppressor and a positive 
prognostic factor in several cancer types. 

LRIG1 in breast cancer 
Studies using a genetic mouse breast cancer model found that Lrig1 expression 
was suppressed in ErbB2-induced tumors compared to normal breast tissue 
[Miller et al., 2008]. Accordingly, LRIG1 expression was reduced in human 
ErbB2-positive breast cancers. Further studies showed increased LRIG1 levels in 
estrogen receptor (ER)-positive breast cancer and identified an estrogen-
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responsive promoter in the LRIG1 gene [Krig et al., 2011]. Clinically, in ER-
positive breast cancer, LRIG1 expression correlates with longer relapse-free 
survival. Using ddPCR, LRIG1 gene copy number was evaluated in a series of  
423 breast tumor samples; both LRIG1 gains and losses correlated with tumor 
grade, tumor type, and unfavorable metastasis-free survival, although the 
correlation with survival was not independent of  other common risk factors 
[Faraz et al., 2020]. Several studies have shown mechanistic connections 
between LRIG1 and certain types of  breast cancer; for example, LRIG1 inhibits 
the proliferation of  ErbB2-positive [Miller et al., 2008], ER-positive [Krig et al., 
2011], and ER-negative [Yokdang et al., 2016] breast cancer cells. The clinical 
connections between LRIG1 expression and breast cancer patient survival vary 
and could be related to tumor grade. 

LRIG1 in gastrointestinal cancers 
Because Lrig1 is a stem cell marker in the mouse intestine, a lineage study of  
Lrig1-expressing stem cells (Lrig1+) was performed in this organ. Lrig1+ cells 
gave rise to intestinal tumors in mice heterozygous for the colorectal tumor 
suppressor gene adenomatous polyposis coli (Apc), indicating the importance of  
specific Lrig1+ cell populations in the intestine for tumor development in this 
mouse model. In another mouse model, Lrig1 knockout mice (Lrig1-/-) 
spontaneously developed duodenal adenomas, showing the importance of  
LRIG1 as a tumor suppressor in the intestine [Powell et al., 2012]. Helicobacter 
pylori infection in the gastric mucosa can lead to inflammation, ulcers, and 
gastric cancer. The effect of  inflammation in the gastric mucosa was studied by 
infecting gastric cells with H. pylori, which led to Lrig1+ cell hyperplasia in the 
gastric epithelium. Similarly, in human samples, LRIG1 expression was 
increased in precancerous gastric lesions [Wroblewski et al., 2019]. Taken 
together, these studies highlight the importance of  Lrig1 in gastrointestinal 
homeostasis and as a tumor suppressor in mice. The critical question that 
remains is whether LRIG1 plays an equally important role in human intestinal 
tumor suppression. 

LRIG1 in prostate cancer 
In prostate cancer, LRIG1 expression correlates with prognosis, although 
LRIG1 was associated with a favorable prognosis in a US cohort and an 
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unfavorable prognosis in a Swedish cohort [Thomasson et al., 2011]. Because 
these results seemed inconclusive, the role of  LRIG1 in prostate cancer was 
further analyzed using data from the Oncomine and The Cancer Genome Atlas 
(TCGA) databases. These analyses showed that LRIG1 is upregulated in 
prostate cancer compared to control tissue and that this upregulation correlates 
with better survival [Li et al., 2019]. In mice, the regeneration of  prostate 
cancer xenografts was inhibited by the upregulation of  Lrig1 expression and 
enhanced by its downregulation. These results highlight the importance of  
LRIG1 in prostate cancer, both as a prognostic factor and a mechanistic 
determinant of  tumor development. 

LRIG in squamous cell carcinoma 
Squamous cell carcinoma (SCC) can develop in different squamous epithelia. In 
mouse skin, deletion of  Lrig1 led to hyperproliferation of  the epidermis, which 
presented as a psoriasis-like phenotype [Suzuki et al., 2002]. Loss of  Lrig1 also 
promoted squamous cell hyperplasia in mouse airways [Lu et al., 2013]. 
Incidentally, in non-small-cell lung cancer (NSCLC), LRIG1 is one of  several 
genes downregulated in SCC and the airway epithelium of  smokers [Boelens et 
al., 2009], and LRIG1 mRNA expression correlated with a positive prognosis in 
SCC and adenocarcinoma, although protein expression only correlated with 
prognosis in adenocarcinoma [Kvarnbrink et al., 2015]. In early-stage cervical 
SCC, LRIG1 is a positive prognostic marker [Lindström et al., 2008], whereas 
LRIG2 is a negative prognostic marker [Hedman et al., 2010]. In 
oropharyngeal SCC, positive LRIG1 immunostaining correlated with a 
favorable prognosis [Lindqvist et al., 2014]. These studies demonstrate the 
importance of  LRIG1 in neoplasia formation in various squamous cell epithelia 
and suggest that LRIG1 has great clinical potential as a prognostic factor in 
SCC. 

LRIG in glioma 
An unsupervised genome-wide association study (GWAS) of  glioma risk among 
12,000 patients detected 25 glioma risk gene variants. One of  the newly 
described risk variants was located in the second intron of  LRIG1 [Melin et al., 
2017]. Further analysis of  this LRIG1 variant showed that the risk was 
associated with low-grade glioma with mutated IDH1 [Wu et al., 2019]. 
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Somewhat surprisingly, this risk variant seems to regulate the expression of  the 
neighboring gene SLC25A26 rather than of  LRIG1 itself  [Manjunath et al., 
2021]. Although speculative, this raises the question of  whether SLC25A26, 
which encodes a mitochondrial S-adenosylmethionine carrier, has a functional 
connection to LRIG1. The role of  LRIG expression in brain tumors was further 
investigated by immunohistochemistry analysis of  astrocytoma; this study 
showed a correlation between perinuclear LRIG3 immunoreactivity, better 
survival, and lower tumor grade [Guo et al., 2006]. In astrocytoma, LRIG1 
expression was decreased while EGFR expression was increased compared to 
that in nonneoplastic tissue [Ye et al., 2009]. In oligodendroglioma, LRIG2 
immunoreactivity is a negative prognostic factor [Holmlund et al., 2009]. The 
mechanistic roles of  LRIGs in brain tumors were further investigated using a 
mouse model of  PDGFB-induced glioma. In this model, Lrig1 heterozygous 
mice had higher grade gliomas than wild-type mice [Mao et al., 2018]. Hence, 
Lrig1 was suggested to be a haploinsufficient glioma tumor suppressor. 
Additionally, ectopic expression of  LRIG1 decreased the migratory rate of  a 
glioblastoma cell line and the proliferation rate of  another line [Mao et al., 
2018]. Furthermore, in the PDGFB-induced glioma mouse model, the loss of  
both alleles of  Lrig2 protected the mice from developing glioma [Rondahl et al., 
2013]. Because LRIG2 expression is associated with reduced human 
oligodendroglioma patient survival and promotes experimental mouse glioma, 
LRIG2 can be argued to be a protumorigenic factor in glioma. 

Overall, many reports suggest that LRIG1 and LRIG3 function as tumor 
suppressors, whereas LRIG2 seems to promote tumorigenesis. The tumor 
inhibitory functions of  LRIG1 have been attributed to its regulation of  RTKs; 
however, in most cases, the exact mechanisms are poorly defined and remain to 
be investigated. 
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DEVELOPMENTAL LRIG PHENOTYPES 

LRIG1 phenotypes 
Most genetic studies of  LRIG1 have been performed in mice, and the general 
phenotypes have varied depending on the genetic background [Powell et al., 
2012; Wong et al., 2012; del Rio et al., 2013]. Lrig1 homozygous knockout mice 
have been reported to die shortly after birth (FVB/N mice [Wong et al., 2012]), 
show slightly reduced viability up to 6 weeks of  age (C57BL/6N strain [del Rio 
et al., 2013]), or survive to adulthood (outbred mice [Suzuki et al., 2002; Mao et 
al., 2018]). In the study by Wong et al., Lrig1 knockout mice were smaller than 
wild-type mice and had larger intestinal crypts, thus producing a distended 
intestine [Wong et al., 2012]. This intestinal crypt phenotype was improved by 
treatment with the EGFR inhibitor gefitinib, which did not affect mouse size 
[Wong et al., 2012]. As described in a previous section, hyperproliferative skin 
plaques develop spontaneously in Lrig1 knockout mice after birth. 

LRIG2 phenotypes 
Urofacial syndrome, a human hereditary genetic disorder associated with a 
dysfunctional bladder and a distinct facial expression phenotype, is caused by 
mutations in HPSE2 or LRIG2 [Stuart et al., 2013]. Lrig2 knockout mice have a 
developmental defect in bladder innervation and a urinary defect that resembles 
the human disorder [Roberts et al., 2019]. 

LRIG3 phenotypes 
In Xenopus laevis, lrig3 levels are increased during neural crest formation, which is 
disrupted by morpholino-mediated downregulation of  lrig3. The function of  
Lrig3 in neural crest development seems to be mediated through effects on Wnt 
and fibroblast growth factor (Fgf) signaling [Zhao et al., 2008]. Lrig3 knockout 
mice have a distinct facial phenotype with a shortened snout compared to wild-
type mice [Abraira et al., 2008]. Although neural crest cells are responsible for 
the development of  cartilage and facial structures [Simões-Costa & Bronner 
2015], it remains unknown whether the neural crest defect in Xenopus laevis is 
related to the facial phenotype in Lrig3 knockout mice. Mice born with a 
homozygous Lrig3 deletion also show circling behavior due to disturbed balance 
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stemming from a defect in the formation of  the three-dimensional architecture 
of  the inner ear [Abraira et al., 2008]. More specifically, the lateral canal, which 
is a part of  the balance organ, fails to form properly in Lrig3 knockout mice. 
During embryogenesis, the lateral wall of  the otic vesicle expresses Lrig3, which 
is needed for formation of  a functional lateral canal, a process that is governed 
by the balance between Lrig3 and Ntn1 expression levels; interestingly, the inner 
ear phenotype of  Lrig3-deficient mice can be rescued by heterozygous deletion 
of  Ntn1 [Abraira et al., 2008]. 

LRIG double and triple knockouts 
No viable Lrig1, Lrig2, and Lrig3 triple knockout (TKO) mouse has been 
reported. However, double knockout mice targeting different combinations of  
Lrig1, Lrig2, and Lrig3 have been generated and studied with regard to inner ear 
formation [Del Rio et al., 2013]. During mouse development, all Lrig genes are 
expressed in the inner ear. The study showed that Lrig1 and Lrig3 have 
redundant functions in the formation of  the inner ear phenotype. Accordingly, 
Lrig1 and Lrig3 double knockout mice have a more severe phenotype than either 
single knockout mouse. Lrig1 and Lrig3 double knockout pups die at or before 
birth with severe malformations, including microphthalmia and bone defects. 
Despite normal inner ear architecture, Lrig1 and Lrig2 double knockout mice 
have circling behavior similar to that of  Lrig3 knockout mice; the cause of  this 
circling behavior in Lrig1 and Lrig2 double knockout mice has not been 
established but has been proposed to stem from defects in the vestibular 
ganglion [Del Rio et al., 2013]. To my knowledge, Lrig2 and Lrig3 double 
knockout mice have not been generated. 

Thus, the three single Lrig mouse knockouts have very different phenotypes 
affecting various organs. Some reports are conflicting, perhaps because of  the 
use of  different mouse strains. For example, the penetrance of  the inner ear 
phenotype in Lrig3 knockout mice seems to be dependent on genetic 
background. Possible redundancy among the three Lrig genes has also been 
highlighted; for example, Lrig1 and Lrig3 cooperate in formation of  the lateral 
canal of  the inner ear. In any case, the wide tissue distribution of  Lrig gene 
expression together with the diverse and severe Lrig knockout phenotypes show 
the importance of  Lrig genes for normal development. An essential question 
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remains as to how LRIG proteins mechanistically achieve their important 
developmental functions. 

LRIG1 AND STEM CELLS 

LRIG1 as a marker of stem cell populations 
In the mouse epidermis, Lrig1 marks stem cell populations in the junctional 
zone of  the hair follicle near the sebaceous gland [Jensen & Watt 2006]. 
Damage to the epithelium leads to the proliferation of  these Lrig1-expressing 
cells, which can contribute to all cell lineages of  the epidermis [Jensen et al., 
2009]. Lrig1 also marks stem cell populations in the mouse intestine [Powell et 
al., 2012; Wong et al., 2012], and these intestinal Lrig1-positive stem cells 
expand in response to tissue damage [Wong et al., 2012]. Lrig1 is also highly 
expressed in stem cells of  the corneal epithelium [Nakamura et al., 2013]. In 
Lrig1 knockout mice, wounding of  the corneal epithelium leads to excessive cell 
proliferation and a disrupted transparent phenotype of  the cornea. Likewise, in 
murine neuronal tissue, Lrig1 marks neural stem cell populations that can 
contribute to neurogenesis for at least a year after birth [Nam & Capecchi 
2020]. Furthermore, ablation of  Lrig1 in neuronal stem cells increases their 
proliferation rate [Jeong et al., 2020]. In a neural stem cell model in which cells 
are made dormant by induction with BMP4, Lrig1 is associated with certain 
dormant neural stem cell populations and regulates the transition between 
dormancy and cell proliferation [Marqués-Torrejón et al., 2021]. 

In conclusion, LRIG1 is an important marker of  certain stem cell populations in 
several organs. In general, LRIG1 seems to keep these stem cells in a quiescent 
or slowly proliferating state. The remaining questions include whether LRIG1 
marks additional stem cell compartments in other organs and how these stem 
cells and LRIG1 contribute to cancer. The roles of  LRIG2 and LRIG3 in stem 
cell biology also remain largely unknown. 
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LRIG in neural development and homeostasis 
LRIG1 is highly expressed in neural tissue. The role of  LRIG1 in neural 
development was first reported in a study showing that LRIG1 overexpression 
reduced neurite length in superior cervical ganglion neurons [Ledda et al., 
2008]. There, Lrig1 affected dendrite formation in hippocampal neurons in 
mice. Lrig1 knockout mice showed neurological phenotypes, such as a tendency 
toward fewer social interactions [Alsina et al., 2016]. LRIG2 is also involved in 
axonal guidance, where it protects the transmembrane receptor neogenin from 
cleavage by a disintegrin and metalloprotease 17 (ADAM17), thereby regulating 
neuron migration and axon regeneration [van Erp et al., 2015]. LRIG1 and 
LRIG3 were also shown to regulate neogenin cleavage; however, the 
neurological significance of  this function was not addressed. 

Thus, LRIG1, which is a marker of  neural stem cells, clearly has a role in neural 
development. Moreover, LRIG2 also plays a role in neural development, 
possibly together with axonal guidance receptors such as neogenin. Therefore, 
future research should elucidate the roles of  LRIG1 and LRIG2 in neural 
developmental defects and glioma development. 

LRIG3 AND METABOLISM 

One GWAS found that a single nucleotide polymorphism (SNP) in LRIG3 was 
associated with plasma levels of  high-density lipoprotein (HDL) cholesterol [Ma 
et al., 2010], and another GWAS identified another LRIG3 SNP associated with 
incident heart failure [Smith et al., 2010]. In line with these human study 
results, a study of  one-year-old Lrig3 knockout mice revealed heart muscle 
hypertrophy and significantly decreased blood insulin and HDL levels 
[Hellström et al., 2016]. In a GWAS of  different dog breeds, an LRIG3 SNP was 
associated with greyhounds, a dog breed with an elongated body that is selected 
for fast running performance [Akey et al., 2010]. Another GWAS showed a 
correlation between an LRIG3 SNP and the bovine cattle breed Charlois, which 
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is bred for beef  and milk and is recognized for its large bone and body size [Xu 
et al., 2015]. 

Hence, LRIG3 seems to have a role in different animal breeds selected for 
particular physiological properties, primarily faster and stronger bodies. 
Whether these LRIG3 associations are mechanistically related to the other 
metabolic associations, including those with cardiac hypertrophy, insulin, and 
HDL levels, are interesting questions for future research. 

NETRINS 

Netrins and their receptors 
Netrins are a family of  three secreted proteins (netrin-1, -3, and -4) and two 
GPI-anchored proteins (netrin-G1 and -G2) [Rajasekharan & Kennedy 2009]. 
Netrin-1, the most studied netrin, was discovered as a guidance molecule for 
neurons [Rajasekharan & Kennedy 2009; Boyer & Gupton 2018]; this 
approximately 600 amino acid laminin-related secreted glycoprotein is highly 
expressed in many parts of  the nervous system [Lai Wing Sun et al., 2011]. In 
C. elegans, the sole netrin gene, unc-6 (unc stands for uncoordinated), is needed 
along with the UNC-6 receptor genes unc-5 and unc-40 for the coordination of  
axons [Boyer & Gupton 2018]. Furthermore, knockout of  unc-5 or unc-40 affects 
the direction of  axon propagation either dorsally or ventrally, respectively. In 
mammals, there are several homologs of  the two nematode netrin receptors, 
including the UNC-5 homologs UNC5A, UNC5B, UNC5C, and UNC5D and 
the UNC-40 homologs neogenin and deleted in colorectal carcinoma (DCC) 
[Boyer & Gupton 2018]. Additional mammalian netrin-1 receptors, including 
Down syndrome cell adhesion molecule (DSCAM) and melanoma cell adhesion 
molecule (MCAM, also known as CD146 or MUC18), were recently discovered, 
revealing the additional complexity of  the system [Dun & Parkinson 2017]. 

Netrin-1 as a guidance cue 
Neural system development is a complex process where neural cells send axons 
far distances to numerous cells in different parts of  the evolving organism, 

14



thereby creating neural circuits to transmit and receive signals for the 
organization of  the organism [Rajasekharan & Kennedy 2009; Boyer & Gupton 
2018]. Neurons connect to other cells through axons, and axon growth and 
propagation occur through the growth cone, where several receptors and 
proteins coordinate with the cytoskeleton to propagate axons in the proper 
direction [Rajasekharan & Kennedy 2009; Boyer & Gupton 2018]. Several well-
timed cues, such as glycoproteins in the extracellular matrix, help guide axons 
and nerve cells to the correct location during development. These guidance 
molecules include netrins, semaphorins, slits, and nephrins [Dun & Parkinson 
2017]. In neural development, netrin-1 guides axon trajectories upon secretion 
from the ventral floor plate in the early embryonic neural tube, thereby creating 
a concentration gradient toward the dorsal part of  the tube. Netrin-1 functions 
as either an attractant or a repellant for axons and migrating cells. 

The netrin-1 guidance mechanism 
Crystal structures of  netrin-1 have revealed the binding sites with its different 
receptors, either homodimers of  DCC or heterodimers of  UNC5 and DCC. 
Homodimerization of  DCC is required for netrin-1 to function as an attractant, 
and heterodimerization of  UNC5 and DCC is required for the repellant 
function of  netrin-1 [Finci et al., 2014]. However, these functions of  netrin-1 are 
probably dependent on many factors, including its concentration, the presence 
of  DCC or UNC5, and the extracellular and intracellular components present 
at the moment of  signaling [Rajasekharan & Kennedy 2009; Lai Wing Sun et 
al., 2011]. The signaling downstream of  UNC5 binding to netrin-1 is not fully 
understood. In contrast, more studies have focused on the attractant response 
mediated by DCC binding to netrin-1. DCC is located in axon growth cones 
and homodimerizes upon binding to netrin-1, which activates several signaling 
pathways, including the MAPK and Rho GTPase pathways, that in turn 
activate actin cytoskeleton remodeling to modulate the growth cone. 

Repulsive guidance molecules and BMP signaling 
As neogenin is structurally similar to DCC, these two molecules have been 
proposed to have similar or overlapping functions [Boyer & Gupton 2018]. 
However, in addition to being a netrin-1 receptor, neogenin is also a receptor for 
repulsive guidance molecules (RGMs) [Boyer & Gupton 2018]. As ligands for 
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neogenin, RGMs were originally found to play a role in axon guidance. 
However, it was later found that RGMs and neogenin are also positive regulators 
of  BMP signaling (BMP signaling is discussed in detail in later sections) in both 
C. elegans and mammals. In these processes, the role of  netrin-1 is unknown. 

Netrin-1 in cancer 
Netrin-1 was originally thought to be involved in tumorigenesis through 
signaling of  the so-called dependence receptors DCC and UNC5, which are 
believed to transmit proapoptotic signals in the absence of  their ligand netrin-1. 
Binding of  netrin-1 would then reduce apoptotic signaling. This hypothesis has 
been controversial because no increase in apoptotic cells was seen in mice with 
the downregulation or complete loss of  netrin-1 [Rajasekharan & Kennedy 
2009; Mazelin et al., 2004; Bin et al., 2015]. Nevertheless, netrin-1 is 
upregulated in many cancers. For example, netrin-1 is overexpressed in 
metastatic breast cancer and breast cancer cell lines, and the downregulation of  
netrin-1 in these cells increases the apoptosis rate. In mice harboring breast 
cancer cell xenografts, treatment with silencing RNA against netrin-1 inhibited 
tumor metastasis [Fitamant et al., 2008]. In an inflammatory bowel disease-
driven colorectal cancer model, netrin-1 expression was upregulated, and its 
sequestration with a soluble fragment of  DCC inhibited the progression to 
colorectal cancer [Paradisi et al., 2009]. Finally, netrin-1 expression was 
reported to be a negative prognostic marker in grade II-III glioma, and netrin-1 
overexpression in mouse glioma xenografts increased tumor cell invasiveness 
and stemness [Ylivinkka et al., 2017; Bruikman et al., 2019]. Taken together, 
these data show that netrin-1 is overexpressed in many types of  cancer, but its 
role in these diseases remain unclear. Hence, more research is needed to clarify 
the role of  netrin-1 in cancer. 

Netrin-1 in metabolism 
A role for netrin-1 in metabolism was recently proposed [Taipale et al., 2018]. 
Human gene expression analyses showed that upregulation of  netrin-1 pathway 
genes correlated with the presence of  fatty liver. Additionally, circulating 
netrin-1 in blood positively correlated with impaired fasting glucose and type 2 
diabetes in humans [Yim et al., 2018]. Netrin-1 levels are increased in adipose 
tissue of  high-fat diet (HFD)-treated mice and of  obese compared to lean 
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individuals in both mice and humans. Interestingly, the deletion of  Ntn1 in 
hemopoietic cells in mice reduced inflammation and improved insulin sensitivity 
[Ramkhelawon et al., 2014]. Thus, although interesting correlations have been 
reported, a mechanistic understanding of  the role of  netrin-1 in metabolism is 
still lacking. 

Netrin-1 in bone development and homeostasis 
Netrin-1 levels are higher in osteoclasts than in osteoblasts, and netrin-1 is 
needed for osteoclast differentiation. Interestingly, the in vitro differentiation of  
osteoblasts leads to the downregulation of  netrin-1, and the addition of  netrin-1 
to in vitro preosteoblasts reduced osteoblast differentiation [Sato et al., 2017]. 
Furthermore, bone density was increased in a chimeric mouse line with Ntn1 
deleted [Mediero et al., 2015]. Thus, netrin-1 clearly plays a role in bone 
homeostasis, although the exact molecular mechanisms remain elusive. 

Netrin-1 knockout phenotypes 
Complete Ntn1 knockout mice die early in development and show severe axon 
guidance defects [Bin et al., 2015]. Interestingly, the levels of  both neogenin and 
Dcc are increased in Ntn1-null embryos [Bin et al., 2015; Yung et al., 2015]. 
During development, netrin-1 is expressed in the inner ear, where it opposes the 
functions of  Lrig3 [Abraira et al., 2008] and Bmp2 [Hwang et al., 2019]. Similar 
to Lrig3-deficient mice, Bmp2 knockout mice showed disturbed formation of  the 
lateral canal [Hwang et al., 2019]. Ntn1-null mice, on the other hand, have an 
unfinished truncated canal [Abraira et al., 2008]. Intriguingly, the deletion of  
only one allele of  Ntn1 could rescue the inner ear phenotype in Lrig3 or Bmp2 
knockout mice, indicating reciprocal relationships between netrin-1 and Lrig3 
and between netrin-1 and Bmp2 [Hwang et al., 2019]. Hence, Ntn1, Lrig3, and 
Bmp2 collaborate and modulate each other’s functions during inner ear 
formation. 
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BMP SIGNALING 

BMP was originally discovered as a regulator of  bone formation and repair. 
However, BMPs were later shown to regulate many processes in organisms, 
ranging from embryonic development to cell morphology and apoptosis. BMP 
signaling is involved in the regulation of  important physiological processes in the 
adipose, cardiovascular, pulmonary, muscular, neurological, and gastrointestinal 
systems [Wang et al., 2014]. 

TGF-β signaling systems family and function 
BMP signaling represents a branch of  the TGF-β signaling system. The 
mammalian TGF-β ligand superfamily comprises 33 different ligands, including 
TGF-βs, BMPs, activin, growth and differentiation factors, nodal, inhibin, and 
anti-Müllerian hormone. BMP/TGF-β signaling modules function via the 
binding of  extracellular ligands to type 1 and type 2 serine/threonine kinase 
receptors; ligand binding activates the receptors, which phosphorylate receptor-
mediated SMADs (rSMADs), either SMAD2/3 or SMAD1/5/8. Generally, 
TGF-βs, nodal, and activin signal via SMAD2/3, whereas BMPs signal via 
SMAD1/5/8, although crosstalk between the pathways and signaling through 
both pathways is also common. rSMADs are transported into the nucleus by the 
co-SMAD SMAD4, where the SMAD complex binds specific DNA elements, 
thereby activating or inhibiting the transcription of  BMP/TGF-β responsive 
genes [Heldin & Moustakas 2016; Yadin et al., 2016]. 

TGF-β family signaling in C. elegans 
The BMP/TGF-β signaling system is evolutionarily conserved and seems to 
have been present in the first metazoans [Huminiecki et al., 2009]. The first 
BMP/TGF-β signaling pathway to be deciphered was in the nematode C. 
elegans. In this organism, the BMP/TGF-β signaling system comprises five 
ligands, two type 1 receptors, one type 2 receptor, two rSMADs, and one co-
SMAD. These components diverge into two pathways: the Dauer pathway and 
the Sma/Mab pathway, both of  which have one functional ligand and one type 
1 receptor each but share the type 2 receptor. The Dauer pathway regulates so-
called Dauer larval development, whereas the Sma/Mab pathway regulates 

18



body size, male tail patterning, and innate immunity [Savage-Dunn & Padgett 
2017]. 

Mammalian BMPs and their inhibitors and receptors 
The mammalian BMP pathway uses SMAD1/5/8 as intracellular signal 
transducers. However, despite the presence of  only one pathway to transduce 
BMP signals, the downstream biological effects are diverse due to the fine tuning 
of  signaling through a multitude of  ligands, receptors, antagonists, and 
coreceptors that are part of  the BMP signaling module [Bragdon et al., 2011]. 
The BMP pathway signals through more than 12 different ligands, four type 1 
receptors, and three type 2 receptors (Figure 2) [Bragdon et al., 2011; Heldin & 
Moustakas 2016; Yadin et al., 2016]. BMP ligands form both heterodimers and 
homodimers that have a relatively low affinity for their receptors, thus 
facilitating the precise regulation of  signaling through the engagement of  
different receptors and ligands [Heldin & Moustakas 2016]. 

Antagonists are another regulatory component of  this signaling pathway. 
Antagonists inhibit signaling extracellularly by binding to ligands, such as noggin 
and GREMLIN1 (GREM1), or to receptors, such as BMP and activin 
membrane-bound inhibitor (BAMBI), or by interfering with intracellular 
signaling through SMADs, such as SMAD6 or SMAD7, which compete with 
rSMADs for binding to SMAD4 or the type 1 receptor, respectively [Brazil et 
al., 2015; Heldin & Moustakas 2016]. 

At the cell membrane, BMP ligands bind their receptors, forming complexes of  
two type 1 receptors and two type 2 receptors. Usually, the constitutively active 
type 2 receptor phosphorylates serine/threonine residues on the type 1 receptor; 
this newly activated receptor then transduces the signal via serine/threonine 
phosphorylation of  SMAD1/5/8. The receptor complexes are generally 
stabilized by different coreceptors, including the previously mentioned RGMs, 
which are needed for optimal BMP signaling. In addition to activating the 
canonical BMP pathway that involves SMAD signaling, BMPs can also activate 
noncanonical signaling pathways that involve activation of  the P38, JNK, and 
ERK1/2 pathways. There are different mechanisms whereby these pathways 
are activated by both TGF-βs and BMPs. For example, the activation of  
noncanonical P38 signaling is mediated by TGF-β activated kinase 1 (TAK1), 
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which phosphorylates map kinase kinase (MKK) 3 or 6, which then 
phosphorylates and activates P38 [Bragdon et al., 2011; Heldin & Moustakas 
2016].  
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Figure 2. The canonical BMP signaling pathway. Schematic representation of  the BMP 
signaling pathway. Shown are BMPs and growth and differentiation factors (GDFs), type I and 
type II BMP receptors, and SMAD signal transducers.  
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BMP IN DEVELOPMENT 

BMPs are important regulators of  development, as evident by the fact that 
mutation or deletion of  almost every gene in the BMP signaling family 
(receptors, agonists, and antagonists) leads to embryonic lethality or severe 
developmental defects [Wang et al., 2014; Bragdon et al., 2011]. 

BMPs in bone development 
As apparent from their name, BMPs are important regulators of  bone 
formation. BMP ligands were originally discovered by extracting and 
characterizing bone-inducing substances from bone [Salazar et al., 2016]. In the 
process of  bone development and homeostasis, BMPs affect the differentiation 
and other functions of  both osteoblasts and osteoclasts [Salazar et al., 2016; 
Lademann et al., 2020; Halloran et al., 2020]. BMP ligands are incorporated 
into the bone matrix built by osteoblasts and released when bone is reabsorbed 
by osteoclasts, thereby stimulating new bone formation [Salazar et al., 2016]. 

BMPs in gastrointestinal development and homeostasis 
BMP signaling is also essential for the development and homeostasis of  the 
gastrointestinal tract. During embryogenesis, BMP signaling inhibits foregut 
development while promoting hindgut development [Zhang & Que 2020]. 
Overall, BMP signaling is important for maintenance of  the gastrointestinal 
tract. The intestinal epithelium consists of  long villi and crypts that increase the 
absorption area. The growth of  the epithelial cell layer is regulated by stem cells 
in the crypts, which distribute upwards and are shed at the villi tips [McCarthy 
et al., 2020]. Uncontrolled growth leads to the formation of  polyps that can 
ultimately develop into cancer. To balance the production and breakdown of  
villous cells in the intestine, several BMP family members, including both 
antagonists and agonists, are involved in regulating epithelial cell growth and 
differentiation [McCarthy et al., 2020; Zhang & Que 2020]. 
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BMP IN CANCER 

BMP signaling in cancer 
The role of  BMP signaling in cancer is not fully understood, and until recently, 
the focus has mostly been on the role of  TGF-β signaling in cancer. Hence, it 
has been suggested that TGF-β suppresses the early stages of  colorectal cancer 
but functions as a tumor promoter at later stages when tumors have acquired 
mutations in TGF-β signaling pathway components [Hanahan & Weinberg 
2011]. Because BMP signaling is involved in regulating stem cell homeostasis in 
many tissues, its deregulation could also contribute to cancer development. 
However, mutations in the BMP signaling system are relatively rare in human 
cancer, which argues against the notion that BMP signaling functions as a 
general tumor suppressor. However, similar to TGF-βs, BMPs have been shown 
to function as both tumor suppressors and tumor promoters in different contexts 
[Davis et al., 2016; Bach et al., 2017]. BMP antagonists also seem to have dual 
functions in cancer, although they mostly seem to be oncogenic [Todd et al., 
2020]. The role of  BMP signaling in colorectal cancer and glioblastoma has 
been relatively well established, as further discussed below. 

BMPs in colorectal carcinoma 
As discussed in a previous section, BMP signaling is vital for the homeostasis and 
maintenance of  the intestinal epithelium, and any disturbance thereof  may, 
therefore, lead to malignant progression. Accordingly, there is genetic evidence 
that BMP signaling plays an important role in colorectal cancer. For example, 
inactivating mutations in BMPR1A and SMAD4 cause autosomal juvenile 
polyposis syndrome, in which polyps and cancer form in the intestine at an 
increased rate [Gomez-Puerto et al., 2019; Todd et al., 2020]. Additionally, the 
enhanced expression of  the BMP antagonist GREM1 due to a duplication in a 
promoter region is responsible for hereditary mixed polyposis syndrome, which 
is associated with an increased incidence of  colorectal cancer [Davis et al., 
2016]. However, despite the well-established role of  BMP signaling in hereditary 
colorectal cancer, the relevance of  BMP signaling in sporadic colorectal cancer 
has not yet been fully determined. 
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BMPs in glioma 
In adult glioblastoma, TGF-β has been shown to be tumorigenic by inducing the 
proliferation and stemness of  glioblastoma cells, and high plasma TGF-β2 levels 
correlate with a worse prognosis [Caja et al., 2015]. In contrast to the 
protumorigenic effect of  TGF-β signaling, BMP signaling seems to have a tumor 
suppressive effect in adult glioblastoma. Hence, BMP4 reduces glioma stem cell 
proliferation, and BMP7 induces the differentiation of  these cells [Caja et al., 
2015]. Accordingly, the BMP inhibitor noggin is routinely added to glioblastoma 
stem cell cultures in vitro to prevent differentiation. Intriguingly, pediatric diffuse 
intrinsic pontine glioma, which has a very different molecular etiology than 
adult glioma, frequently carries an activating mutation in the BMP type 1 
receptor ACVR1. Future research is needed to understand why BMP signaling 
seems to suppress adult glioblastoma but promote pediatric glioblastoma. 

BMP AND METABOLISM 

BMPs in adipogenesis 
BMPs have emerged as regulators of  adipogenesis. BMP signaling regulates the 
initial commitment and transformation of  stem cells into preadipocytes and the 
maintenance of  adipocyte differentiation [Tang & Lane 2012; Qian et al., 
2021]. The BMP ligands BMP2 and BMP4 regulate the adipocyte 
differentiation of  different cell types, including the pluripotent mouse stem cell 
line C3H10T1/2 [Qian et al., 2021]. Silencing of  the BMP antagonist GREM1 
in preadipocytes induces adipogenesis [Gustafson et al., 2015]. The molecular 
mechanism by which BMP signaling regulates adipogenesis is not fully 
understood, although BMP2 and BMP6 are known to regulate insulin sensitivity 
by inducing the proadipogenesis gene peroxisome proliferator-activated receptor 
gamma (PPARG) [Schreiber et al., 2017]. Another study suggested that the 
transcription factor Schnurri2 mediates the BMP2-induced expression of  
PPARG2 and subsequent adipogenesis and white adipose tissue (WAT) 
generation [Jin et al., 2006]. 
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BMP metabolic associations 
In vivo, many BMP ligands are expressed in fat tissue [Qian et al., 2021]. In 
insulin-resistant db/db mice, the administration of  BMP6 increased insulin 
sensitivity [Schreiber et al., 2017]. Tissue-specific deletion of  BMP4 in WAT 
increased the number of  adipocytes and enhanced insulin sensitivity [Blázquez-
Medela et al., 2019]. GREM1, which was increased in hypertrophic obesity, 
may play a role in this disease [Gustafson et al., 2015]. Genetically, BMPR1A 
variants are associated with obesity, and BMPR1A gene expression is increased 
in the fat tissue of  obese individuals [Böttcher et al., 2009]. Hence, it seems clear 
that BMPs are important regulators of  fat metabolism; however, the exact 
mechanisms remain incompletely understood. Nevertheless, the observation that 
BMP is involved in regulating insulin sensitivity is exciting, and such findings 
may suggest novel treatment strategies for type 2 diabetes. 

FAT METABOLISM 

Obesity 
Obesity, defined as a body mass index (BMI) of  more than 30 kg/m2, is a major 
risk factor for a wide array of  diseases, including type 2 diabetes, insulin 
resistance, cardiovascular disease, and cancer. Together, these diseases account 
for more than 70% of  early deaths worldwide [Blüher 2019]. There have been 
efforts to identify hereditary and genetic factors that explain obesity as a 
dysfunction in energy homeostasis. However, genetics cannot explain the full 
extent of  the global obesity pandemic that has emerged over the last 50 years. In 
fact, a GWAS showed that only 2% of  BMI variability can be explained by 
genetic variance [Blüher 2019]. Generally, obesity results from the combination 
of  excess energy intake and inadequate physical activity. Excess energy is mainly 
stored as triglycerides in WAT [Stefan 2020]. It has become apparent that fat 
distribution is also an important factor in the risk of  obesity-mediated diseases 
[Stefan 2020]; visceral fat and fat tissue in the trunk and belly in the context of  
obesity are associated with a higher risk of  cardiometabolic disease, whereas 
gluteal fat and fat in the lower part of  the body are associated with a lower risk 
[Stefan 2020]. 
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Adipose tissue 
Adipose tissue is a highly specialized organ in higher vertebrates and bony fishes 
that consists of  specific lipid storing cells; in contrast, fat is stored in intestinal 
cells in C. elegans and in the fat body in D. melanogaster [Choe et al., 2016]. There 
are at least two main types of  mammalian adipose tissue, which consists mainly 
of  adipocytes: WAT and brown adipose tissue. Brown adipose tissue is less 
abundant and creates heat through an uncoupling reaction. Adipose tissue is 
plastic, with a renewal rate of  approximately 10% per year [Qian et al., 2021]. 
WAT stores and releases lipids according to the demands of  the organism. 
Adipocytes are the primary component of  WAT; when there is an energy excess, 
adipocytes either increase in size (hypertrophy) or number (hyperplasia) 
[Ghaben & Scherer 2019]. Hypertrophic adipocytes contribute to tissue 
inflammation, hypoxia in fat tissue, and decreased insulin sensitivity. Adipocyte 
hyperplasia, in contrast, enhances insulin sensitivity [Ghaben & Scherer 2019; 
Qian et al., 2021]. WAT is necessary for physiological energy homeostasis. Mice 
without WAT, a condition also described as lipid dystrophy, show metabolic 
dysfunction, including insulin resistance [Ghaben & Scherer 2019]. This 
phenotype is also seen in humans with congenital or acquired lipodystrophy who 
have limited fat tissue and instead store lipids ectopically in other organs, with 
accompanying dysfunctions that include inflammation and type 2 diabetes 
[Hammarstedt et al., 2018]. 

Adipogenesis 
Adipocyte hyperplasia results from the expansion of  preadipocytes that then 
differentiate into adipocytes through adipogenesis. Most of  our knowledge about 
adipogenesis derives from in vitro cell-based experiments, through which this 
process has been extensively studied. Mesenchymal stem cells in vitro are 
committed to the preadipocyte lineage through BMP signaling. Preadipocytes 
can then be induced by adipogenic factors to differentiate into adipocytes. 
Adipogenesis involves particular steps defined by the expression of  specific genes 
(Figure 3). The master regulator of  adipogenesis is PPARG, which is expressed 
during the differentiation process and is necessary for adipogenic 
transformation. Fully mature adipocytes express adipocyte-specific genes such as 
AP2 and PPARG [Cristancho & Lazar 2011; Tang & Lane 2012; Ghaben & 
Scherer 2019]. Thiazolidinedione-based antidiabetic drugs increase insulin 
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sensitivity by upregulating PPARG, which accordingly contributes to increased 
adipocyte hyperplasia [Choe et al., 2016; Qian et al., 2021]. 

Metabolic syndrome 
Metabolic syndrome is a cluster of  risk factors for metabolic disease that 
includes increased waist size, high blood pressure, dyslipidemia, high blood 
glucose levels, and insulin resistance [Alberti & Zimmet 1998; Alberti et al., 
2006]. The main purpose of  characterizing metabolic syndrome was to define 
risk factors related to obesity that correlate with increased cardiovascular 
incidence and together strongly predispose patients to increased mortality. 
Overall, metabolic syndrome increases the mortality risk 1.5-fold. 

Physiology of insulin secretion 
In healthy organisms, the increasing blood glucose levels following a meal 
stimulate the release of  insulin from pancreatic beta cells into the blood. 
Circulating insulin stimulates adipose, muscular, and heart tissue to take up 
glucose from the blood. Insulin is a ligand for the insulin receptor, which is 
abundant on cells in peripheral tissues. Binding of  insulin to its receptor initiates 
intracellular signals that result in the redistribution of  the glucose transporter 
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GLUT4 from cytoplasmic vesicles to the cell membrane. Cell surface-localized 
GLUT4 enables glucose uptake into cells. Insulin is also an important regulator 
of  other metabolic functions, including glycogen, triglyceride, and lactate 
production, and a growth factor that regulates many metabolic organs, including 
the liver and adipose tissue. 

Type 2 diabetes 
The prevalence of  type 2 diabetes is increasing worldwide, with an associated 
increase in morbidity and mortality. Individuals with type 2 diabetes have a 15% 
increased mortality (estimated 6.8% of  global mortality) [Zheng et al., 2018]. 
Type 2 diabetes-associated morbidities include cardiovascular disease and 
several microvascular complications, such as retinopathy, neuropathy, and 
nephropathy. Type 2 diabetes develops when pancreatic insulin production 
cannot compensate for the increased demand, which usually results after a 
sustained period of  insulin resistance in peripheral tissues. In type 2 diabetes, 
blood glucose levels increase, pancreatic beta cells become dysfunctional, 
peripheral insulin resistance increases, and glucose production in the liver 
increases. 

The greatest risk factor for type 2 diabetes is obesity. However, individuals have 
varying susceptibility to developing diabetes. Many of  the genes that correlate 
with a higher risk of  diabetes are pancreatic genes related to insulin secretion 
[Roden & Shulman 2019]. However, only a small portion of  the heritability 
(20%) could be explained by these genes collectively [Zheng et al., 2018]. 

The management of type 2 diabetes 
The main treatment goal of  diabetes is to manage appropriate glucose levels. 
The successful control of  glucose levels decreases the risk of  microvascular 
complications, although the effect on cardiovascular disease is not as clear. The 
first step in managing metabolic syndrome and type 2 diabetes involves lifestyle 
interventions, including weight reduction, increased physical activity, smoking 
cessation, and a healthy diet [Chatterjee et al., 2017]. The drug of  choice for 
the medical treatment of  type 2 diabetes is metformin, which reduces hepatic 
glucose production and increases peripheral insulin sensitivity. Sulfonylureas 
stimulate beta cell insulin production and can be added to metformin treatment 
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to improve glycemic control. Thiazolidinediones, such as rosiglitazone, increase 
insulin sensitivity and can be used as monotherapy. However, thiazolidinediones 
are used less often because of  uncertainty regarding their possible association 
with an increased rate of  cardiovascular events. Newer therapies for type 2 
diabetes include incretins, such as GLP-1 agonists, that increase insulin secretion 
while simultaneously inhibiting glucagon secretion. Another new class of  drugs 
is SGLT2 inhibitors, which affect glucose transporters in the kidneys and 
glucose reabsorption in proximal tubules, thereby reducing blood glucose levels. 
Nevertheless, obesity management and lifestyle interventions have greater 
therapeutic benefits than the available drugs. Nonetheless, the adoption of  
lifestyle changes by the public has not been very successful [Chatterjee et al., 
2017]. There are many new drugs in the pipeline, and with a better 
understanding of  the pathology of  type 2 diabetes, new treatment strategies 
may be developed. 

Metabolically healthy obesity 
Although there is a strong correlation between type 2 diabetes and obesity, it has 
been difficult to estimate the risk of  metabolic disease with only BMI and fat 
measurements [Blüher 2020]. Recent data have shown that obesity is not always 
associated with an unhealthy metabolic profile [Blüher 2020]. There are 
subgroups in the population that have a high BMI and a low risk of  insulin 
resistance and type 2 diabetes; these groups have been termed metabolically 
healthy obese (MHO). An MHO individual has been described as someone with 
a high BMI and low blood sugar levels, high insulin sensitivity, normal blood 
pressure, and no dyslipidemia [Blüher 2020]. Because there are no strictly 
defined criteria for MHO, different definitions have been used in various studies 
[Smith et al., 2019]. Furthermore, MHO does not seem to be a fixed state for an 
individual; instead, the type of  obesity can change over time, and eventually, 
there is a tendency toward a permanent shift from healthy to unhealthy obesity 
[Stefan 2020]. Accordingly, the MHO model has been challenged because a 
higher BMI still predisposes patients to a higher risk of  cardiovascular disease 
compared to those with a non-obese BMI [Smith et al., 2019]. The mechanisms 
underlying the MHO state seem to derive from the properties and distribution 
of  adipose tissue [Stefan 2020], although it is difficult to completely rule out the 
involvement of  lifestyle factors [Smith et al., 2019]. Certain genetic profiles have 
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been associated with the ability to expand subcutaneous adipose tissue, and the 
inability to expand adipose tissue is associated with a higher cardiometabolic risk 
[Stefan 2020]. Interestingly, reduced adipogenesis and decreased adipose tissue 
hyperplasia are associated with worse metabolic health [Stefan 2020]. 

Nonalcoholic fatty liver disease 
Nonalcoholic fatty liver disease (NAFLD) is the most common liver disease in 
the world, with an estimated worldwide prevalence of  25%, although this 
percentage is increasing [Samuel & Shulman 2018; Sheka et al., 2020]. There 
are strong correlations between NAFLD, diabetes, and obesity; individuals with 
type 2 diabetes have a much higher risk of  developing NAFLD [Younossi et al., 
2019; Marjot et al., 2020]. NAFLD can progress to cirrhosis, liver failure, and 
hepatocellular carcinoma [Sheka et al., 2020]. There are two major forms of  
NAFLD, nonalcoholic fatty liver, which involves the incorporation of  fat in 
hepatocytes, and nonalcoholic steatohepatitis (NASH), a similar condition that 
also includes liver inflammation [Rinella 2015]. The exact mechanism 
underlying NAFLD is not fully understood; the pathogenesis is mainly mediated 
through an increase in de novo lipogenesis in hepatocytes rather than the 
incorporation of  circulating triglycerides [Samuel & Shulman 2018]. De novo 
lipogenesis in the liver is upregulated by insulin resistance, carbohydrate intake 
(mainly fructose) and dyslipidemia. This process results in the build-up of  
triglycerides in hepatocytes, which displace the nuclei and increase dysfunctional 
metabolism [Hammarstedt 2018; Samuel & Shulman 2018]. There is currently 
no medical treatment specific for NAFLD; however, weight loss is beneficial for 
both insulin resistance and NAFLD [Samuel & Shulman 2018]. Because of  the 
high prevalence and prognosticated increase in the incidence of  NAFLD, there 
is a great need for medical treatment for this disease. Interestingly, there are a 
couple of  drugs in phase 3 clinical trials and several others in phase 2 clinical 
trials for the treatment of  NAFLD [Sheka et al., 2020]. 
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Aims of the thesis 

The aims of  this thesis were as follows: 

• 	 Identify and functionally validate LRIG1-interacting proteins 

• 	 Characterize the pathologies of  Lrig3-deficient mice 

• 	 Assess the role of  LRIG family proteins in cell biology 

• 	 Delineate the function of  LRIG proteins in the regulation of  	
	 signal transduction 

• 	 Investigate possible associations between human LRIG1 gene 	
	 variants and metabolic health 

• 	 Investigate the role of  netrin-1 in BMP signaling 
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Materials and methods 

TWO-HYBRID SCREENING 

Yeast two-hybrid screen 
To identify proteins that interact with the cytosolic tail of  LRIG1, a yeast two-
hybrid screen was performed (Paper I). The yeast two-hybrid system is a genetic 
assay to detect protein-protein interactions that uses two separate vectors 
expressing peptides fused to part of  a yeast transcription factor; a functional 
transcription factor is assembled only when the two peptides interact, thereby 
enabling the transcription of  a gene necessary for yeast survival in histidine-free 
cell cultivation medium. The LRIG1 cytosolic tail, corresponding to amino 
acids 816–1093, was used as the bait peptide, whereas a human adult whole-
brain cDNA library was used as the prey. DNA sequencing was used to identify 
positive interactors among the yeast colonies that survived on histidine-free 
medium. The yeast two-hybrid screen was performed by Dualsystems Biotech 
AG (Zürich, Switzerland). 

GENE MANIPULATIONS 

Cell transfections and cell transductions 
To introduce foreign DNA into cells, we used cell transfection (Papers I, III, and 
IV) or transduction (Papers III and IV). In cell transfection, foreign DNA is 
introduced into the cell via a vehicle, usually a proprietary commercial lipid 
formulation. The major advantage of  cell transfection is the possibility of  
introducing many different genes, alone or in combination, at the same time. 
However, transfections are only transient and must be repeated for each 
experiment, and some cells are difficult to transfect with high efficiency. For cell 
transfection, Fugene 6 or Xtremegene HP transfection reagents were used 
according to the manufacturers’ instructions. Generally, HEK293 and 
HEK293T cells showed high transfection efficiencies, whereas MEFs were 
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poorly transfected. In Papers III and IV, we used cell transduction to stably 
introduce doxycycline-inducible LRIG alleles into Lrig-null MEFs. To this end, 
we used the Tet-On system from Clontech, which is based on the bacterial 
tetracycline resistance system for inducible gene expression and a lentiviral 
transduction system for gene delivery. The cells were transduced with two 
separate vectors, one vector containing a doxycycline-inducible transcription 
factor and a gene conferring resistance to G418, and the other vector containing 
a gene conferring puromycin resistance and an LRIG gene under control of  a 
promoter recognized by the doxycycline-regulated transcription factor. The 
transduced cells were then selected using puromycin and G418. In our 
experiments, MEFs were successfully and efficiently transduced with this system. 

CRISPR/Cas9-mediated gene ablations 
To ablate specific genes, we used different variants of  the CRISPR/Cas9 system 
(Papers I, III, and IV). In the CRISPR/Cas9 system, the Cas9 enzyme uses 
guide RNAs (gRNA) to locate sequence-specific regions of  DNA that are then 
cleaved by its endonuclease activity. Genetic material can be inserted into the 
break, or inactivating insertions and deletions are introduced when the break is 
spontaneously repaired. In Paper I, the simultaneous use of  gRNAs targeting 
both the 5´ and 3´ ends of  LRIG1 enabled the complete deletion of  the entire 
LRIG1 locus in HEK293T cells. This work was performed at GenScript. In 
Paper III, a single LRIG1 gRNA was used in A375 cells, and inactivating 
insertions/deletions were confirmed by PCR screening and Sanger DNA 
sequencing. In Paper IV, we incorporated a blasticidin resistance gene into the 
cleaved Ntn1 or Neo1 gene in MEFs via homology-directed repair, which then 
enabled the selection of  cells with the respective gene inactivation by using 
blasticidin S. 

Generation of Lrig triple knockout MEFs 
To generate Lrig-null (Lrig1-/-;Lrig2-/-;Lrig3-/-) MEFs (Papers III and IV), MEFs 
were immortalized from a 12-day-old embryo with triple-floxed Lrig alleles 
(Lrig1fl/fl;Lrig2fl/fl;Lrig3fl/fl). Floxed genes are alleles with loxP sites inserted on both 
sides of  the gene (i.e., flanking loxP sites). LoxP sites are recognition sequences for 
the bacteriophage enzyme Cre recombinase. Upon the introduction of  Cre 
recombinase into a cell with a floxed gene, the DNA is cleaved at the loxP sites, 
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and the gene is deleted during a recombination event. MEFs from mice with 
triple-floxed Lrig alleles were treated with adenovirus vectors encoding Cre 
recombinase and green fluorescent protein (GFP), which enabled sorting 
successfully transduced cells using a fluorescence-activated cell sorting (FACS) 
(Figure 4). Control cells were treated with adenovirus encoding GFP only. Single 
Lrig knockout MEFs, i.e., Lrig1-null or Lrig3-null MEFs, were generated 
according to the same protocol as the triple Lrig knockout MEFs, except that 
embryos with single knockout alleles (Lrig1-/- or Lrig3-/-) were used. 
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Figure 4. Generation of  Lrig triple knockout MEFs. (A) Mice with floxed alleles of  Lrig1, 
Lrig2, and Lrig3 were used to generate MEFs that were subsequently immortalized via the 3T3 
protocol. (B) The immortalized MEFs were transduced with adenoviral expression vectors 
encoding Cre recombinase and green fluorescent protein (GFP). (C) Cre recombinase excised 
the floxed genes through a recombination event between the loxP sites. (D) MEFs that expressed 
high levels of  Cre recombinase were isolated through FACS according to the coexpression of  
GFP.



CELL CHARACTERIZATION ASSAYS 

Protein analyses 
To analyze protein expression, Western blotting or membrane-bound antibody 
arrays were used (Papers I, III, and IV). Both methods detect specific proteins 
with more or less specific antibodies. Prior to analysis, the cells were lysed with 
cell extraction buffer. When phosphorylated proteins were analyzed, phosStop 
phosphatase inhibitors were used. The amount of  protein lysate was normalized 
according to total protein concentration, which was determined using a Pierce 
bicinchoninic acid assay. For Western blot analysis, the proteins were separated 
by SDS polyacrylamide gel electrophoresis and then blotted onto PVDF or 
nitrocellulose membranes. The membranes were blocked and stained with 
primary and then secondary antibodies, with washing steps in between. The 
secondary antibodies were tagged with fluorophores or horseradish peroxidase 
to allow visualization through fluorescence or luminescence. The blots were then 
analyzed with either an Odyssey CLx imaging system (fluorescence) or treated 
with ECL Select reagent and then analyzed with a ChemiDoc Touch imaging 
system (luminescence). The phosphorylated RTK array from R&D Systems is 
comprised of  membranes with spotted antibodies against 39 different RTKs. 
The protein lysates were added to the membranes followed by the detection of  
bound phosphorylated receptors via a horseradish peroxidase-conjugated 
secondary antibody against phosphotyrosine. The membranes were then 
analyzed with a ChemiDoc Touch imaging system. 

Confocal microscopy 
To analyze the subcellular localization of  proteins, confocal laser scanning 
microscopy was used (Paper I). In brief, the proteins of  interest were stained 
with antibodies labeled with different fluorophores. Confocal microscopy can 
image fluorescently labeled proteins in cells with high spatial resolution, and if  
the distribution of  different fluorescently labeled proteins overlaps, this 
colocalization provides evidence for potential physiological protein-protein 
interactions. Cells were grown on glass coverslips coated with poly-D-lysine 
hydrobromid. Forty-eight hours after transfection, the cells were fixed with 4% 
formaldehyde, permeabilized with 0.05% Tween 20 and stained with primary 
and secondary antibodies. Finally, the cells were mounted on glass slides using 
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ProLong Gold with DAPI to stain cell nuclei. The stained and mounted cells 
were analyzed using a Zeiss LSM 710 confocal microscope. 

Flow cytometry 
To assess the fluorescence of  individual cells and sort them, FACS was used 
(Papers I, III, and IV). For analytical FACS of  intracellular proteins, cells were 
dissociated with Accutase, washed with PBS, fixed with 4% phosphate-buffered 
formaldehyde, permeabilized using 0.2% saponin, and labeled with primary and 
secondary antibodies. For analytical FACS of  cell surface proteins, the cells were 
not fixed or permeabilized, and dead cells stained with propidium iodide were 
excluded from further analysis through gating. At least 10,000 cells were 
analyzed for each condition using either a FACSAria III or BD Accuri C6 
instrument. Live cells that expressed fluorescent reporter proteins were stored in 
PBS on ice until sorting. 

Cell proliferation assays 
In Paper III, we analyzed cell proliferation rates by both direct cell counting and 
MTT assays. The MTT assay is a colorimetric method that measures enzymatic 
activity in live cells. Certain NADPH-dependent enzymes in live cells convert 
the added tetrazolium salt to purple formazan crystals. The crystals are 
solubilized, and the resulting absorbance correlates with the number of  viable 
cells. Cells were seeded in either 96-well or 6-well standard cell culture plates at 
a density of  2,800 cells per cm2. For direct cell counting, the cells were 
trypsinized and resuspended at different time points, followed by counting with a 
Countess cell counter. For MTT assays, cells were seeded for 24 hours before a 
change to either medium containing PDGF-BB or standard cell culture medium 
with various concentrations of  fetal bovine serum (FBS). The cells were 
incubated for 48 hours, after which the MTT assay was performed using the 
MTT proliferation kit from Sigma-Aldrich. 

Cell migration assay 
To assess cell migration (Paper III), a Transwell migration assay was used. The 
transwell inserts had a pore size of  8 μm, which is large enough for cells to 
actively migrate through but small enough to prevent passive passage. Cells were 
seeded in the Transwell chambers with standard cell culture media, and the 
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bottom chamber was filled with medium containing either 0% or 10% FBS. 
Twenty-four hours after seeding, the membranes were washed with PBS and 
fixed with methanol, and the cells were stained with 0.1% crystal violet. Five 
fields from each chamber were images, and the cells were counted manually. 

Cell metabolism analyses 
To measure glycolytic activity and oxidative metabolism in cells (Paper III), the 
Seahorse analytical platform was used. The cells were treated with different 
factors; then, anaerobic metabolism was measured by the extracellular 
acidification rate (ECAR), and aerobic metabolism was measured by the oxygen 
consumption rate (OCR). ECAR can be used to measure anaerobic metabolism 
because lactate, the end product of  glycolysis, can be measured based on 
hydrogen ions (acidification); by manipulating the glycolytic pathway with 
different drugs, the acidification rate can be estimated. For OCR, mitochondrial 
aerobic respiration depends on several enzymes. The electron transport chain 
drives the creation of  the proton gradient and eventually water production when 
hydrogen reacts with oxygen. The proton gradient drives ATP synthase, which 
produces ATP. We can exploit these processes by either inhibiting ATP synthase 
or the electron transport chain or by uncoupling the translocation of  hydrogen 
from ATP synthase. Using a Seahorse XFe cell analyzer, cells under regular 
culture conditions were analyzed to assess anaerobic and aerobic metabolism. 
To measure the glycolytic response, the ECAR was measured while the cells 
were glucose starved and then treated with glucose, after which oligomycin was 
added to inhibit oxidative metabolism. Finally, 2-deoxyglucose was added to 
inhibit glycolysis. To assess oxidative metabolism, the OCR was measured while 
the cells were treated with oligomycin to inhibit ATP synthase, then with the 
uncoupler FCCP, and finally with rotenone and antimycin A to inhibit the 
electron transport chain and shut down mitochondrial respiration. 

Lipidomics 
To analyze the lipid contents in MEFs before and after transformation to 
adipocytes, we performed mass spectrometry analysis (Paper III). One million 
cells were trypsinized, washed with PBS, and stored at -80°C until analysis. 
Lipid extraction and liquid chromatography quadruple time-of-flight mass 
spectrometry-based lipidomics analysis were performed at the Swedish 
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Metabolomics Centre at the Swedish University of  Agricultural Sciences. The 
data were subjected to principal component analysis (PCA) and supervised 
orthogonal projections to latent structures discriminant analysis (OPLS-DA). 

CELL SIGNALING ASSAYS 

We analyzed cell signaling through luminescent reporter assays (Paper III) and 
by monitoring protein phosphorylation through immunoblotting (Papers III and 
IV) or an in-house developed cell fluorescence assay (Papers III and IV). 

Luminescent gene expression reporter assays 
To analyze the transcriptional responses to different growth factors, luminescent 
gene expression reporter assays were used. In brief, cells were transiently 
transfected or stably transduced with luminescent gene expression reporter 
constructs encoding the firefly luciferase gene under transcriptional control of  
different pathway-specific promoters. Hence, pathway activity was measured via 
the activity (luminescence) of  the expressed firefly luciferase reporter protein. 
We used pGL3-BRE-Luciferase to monitor BMP signaling, p(CAGA)12MLP-Luc to 
monitor TGF-β signaling, and srf/elk-1luciferase to monitor PDGF signaling. In 
the transient transfection experiments, a Renilla luciferase vector with a 
constitutive promoter was included as a transfection control. The cells were then 
treated with various factors (BMP4, TGF-β1, or PDGF-BB) for the indicated 
times and lysed, and the induced luminescence was measured using the Dual-
Glo luciferase assay. 

Cellular phospho-SMAD assay 
To facilitate the high-throughput analysis of  BMP signaling, we devised a 
microtiter plate assay to measure phosphorylated SMADs in cell nuclei (Papers 
III and IV). The aim was to develop a method to monitor cellular BMP 
signaling in a 96-well plate format to enable the concomitant analysis of  a series 
of  treatment conditions with sufficient replicates to ensure a high degree of  
experimental reproducibility (Figure 5). MEFs were seeded in a 96-well plate 
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and then treated to induce phosphorylation of  either Smad1/5 or Smad3. 
Thereafter, the cells were fixed with 4% formaldehyde and permeabilized with 
saponin. An antibody specific for phosphorylated SMAD and a fluorescent 
secondary antibody were used to stain the cells. A Trophos fluorescence imager 
was then used to capture the fluorescent antibody signals. We optimized the 
assay to focus on bright signals in the nuclei that were at least 2–3 times stronger 
than those in the surrounding cytosol. Then, the image software was set to 
exclude the cytosolic signals and capture only the mean intensity of  all cell 
nuclei. As a control, Hoechst staining of  nuclear DNA was used. Altogether, the 
method was shown to have a high throughput and good reproducibility. In fact, 
we were able to measure the pSmad1/5 response with a very high accuracy, 
detecting differences in BMP4 concentrations of  less than 0.6 ng/ml. 

GENE EXPRESSION AND GENE COPY NUMBER 
ANALYSES 

Gene expression analyses were performed using public data (Paper I), 
quantitative real-time RT-PCR (Papers I, III, and IV), or next-generation 
sequencing (NGS) (Paper III). Gene copy number was quantified by 
conventional PCR (Papers I, II, III, and IV) or digital droplet PCR (ddPCR) 
(Papers II and III). 
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Figure 5. The cellular pSmad1/5 assay. Flow chart describing the method used for 
monitoring BMP signaling through cell immunofluorescence. 
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Gene expression analyses using public data 
Gene expression data were extracted from TCGA. The data were obtained from 
exome NGS of  various cancer and control tissues. The extracted data were 
normalized using fragments per kilobase of  transcript per million mapped reads 
upper quartile (FPKM-UQ). Only samples marked as primary tumor or normal 
control tissue were analyzed, and we only analyzed tissues with more than five 
samples. Data were analyzed using the R programming language. 

Quantitative real-time RT-PCR 
To analyze gene expression, qRT-PCR TaqMan assays were used. These assays 
use gene-specific probes that are hydrolyzed and release fluorescence in each 
round of  PCR. Thus, by correlating the amount of  accumulated fluorescence to 
the number of  PCR cycles, the abundance of  the original PCR template can be 
calculated. RNA was extracted using a pureLink RNA mini kit with DNase 
treatment. Twenty nanograms of  RNA was used in each PCR, and a C1000 
thermal cycler was used to analyze the data. The threshold cycle (Ct) values 
were normalized by subtracting 18S rRNA expression, and then, the ΔCt values 
were log2 transformed to linear values or analyzed using the 2−ΔΔCt (Livak) 
method. 

NGS 
For NGS, 500,000 cells were lysed, and mRNA was extracted using magnetic 
Poly-A Dynabeads to create mRNA libraries of  the cell populations. These 
RNA libraries were shipped to the SciLife laboratory for sequencing using an 
Ion Technology sequencer Ion Proton. The gene reads were produced by the 
SciLife laboratory, and the raw reads were used as quantitative measurements. 

PCR and ddPCR 
To measure relative gene copy number, we used conventional PCR and ddPCR. 
In the conventional PCR analyses, we performed gene-specific PCR and 
analyzed the products by agarose gel electrophoresis and DNA staining. 
Regrettably, in general, the correlations between the obtained PCR band 
intensity and the amount of  original template is relatively poor using this 
method. Therefore, conventional PCR is not well suited for the precise 
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quantification of  gene abundance; this method is better suited for rough 
estimations of  gene abundance. In contrast, ddPCR can be used to directly 
quantify gene copy number with high accuracy. ddPCR uses the droplet 
generator to partition each 20 µl sample into 20,000 droplets prior to 
performing PCR. After PCR, the fluorescence of  each droplet is analyzed 
individually, and the amount of  starting template is calculated assuming a 
Poisson distribution. For ddPCR quantification of  Lrig3 gene ablation efficiency, 
primers and probes for the targeted Lrig3 exon 1 were used, and primers and 
probes for an untargeted Lrig3 locus were used as a control. Droplets were 
generated using a QX200 droplet generator, and a T100 thermal cycler was 
used to amplify the DNA. A QX200 droplet reader was used to analyze the 
droplets. The signals that were generated from the two probes were used to 
estimate the ratio between knockout and wild-type Lrig3 alleles. 

CELL DIFFERENTIATION ASSAYS 

Adipogenesis assay 
To analyze adipogenesis in MEFs, we optimized an adipogenic induction 
protocol and devised a method to quantify this process (Papers III and IV). To 
optimize the adipogenic induction protocol, we evaluated the adipogenic 
efficiency of  different combinations and concentrations of  the adipogenesis-
inducing agents dexamethasone, 3-isobutyl-1-methylxanthine, insulin, and 
rosiglitazone. By treating the cells with rosiglitazone, we could maximize the 
adipogenic output. However, it was obvious that the optimized protocol did not 
result in the adipogenic transformation of  all cells; instead, only certain cell 
populations were transformed. To quantify the transformed adipocytes, we 
stained the cells with the lipid dye Oil Red O, imaged the cells, and used 
machine learning software to quantify the Oil Red O-stained cells. Cells were 
seeded in 96-well plates coated with 0.1% bovine gelatin. On day 0, the cells 
were treated with an adipogenic cocktail consisting of  1 μM dexamethasone, 0.5 
mM 3-isobutyl-1-methylxanthine, 10 μg/ml bovine insulin in HEPES buffer, 
and 16 μg/ml rosiglitazone. From day 2, the cocktail was changed to contain 
only insulin and rosiglitazone. The medium was changed every second day, and 
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at day 9, the cells were fixed with 4% formaldehyde and then stained with 0.5% 
Oil Red O. The cells were then imaged in a SpectraMax i3x plate reader and 
quantified with SoftMax Pro 7 software. To our knowledge, this protocol 
represents a novel method to quantify Oil Red O-stained adipocytes in a high-
throughput manner. 

Chondrogenesis assay 
Chondrogenesis was analyzed by measuring intracellular alkaline phosphatase 
(ALP) activity in cell lysates (Paper IV). To assess the role of  netrin-1 in 
chondrogenesis, the chondrogenic cell line ATDC5 was used. When ATDC5 
cells are treated with BMP4, they undergo chondrogenic differentiation and 
induce ALP expression. The cells were lysed after treatment with netrin-1, 
BMP4, or noggin for 72 hours, and ALP activity was measured using a 
colorimetric kit from Abcam. 

ANIMAL EXPERIMENTS 

Mouse experiments 
The phenotype of  Lrig3-null animals was characterized in Paper II. Animals 
were housed and maintained under standard mouse husbandry conditions. In 
the HFD experiment blood was collected every second week from the facial 
vein. Whole blood was analyzed using a Contour XT glucose meter and a 
VetScan VS2 Chemistry analyzer. For insulin measurements, blood was 
centrifuged at 4°C for 20 minutes at 2,000 xg, and plasma was analyzed using an 
ultrasensitive mouse insulin ELISA kit. Echo-MRI measurements were 
performed at the beginning and end of  the experiments using an Echo-
MRI-100 system. Animal experiments were performed by technical staff  at the 
animal care facility at UCCB, Umeå University. 

C. elegans experiments 
We analyzed fat accumulation in C. elegans in Paper III. Worms were maintained 
at 20°C on standard nematode growth medium agar with E. coli OP50 as a food 
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source. To analyze fat accumulation, one-day-old adult worms from staged 
plates were stained with Oil Red O. Worms were imaged, and the images were 
analyzed using Fiji software. Only staining from the posterior of  the pharynx to 
the anterior of  the gonad was quantified. All genotypes under study were 
analyzed in parallel, and each experimental round was normalized to the 
combined mean Oil Red O signal, which was calculated based on the mean of  
all genotypes. The C. elegans work was performed by Ola Billing and Simon 
Tuck. 

STATISTICAL ANALYSES 

All experiments were performed with at least 3 experimental replicates and 
usually three or more biological replicates. The statistical methods used were 2-
sided Student's t-tests, one-way ANOVA, Kruskal-Wallis tests, and logistic 
regression analyses. Correlation studies were performed using the Pearson or 
Spearman correlation. A P-value of  less than 0.05 was considered to indicate 
statistical significance. 

EPIDEMIOLOGY 

To investigate possible relationships of  LRIG1 gene variants and metabolic 
parameters with disease (Paper III), data from the UK Biobank were extracted 
and analyzed. The UK Biobank comprises data from approximately 500,000 
individuals and includes clinical data on metabolic health and genetic analyses. 
After excluding samples lacking any of  the outcome parameters. 398,810 cases 
remained. Significant LRIG1 SNPs were identified through the SNPinfo online 
tool, snptag. The associations between LRIG1 variants and BMI were determined 
with a regression analysis, and the correlations of  LRIG1 variants with type 2 
diabetes were determined using a logistic regression analysis. To analyze possible 
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relationships between the identified SNPs and adipocyte morphology, GENiAL 
data were analyzed. The GENiAL study included 948 subjects, of  whom 194 
had type 2 diabetes and 532 were obese. All GENiAL subjects were genotyped 
for SNPs, and adipocyte volumes in biopsies were measured. The genetic 
associations between LRIG1 SNPs and adipocyte morphology were analyzed 
using linear regression, and the results were adjusted for age, sex, and 
population structure parameters. The UK Biobank data were analyzed by 
Pascal Mutie and Paul Franks, and the GENiAL cohort was analyzed by Rona 
Strawbridge, Ingrid Dahlman, and Peter Arner. 
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Results and discussion 

PAPER I 

Identification of LRIG1 interactors 
To identify proteins that potentially interact with LRIG1, we performed a yeast 
two-hybrid screen with a brain cDNA library and a peptide corresponding to 
the cytosolic tail of  LRIG1 as the bait. This screen identified two LRIG1-
interacting proteins: zinc finger and BTB containing 16 (ZBTB16) and 
glutaredoxin 3 (GLRX3). We also mined the BioPlex protein interaction data 
available in the Biogrid database. In BioPlex, nine proteins in HEK293T cells 
interacted and coimmunoprecipitated with epitope-tagged and overexpressed 
LRIG1, and ten other epitope-tagged and overexpressed proteins interacted and 
coimmunoprecipitated with endogenous LRIG1. Paraoxonase 2 (PON2) 
interacted with LRIG1 when either PON2 or LRIG1 was overexpressed. Thus, 
the two different screening methods identified two different sets of  LRIG1 
interactors. One reason for the different results could be that in the yeast two-
hybrid screen, we used the cytosolic part of  LRIG1 only, whereas BioPlex used 
the whole protein. Interestingly, both LRIG2 and LRIG3 were found to interact 
with LRIG1, suggesting that the LRIG proteins modulate one another. In any 
case, the functional importance of  the identified protein interactions had to be 
validated in an appropriate assay. 

Functional investigation of the LRIG1 interactome 
To evaluate whether the identified interactions are important for LRIG1 
function, we assessed the ability of  LRIG1 to downregulate PDGFRA. In brief, 
we devised a triple cotransfection system in which HEK293 cells were 
transfected with PDGFRA, LRIG1, and small hairpin RNA (shRNA) against 
the transcripts of  each of  the interactors. Because LRIG1 downregulates 
PDGFRA levels when LRIG1 and PDGFRA are cotransfected, PDGFRA and 
LRIG1 levels were measured by Western blot to evaluate the functional effects 
of  downregulating the potential interactors. In this assay, shRNA against PON2 
and galactosyl-3-sulfonyl-transferase-1 (GAL3ST1) significantly increased 
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PDGFRA levels, whereas shRNA against LRIG3, leucine-rich repeat containing 
40 (LRRC40 ) , canopy FGF s i gna l ing regu la to r 4 (CNPY4 ) , 
glycosylphosphatidylinositol anchored molecule-like (GML), major 
histocompatibility complex, class II, DRα (HLA-DRA), CNPY3, LRIG2, and 
ZBTB16 significantly decreased PDGFRA levels. Because it has been reported 
that LRIG1 is downregulated upon interacting with RTKs, LRIG1 levels were 
also evaluated. LRIG1 levels followed the same pattern as PDGFRA; i.e., 
LRIG1 levels were increased by shRNA against RAB4A, PON2, and GAL3ST1 
and decreased by shRNA against LRIG3, LRRC40, CNPY4, GML, HLA-
DRA, and LRIG2. Hence, the shRNA-mediated downregulation of  certain 
interactors hampered the LRIG1-induced downregulation of  PDGFR, as 
evident by the increased PDGFR levels, suggesting that LRIG1 is dependent on 
these interactors for its function. Conversely, the downregulation of  certain 
interactors decreased PDGFRA levels, indicating an opposing effect of  these 
proteins on LRIG1 function. Interestingly, shRNA against LRIG2 and LRIG3 
enhanced LRIG1 function, suggesting that LRIG2 and LRIG3 have an 
opposing effect to LRIG1. 

Gene expression correlations 
Because interacting proteins have to be coexpressed for their interaction to be 
functionally relevant, we analyzed gene coexpression between LRIG1 and the 
interactors in the TCGA database using both tumor and control nontumorous 
tissue samples. This analysis showed that the expression of  ZBTB16 and 
receptor-like protein tyrosine phosphatase (PTPRK) positively correlated with the 
expression of  LRIG1 in most tissues, whereas GLRX3 expression showed a 
negative correlation with LRIG1 expression in most tissues. Interestingly, the 
expression of  the two hits in the yeast two-hybrid screen, ZBTB16 and GLRX3, 
showed a positive and negative correlation with LRIG1 expression, respectively. 
Whereas coexpression is consistent with a functionally important protein 
interaction, the interpretation of  the negatively correlated expression pattern is 
less clear. 

Protein colocalization and LRIG1 ablation 
The colocalization of  LRIG1 and PON2 was studied in transfected HEK293 
cells by using confocal microscopy. This analysis showed that the localization of  
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overexpressed LRIG1 and PON2 was strongly correlated. To investigate the 
effect of  PON2 and ZBTB16 downregulation in the absence of  LRIG1, LRIG1-
null (LRIG1-/-) HEK293T cells were transfected. When LRIG1 was 
reintroduced by cotransfection, the cells behaved as wild-type cells, i.e., 
PDGFRA levels were increased by PON2 shRNA and decreased by ZBTB16 
shRNA. In contrast, when LRIG1 was not reintroduced into LRIG1-null cells, 
PDGFRA levels were reduced by PON2 shRNA and increased by ZBTB16 
shRNA. Taken together, the results of  this and the previous experiment showed 
a reciprocal functional dependency between LRIG1 and its positive and 
negative regulators PON2 and ZBTB16, respectively. 

In conclusion, in Paper I, we identified a list of  novel LRIG1 interactors and 
evaluated their importance for LRIG1 function. We assessed the effects of  
downregulating LRIG1 interactors on LRIG1-induced PDGFRA 
downregulation. LRIG2 and LRIG3 were shown to interact with LRIG1, and 
they appeared to oppose LRIG1 function. The experimental cotransfection 
system in combination with monitoring of  PDGFRA downregulation worked 
well to classify the identified proteins as positive or negative interactors. 
Intriguingly, previously described interactors such as EGFR and other ErbB 
receptors were not identified in our yeast two-hybrid screen or in the BioPlex 
data. However, the yeast two-hybrid screen could only capture interactions with 
the cytosolic tail of  LRIG1, which is not supposed to mediate the interaction 
with ErbB receptors. The absence of  LRIG1-EGFR hits in the BioPlex assay, 
where the whole LRIG1 protein was used as bait (and prey), shows that this 
interact ion, i f  present, could not withstand the experimental 
immunoprecipitation procedure used, which does not exclude the possibility of  
a functionally important interaction with a lower affinity. 

PAPER II 

Pathological evaluation of Lrig3-deficient mice 
The pathology of  Lrig3 knockout mice had not been thoroughly examined 
previously. To assess the role of  Lrig3 in mouse physiology, we performed a 
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pathological examination of  one-year-old mice of  different Lrig3 genotypes 
(Lrig3 wild-type, Lrig3+/+; Lrig3 heterozygous, Lrig3+/-; and Lrig3 knockout, 
Lrig3-/-). These mice were fed normal chow and housed under standard mouse 
husbandry conditions for one year, which is considered middle age for mice, 
correlating to a human age of  approximately 40 years [www.jax.org]. Seventy-
two mice were included in the study, and two of  these mice died of  unknown 
causes. At one year of  age, the mice were euthanized, and the vital organs were 
dissected, formalin fixed, paraffin embedded, sectioned, and stained with 
hematoxylin and eosin. The tissue samples were then examined by an 
experienced animal pathologist. This evaluation revealed only two pathologies 
with a significantly different incidence among the Lrig3 genotypes: lymphocytic 
hyperplasia in the spleen and diffuse fatty metamorphosis in the liver. 
Specifically, Lrig3 knockout mice had a lower incidence of  lymphocytic 
hyperplasia of  the spleen than wild-type mice and were protected from fatty 
liver after controlling for weight. Hence, ablation of  Lrig3 did not increase the 
risk of  any examined disease; rather, Lrig3 knockout mice were protected against 
spontaneous lymphocytic hyperplasia of  the spleen and fatty liver. 

Investigation of fatty liver 
To mimic human diet-induced fatty liver, mice with different Lrig3 genotypes 
were fed a HFD for 8 weeks. Blood glucose levels and an array of  blood 
chemical parameters were analyzed, but no differences between genotypes at the 
beginning or end of  the experiment were observed. Insulin levels were lower in 
heterozygous female mice than in wild-type mice at the end of  the study. After 8 
weeks on a HFD, the mice were sacrificed, and the livers were analyzed. 
Surprisingly, there were no differences in the incidence of  fatty liver among the 
genotypes. However, the HFD-treated knockout female mice had fewer hepatic 
microvesicles than the wild-type mice. 

In conclusion, in Paper II, we showed that Lrig3 knockout mice were protected 
from developing spontaneous fatty liver and lymphocytic cell hyperplasia. 
Interestingly, no additional pathologies were found in 1-year-old Lrig3 knockout 
mice compared with wild-type mice. Feeding mice a HFD for 8 weeks did not 
produce a high incidence of  fatty liver. We believe that a longer treatment 

47



period on a HFD might increase the incidence of  fatty liver, which might 
uncover genetic differences in incidence. However, 8 weeks on a HFD induced 
the pathology of  microvesicles in the liver, a sign of  the accumulation of  either 
fat or glycogen; these microvesicles differ from the macroscopic vesicles that 
displace the nucleus in fatty liver disease. Nevertheless, the role of  Lrig3 in fatty 
liver and microvesicle formation in the liver is interesting and warrants further 
investigation. 

PAPER III 

Generation and characterization of Lrig triple knockout MEFs 
LRIG1, LRIG2, and LRIG3 have been shown to interact, and they could have 
redundant or opposing functions. These interactions and possible redundancies 
have complicated the evaluation of  their specific functions. To more clearly 
assess the function of  the individual LRIG proteins, we generated immortalized 
MEFs from mice with floxed Lrig1, Lrig2, and Lrig3 alleles. These MEFs were 
then treated with Cre recombinase to ablate all three Lrig genes, and genotyping 
was performed to confirm successful ablation (i.e., the cells were Lrig-null or 
TKO). The Lrig TKO genotype was stable over time, as the ablated genes 
remained absent after 60 days of  cell culture. The TKO MEFs showed no 
apparent phenotypic difference compared to wild-type MEFs regarding 
morphology, proliferation, migration, OCR, or ECAR. Thus, the Lrig-null 
MEFs had no immediately apparent specific phenotype, although both cell 
migration and proliferation have been reported to be regulated by LRIG1. 

LRIGs regulate adipogenesis 
Because Lrig3 regulated fat accumulation in the liver (Paper II), we wanted to 
investigate whether Lrig TKO MEFs had a fat phenotype. Adipogenesis can be 
induced in mesenchymal cells by treatment with factors that regulate adipogenic 
gene expression. We therefore used an adipogenesis protocol in which MEFs 
were transformed into adipocytes by treatment with an adipogenic cocktail. This 
analysis revealed that Lrig TKO MEFs were deficient in adipogenesis compared 
to wild-type MEFs. BMP signaling has been reported to play a role in 
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adipogenesis and fat tissue development. Accordingly, when wild-type MEFs 
were treated with the BMP inhibitor noggin, adipogenesis was completely 
inhibited. Surprisingly, a high dose of  BMP4 greatly enhanced adipogenesis and 
rescued the adipogenesis deficiency in TKO MEFs. Hence, Lrig-deficient MEFs 
showed reduced adipogenic potential, but this deficiency could be corrected by a 
high dose of  BMP4. 

LRIGs regulate BMP signaling 
To examine the BMP signaling capacity in MEFs, we used a BMP-responsive 
luminescence assay and a cellular immunofluorescence assay to quantify 
phosphorylated Smad1/5 levels in cell nuclei (Figure 5 and 6). BMP sensitivity 
was strikingly reduced in TKO MEFs compared to wild-type MEFs, as assessed 
with either assay. Reduced BMP signaling in TKO MEFs was observed after 
stimulation with BMP4 and BMP6 but not after stimulation with BMP9. Lrig1 
or Lrig3 single knockout MEFs did not show impaired BMP signaling. The 
noncanonical BMP signaling pathway involving P38 was also impaired in TKO 
MEFs. To analyze the individual function of  each LRIG protein, we introduced 
doxycycline-inducible LRIG1, LRIG2, or LRIG3 expression vectors into TKO 
MEFs. Hence, the expression of  LRIG1 or LRIG3, but not LRIG2, rescued the 
BMP signaling defect in TKO MEFs. Additionally, the adipogenesis deficiency 
in TKO MEFs was rescued by doxycycline-induced LRIG1 or LRIG3 
expression. Regarding noncanonical BMP pathways, LRIG1 but not LRIG3 
was needed for the induction of  P38 and JNK phosphorylation. The induction 
of  the TGF-β pathway by TGF-β1 was not different between wild-type and 
TKO MEFs. Surprisingly, RTK phosphorylation levels were not affected in 
TKO MEFs, nor were the cellular responses to PDGF-BB. Taken together, these 
data revealed reduced sensitivity of  Lrig TKO MEFs to BMP4 and BMP6, and 
LRIG1 and LRIG3 rescued this phenotype. However, the ablation of  only Lrig1 
or Lrig3 did not impair BMP signaling, indicating a redundancy among LRIG1 
and LRIG3 with regard to promoting BMP signaling. The difference in 
noncanonical pathway regulation by LRIG1 and LRIG3 would be interesting to 
explore further. 
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LRIG-mediated regulation of fat accumulation is evolutionarily 
conserved 
In C. elegans, different BMP pathway genes are important for fat accumulation. 
Because sma-10 is important in BMP signaling in worms, we wanted to explore 
the importance of  sma-10 in fat storage in nematodes. Thus, we analyzed fat 
accumulation by Oil Red O staining of  worms with different mutations. Indeed, 
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Figure 6. LRIG proteins regulate BMP signaling. MEFs were treated with BMP4 followed 
by the analysis of  BMP signaling through the cellular pSmads1/5 assay. Shown are 
representative micrographs of  wild-type (WT) and Lrig triple knockout (TKO) MEFs with the 
pSmad1/5 fluorescence being visible in the nuclei of  BMP4-treated cells.
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sma-10 was shown to be important for fat storage in nematodes. These data 
indicated that the regulation of  lipid accumulation by LRIG is a conserved 
function, from nematodes to mammals. 

LRIG1 gene variants affect BMI and the incidence of type 2 
diabetes 
To investigate if  human LRIG1 variants were associated with metabolic disease 
we performed an association study using data from the UK Biobank. Clearly, 
certain LRIG1 variants were strongly correlated with BMI as well as with the risk 
of  type 2 diabetes. Intriguingly, the LRIG1 variants that were associated with 
increased BMI were also associated with a decreased risk of  type 2 diabetes. By 
analyzing data from the GENiAL study we could show that the LRIG1 variants 
that were associated with an increased BMI and a decreased risk of  type 2 
diabetes were also associated with smaller adipocytes. Small adipocytes could be 
a sign of  proliferating adipocytes in the fat tissue and adipose hyperplasia, which 
is generally thought to be favorable in metabolic health. Hereby, the data suggest 
a connection between the function of  LRIGs as regulators of  adipogenesis and 
the associations between LRIG1 gene variants and adipocyte size and the risk of  
type 2 diabetes. Thus, we propose that LRIG is affecting adipogenesis in the fat 
tissue, thereby promoting a favorable metabolic profile. It remains to elucidate 
how these functions become physiologically relevant in the body, and whether 
the mechanisms behind LRIG functionality can be exploited therapeutically for 
the treatment or prevention of  metabolic disease. Clearly, more research on 
these questions is needed. 

Hence, in Paper III we showed that LRIG proteins are regulating fat 
metabolism and BMP signaling in both mammals and C. elegans, and that LRIG1 
gene variants are associated with increased BMI yet protect against type 2 
diabetes. Together the results highlight that LRIG proteins are important 
regulators of  fat metabolism and BMP signaling in health and disease.  
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PAPER IV 

Netrin-1 inhibits BMP signaling 
Because Lrig3, Bmp2, and netrin-1 are all involved in the formation of  the inner 
ear lateral canal, we tested the hypothesis that netrin-1 also regulates BMP 
signaling. Indeed, netrin-1 lowered the sensitivity of  cells to BMP4 and BMP6 
but not BMP9 in a concentration-dependent manner. To investigate the role of  
endogenously expressed netrin-1 in MEFs, we ablated Ntn1 by using CRISPR/
Cas9. Ntn1-deficient MEFs showed increased BMP4 sensitivity, which was 
reduced to approximately the wild-type level when Lrigs were also ablated. 
These findings indicate an intrinsic relationship between LRIGs and netrin-1 in 
BMP signaling, where these proteins regulate the same signaling pathway in an 
opposing manner. 

BMP inhibition is a general phenomenon and physiologically 
relevant 
To assess the ability of  netrin-1 to affect BMP signaling in other contexts, a 
series of  different cell types were treated with netrin-1 and BMP4. This 
experiment showed that the effect of  netrin-1 on BMP signaling was a general 
phenomenon, as 8 out of  11 cell lines were sensitive to netrin-1. To evaluate the 
physiological effects of  netrin-1, we evaluated BMP4-induced adipogenesis and 
chondrogenesis in vitro in the presence and absence of  netrin-1. Indeed, in these 
experiments, netrin-1 inhibited both adipogenesis and chondrogenesis. 

Neogenin is needed for the netrin-1-induced inhibition of BMP 
signaling 
The netrin-1 receptor neogenin has previously been shown to interact with 
LRIG proteins. To assess the role of  neogenin in the netrin-1-induced inhibition 
of  BMP signaling, we ablated Neo1 in MEFs by using CRISPR/Cas9. In Neo1-
null MEFs, BMP4 sensitivity was reduced to a level comparable to that in Lrig-
deficient MEFs. Importantly, the addition of  netrin-1 to Neo1-deficient MEFs 
did not further reduce BMP sensitivity. Similar to the previously reported 
findings in other cell types, Ntn1-null MEFs had increased neogenin levels 
compared to wild-type MEFs. The addition of  netrin-1 to MEFs reduced 
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neogenin levels in a time- and concentration-dependent manner. In contrast, the 
induced expression of  LRIG1 and LRIG3 increased neogenin levels. Thus, 
neogenin was necessary for the inhibitory function of  netrin-1 in MEFs, and its 
expression level was regulated by netrin-1 and LRIG proteins in an opposing 
manner. 

Thus, in Paper IV, we showed that netrin-1 inhibits BMP signaling, the netrin-1-
induced inhibition of  BMP signaling is a general phenomenon, netrin-1 inhibits 
adipogenesis and chondrogenesis in vitro, and the netrin-1-induced inhibition of  
BMP signaling in MEFs is dependent on its receptor neogenin. These findings 
highlight the importance of  netrin-1 in BMP signaling for the first time. 
Previously, it was shown that RGMs and neogenin are important for BMP 
signaling. Here, we added the knowledge that the ligand of  neogenin, netrin-1, 
inhibits BMP signaling, which raises the question of  whether the effect of  
netrin-1 on axon guidance is also somehow dependent on BMP signaling. In 
other organs where netrin-1 is expressed, it will be interesting to investigate 
whether its BMP-regulatory function is physiologically important. Finally, the 
effect of  unc-6/netrin-1 in nematodes could be relevant: for example, do unc-6 
mutations influence body size, lipid accumulation, or other BMP-dependent 
phenotypes? 
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Future perspectives 
This thesis adds new knowledge about the functions of  LRIG proteins, netrin-1, 
and BMP signaling and highlights important questions for future research. 

The elucidation of  the LRIG1 protein interaction network revealed many 
unanticipated proteins that had never been implicated in LRIG function or the 
regulation of  growth factor signaling. It will be important to investigate the 
mechanisms whereby these proteins are involved in regulating growth factor 
signaling or other possible functions of  LRIG proteins. However, regarding the 
methods used in Paper I, it should be stressed that protein overexpression 
systems can be prone to artifacts. Therefore, other genetic manipulations are 
needed to validate the physiological functions of  these proteins. With new 
technologies and specific gene ablation techniques such as CRISPR/Cas9, 
many questions could be answered simply by knocking out the individual genes 
identified in the LRIG interactome. 

Middle-age Lrig3 knockout mice were protected from spontaneous fatty liver, but 
the HFD experiment with younger mice did not show any difference in fatty 
liver among genotypes. This finding could be due to an insufficient treatment 
period, or there could be an age factor involved; perhaps the mice have to be 
older to accurately reflect the metabolic state during middle age. In either case, 
these are interesting questions that could be addressed by feeding older mice a 
HFD or by feeding younger mice a HFD for a longer time. Additionally, because 
of  the demonstrated functional redundancy between LRIG1 and LRIG3, it will 
be interesting to investigate the phenotypes of  Lrig double-knockout mice and of  
Lrig3 knockout mice on other genetic backgrounds. Furthermore, because the 
target organ(s) of  Lrig3 in terms of  metabolic regulation is unknown, it will be 
interesting to analyze conditional Lrig3 knockout mouse models, including 
tissue-specific knockouts in organs such as adipose tissue and the liver. Also, this 
observation prompts future investigation of  the possible involvement of  LRIG 
proteins in human fatty liver disease. 
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We showed that LRIG1 and LRIG3 sensitized cells to low concentrations of  
BMPs. This finding opens a new field of  LRIG research with many new 
questions to be addressed. Perhaps most urgent is the elucidation of  the 
molecular mechanisms whereby LRIG proteins achieve this BMP sensitization. 
To this end, the LRIG1 protein interaction network described in Paper I should 
be revisited with the aim of  deciphering its role in BMP signaling. Possible 
crosstalk between RTK signaling and BMP signaling should also be evaluated. 

Further studies are needed regarding LRIG1 gene variants. For example, to 
elucidate the functions of  the SNPs associated with BMI and the risk of  type 2 
diabetes, cell lines with these genetic variations could be used. Additional clues 
into LRIG function may also be obtained through further epidemiological 
studies to identify genes that interact with the effects of  LRIG1 on BMI and type 
2 diabetes. 

Additionally, considering the importance of  LRIG1 in various stem cell systems, 
it would be of  interest to investigate whether LRIG1 is a marker of  adipocyte 
stem cells. One hypothesis is that LRIG1 regulates the differentiation of  
preadipocytes, leading to a metabolically favorable phenotype. 

Netrin-1 was also identified as a regulator of  BMP signaling. This finding raises 
a series of  questions regarding the physiological importance of  this regulation. 
To what extent can the function of  netrin-1 in various contexts be explained by 
its effect on BMP signaling? 

Finally, because LRIG proteins have been shown to be important determinants 
of  cancer biology (other studies) and metabolic health (current thesis), it will be 
important to investigate whether LRIG proteins or their interactors are novel 
targets for the development of  new treatments against cancer or metabolic 
disease. 
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Conclusions 
This thesis describes a functional interactome of  LRIG1 that includes LRIG2 
and LRIG3 as well as many unanticipated interactors.  

Middle-age Lrig3 knockout mice were protected against spontaneous fatty liver.  

LRIG1 and LRIG3 were necessary for BMP signaling at low ligand 
concentrations, and they functioned redundantly in this regard. 

LRIG proteins regulated mammalian adipogenesis in vitro and lipid 
accumulation in C. elegans. 

Human LRIG1 gene variants were associated with increased BMI yet protected 
against type 2 diabetes. 

Netrin-1 was shown to function as an inhibitor of  BMP signaling via its receptor 
neogenin. Netrin-1 thereby opposes the function of  LRIG1 and LRIG3. 
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